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ABSTRACT

The purpose of this study was to investigate differences in multisegment foot
(MSF) and lower extremity biomechanics between young and older adults during walking
at five different speeds, independent of speed, and as a function of foot structure and
mobility. A 3D scanner was used to collect foot anthropometric data on 16 younger (18-35
years old) and 15 older (+65 years old) adults. A Vicon motion capture system and Kistler
force plates were used to quantify trunk, pelvis, and lower limb kinematic and kinetic data.
As a function of speed, older adults exhibited significant (p<.05) differences in
temporospatial variables, reduced hip moment compensated by increased anterior pelvic
tilting and knee flexion, as well as decreased foot mobility and propulsive capacity.
Independent of speed, significant (p<.05) differences in MSF kinematics were found in
older adults. Significant (p<.05) differences as a function of foot structure and mobility
indicated that planus and rectus foot posture have a distinct motion pattern. Overall,
findings of the study were mainly an age-related change, altering the gait pattern of older
adults. To our knowledge, no single study has examined MSF and lower limb joint
kinematics and kinetics across age, speed and foot structure and mobility. Results of this

study improved our understanding of age-related differences in MSF mechanics.
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1.0 Introduction

The human foot is a complex structure that consists of 26 bones, 33 joints, and over
100 muscles and soft tissue structures. During gait, the foot and ankle functions to attenuate
shock at impact, provide stability and support of the lower limb, and aid in forward
propulsion of the body. Given the important role of the ankle/foot complex in gait, it is
plausible that changes in foot function may result in impaired movement patterns. While
previous studies have reported that physical impairment increases with age and is related
to changes in mobility and gait (Aboutorabi et al., 2016; Guralnik et al., 2000; Trombetti
et al., 2015), the interrelationship between age-related changes in foot mechanics and
physical function are not clear (Arnold et al., 2014). Further, the mechanics of the foot and
ankle during gait are poorly understood. Further research examining mechanical models of
the foot and age-related changes in foot mechanics are warranted.

Currently, research on age-related changes to foot and ankle mechanics during
walking has shown: 1) altered ankle joint motion (Legault-Moore et al., 2012; Scott et al.,
2007), 2) reduced ankle joint plantarflexion (PF) range of motion (ROM), 3) reduced ankle
dorsiflexion (DF) at initial contact, 4) reduced ankle PF at toe-off (TO) (Judge et al., 1996;
Kerrigan et al., 1998), 5) decreased ankle power (DeVita & Hortobagyi, 2000; McGibbon
& Krebs, 1999; Monaco et al., 2009), and 6) decreased ankle plantarflexor moment (Crenna
& Frigo, 2011; Monaco et al., 2009) for older adults (OA) when compared to younger
adults (YA). All of these changes are indicative of a less propulsive gait pattern in the
elderly population. However, the majority of previous research has used single segment
foot models, neglecting important information about intrinsic foot motion. The use of

multisegment foot (MSF) models could provide insight about the functional significance



of motion occurring within the foot as well as alterations due to age. More recently,
researchers have been using MSF models for clinical groups in older populations
(Caravaggi et al., 2021; Fritz et al., 2021; Kim et al., 2020; Kyung et al., 2020; Shin et al.,
2019).

To date, only a few studies (Arnold et al., 2014; Lee et al., 2017; Legault-Moore et
al., 2012; Van Hoeve et al., 2017) have used an MSF model to investigate age-related
changes in healthy adults in foot kinematics during walking. Legault-Moore et al. (2012),
compared age-related changes to MSF kinematics and self-selected walking speed (WS)
between young (24.0 + 3 years old) and OA (65.0 + 4.2 years old) using a 4-segment foot
model and reported no significant differences. Similar foot mechanics between the two age
groups may be a function of the small sample size and/or the age of the participants in the
study. In their study, the older group (OG) was defined as participants aged 55 years or
older, however, their sample was between the age 61-69 (mean age 65.0 = 4.2 years).
Further, due to available motion capture camera resolution at the time, the midfoot segment
was excluded from the foot model and only male participants with a minimum shoe size of
9 were recruited.

The study by Arnold et al. (2014) examined the age-related differences in MSF
kinematics in 20 YA and 20 OA during gait. Their study used a 5-segment mechanical
model of the foot, which included the midfoot segment. As foot kinematics are speed-
dependent, and WS typically declines with age (Bohannon, 1997; Caravaggi et al., 2010;
Dubbeldam et al., 2010), it is important to consider speed-mediated effects on age-related
changes in foot kinematics. Arnold et al. compared differences in foot kinematics between

OA (mean age 73.2 + 5.1 years) walking at a self-selected preferred WS and YA (23.0 £ 3
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years old) walking at both a self-selected preferred and self-selected slow WS. Compared
to YA, the OA walked with decreased PF of the calcaneus at TO, decreased sagittal ROM
of the midfoot, and decreased ROM of the metatarsus. The results of this study showed
that speed only influenced the differences in sagittal plane ROM of the calcaneus and
hallux, suggesting that independent of WS, significant differences in MSF kinematics
between young and OA exist, leading to reduced ROM and propulsion. This suggests that
physical impairments increase with age, and are related to changes in mobility and gait.

Limitations of the study by Arnold et al. (2014) must be considered. The self-
selected slower WS of the younger group (YG) was actually slower than the self-selected
preferred WS of the OA. To identify age-related changes in MSF kinematics from speed-
mediated effects, further research examining a broader range of WSs is warranted.

Van Hoeve et al. (2017) assessed the effect of age and speed on foot and ankle
kinematics by comparing results during slow and fast walking. A group of healthy YA
(22.4+1.3) and a group of OA (57.5+3.9) were recruited. Also, the interaction between age
and speed was analyzed. Their study used a 4-segment mechanical model of the foot. The
results showed that WS had a significant influence on several kinematic parameters leading
to higher ROM, especially on the ankle joint (ROM between hindfoot and tibia). However,
similar to Legault-Moore et al. (2012), there was no significant effect of age on foot and
ankle kinematics. Nonetheless, this result was contradictory to the findings of Arnold et al.
(2014).

Lee et al. (2007) evaluated the differences in inter-segmental motion of the foot
between young (27 * 4 years old) and old (64.6 = 2.9 years old) adult healthy females

during barefoot gait. The researchers used a 4-segment foot mechanical model (Henley et
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al., 2008) and arch data was also collected. Participants were asked to walk at a faster and
slower WS. Their results showed that speed, stride length, and step width were significantly
lower in the OG. Conversely to Arnold et al. (2014), who demonstrated that some changes
in foot kinematics between different age groups could be explained by altered WS, Lee et
al. (2017) showed that differences in the inter-segmental motion of the foot between both
age groups were not related to differences in speed. Additionally, several parameters in the
OG suggested flattening of the longitudinal arch: 1) In the sagittal plane, forefoot was in a
dorsiflexed position relative to the hindfoot, 2) in the coronal plane, the position of the
hindfoot was more pronated, and consequently the forefoot was more supinated. Their
findings agree with the association of aging with pes planus (flattening of the foot). Despite
their results, limitations in the study were present. It has been previously shown that at the
age of 60 years, 85% of people present a normal gait, but as age increases (85 years or
older) this proportion drops to 18% (Sudarsky, 2000). However, the age range for the old
group in the study by Lee et al. (2017) was narrow (mean age 64.6 = 2.9 years old).
Therefore, besides examining a broader range of WSs, a broader range of age for the old
group must be examined.

Previous research has identified age-related differences in lower limb and single
foot kinetics of OA during walking (Aboutorabi et al., 2016) including, decreased
concentric strength of the ankle plantarflexor muscles (Thelen et al., 1996) and decreased
ankle joint power during preswing (DeVita & Hortobagyi, 2000; Kerrigan et al., 1998). In
addition, OA have exhibited decreased hip flexion torque (DeVita & Hortobagyi, 2000;
Monaco et al., 2009), increased hip extension torque (DeVita & Hortobagyi, 2000), and

increased hip power generation (DeVita & Hortobagyi, 2000; Monaco et al., 2009; Silder
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et al., 2008). Further, OA have shown decreased initial peak vertical forces and increased
vertical forces at mid-stance (Alcock et al., 2013). For fast WS, OA significantly increase
knee and hip moment contributions for hip linear power to levels comparable to those of
young participants at a similar speed (Riley et al., 2001). Last, elderly groups translate their
center of gravity slower than the YG when walking at the same cadence (McGibbon &
Krebs, 1999). More recently, research in MSF kinetics has identified an overestimation of
up to 53% in ankle peak power when implementing a single segment model (Bruening et
al., 2012b), misestimating foot contributions. However, technological limitations to study
MSF Kkinetics exist. Thus, different methodological approaches have been developed
(Bruening et al., 2012b; Saraswat et al., 2014), although these methods imply estimations
that carry errors in the data calculation. Therefore, for the study only a single foot kinetic
model and MSF kinematic model were studied.

As joint kinematics and Kinetics are interrelated, comprehensive studies that
measure both sets of mechanical parameters across ages and speed conditions are lacking
with most studies examining only the effect of age and speed on kinematics, or the effect
of age on kinetics. There is a need to examine the effect of age and speed on MSF and
lower limb kinematics and kinetics, which provides a more comprehensive understanding
of the age-related changes in gait to the literature. Thus, age-related changes on MSF
kinematics and single foot kinetics were studied.

In addition to age-related changes in foot mechanics, previous research has also
suggested that changes in foot structure, function and mobility occur with age. Changes in
foot structure with age include lowering of the transverse arch (Hsu, 1971; Scott et al.,

2007), increased soft tissue stiffness (Menz, 2014), toe deformities, as well as flatter,
5



longer, and wider feet than YA (Frey, 2000; Scott et al., 2007). Calcaneal eversion is linked
to low arch and it has been proposed to decrease the inclination of the subtalar joint axis of
rotation (Arangio et al., 1998; Blackwood et al., 2005). In addition, increased forefoot DF
and decreased forefoot adduction (Van Boerum & Sangeorzan, 2003) have been predicted
in individuals with low arches. Age-related changes in foot function include decreased
proprioception (Stevens & Choo, 1996), and decreased muscle strength, such as ankle and
toe plantarflexor weakness (Edelstein, 1988; Endo et al., 2002; Scott et al., 2007). Toe
plantarflexor weakness effects the grasping function of the toes in OA when executing
weight-bearing activities, resulting in impaired balance and functional ability (Menz,
2014). Age-related changes in foot mobility include decreased ROM of the ankle and 1%
metatarsophalangeal (MTP1) joints (Edelstein, 1988; Endo et al., 2002; James & Parker,
1989; Nigg et al., 1992; Scott et al., 2007), a decreased subtalar joint inversion-eversion
ROM, a more pronated posture of the foot as well as a more pronated position with reduced
joint mobility and less efficient propulsion when walking (Menz, 2014). Due to the
important role played by the foot in adapting to uneven terrain, a reduced ROM in the joints
of the foot and ankle is strongly associated with impaired balance and functional ability in
older people (Menz et al., 2005; Spink et al., 2011). Such age-related changes may lead to
alterations in foot mechanics and could impact an individual’s quality of life.

No single study has examined MSF and lower limb joint kinematics and Kinetics
across age, speed and foot structure and mobility. This research helped improve our
understanding about the foot mechanics in YA and OA, providing a more comprehensive
knowledge about the age-related changes in MSF and lower limb biomechanics. Further,

the data provided can be used as a reference of normal gait parameters to distinguish
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abnormal and pathological gait patterns, e.g., patients with planus and cavus feet, diabetic
foot, or after stroke. Hence, the findings may provide guidance to improve gait
performance. Findings from this study may also contribute to an accurate engineering
design for wearable device technology, e.g., footwear, prostheses, orthoses and
exoskeletons.
1.1 Purpose

To address the limitations of current work and increase our understanding of age-
related changes in MSF and lower extremity biomechanics, the purpose of the study was
to investigate differences in MSF kinematics and lower extremity kinematics and kinetics
between young and OA during walking. To separate speed-mediated effects from age-
related changes in motion, data were recorded across five walking speeds at self-selected
speeds (very slow, slow, typical, fast and very fast speeds). The relationship between age-
related changes in foot kinematics/kinetics and foot structure and mobility was also
explored. The following hypotheses were tested:

1. There would be significant differences in MSF and lower extremity kinematic
and kinetic variables (e.g. calcaneus-tibia plantarflexion angle, hallux angle
(F2Ps), medial longitudinal arch (MLA) angle, stance phase, cadence, double
support time, etc.) between age groups as a function of speed.

2. Independent of speed, there would be significant differences in MSF and lower
limb kinematic and kinetic variables (e.g. maximum foot-tibia angle, calcaneus-
tibia, midfoot-calcaneus, and planar angles of the foot, as well as time to
maximum angle, ankle plantarflexor moment, etc.) between the younger and

older adults.



3. There would be significant differences in MSF and lower extremity kinematic
and kinetic variables (e.g. ROM of the ankle joint, midfoot and
metatarsophalangeal joints, vertical ground reaction force, step length, etc.)

between age groups as a function of foot structure and mobility.

2.0 Literature Review

The review below discusses the existing literature of the age-related changes in the
lower limb kinematics and kinetics, as well as the effects of WS, foot structure and mobility
on gait in younger and older adults.

2.1 Significance of study

Physical impairment increases with age. This is related to changes in physical
mobility and walking (Aboutorabi et al., 2016; Guralnik et al., 2000; Trombetti et al.,
2015). “Walking is one of the more frequently performed sensorimotor tasks in everyday
life. Gait disorders are common in the elderly populations, and their prevalence increases
with age” (Aboutorabi et al., 2016, p. 393). Nonetheless, the influence of age on foot
kinematics and kinetics, and what role may play in the context of changes to physical
function with ageing remains unclear (Arnold et al., 2014). Pursuing this was beneficial
because it contributed to our brief knowledge about the age-related changes on lower limb
kinematics and Kkinetics. Therefore, it enhanced our knowledge on gait mechanics in the
elderly population.

2.2 Age-related changes in kinematics and Kinetics
Previous research has investigated age-related differences in foot kinematics using

an MSF model. In 2012, Legault-Moore et al. studied age-related changes in MSF



kinematics during walking between younger (24 + 3 years old) and older males (65 + 4.2
years old). The Rizzoli Foot Model (RFM) was used with the following exceptions: 1) the
midfoot segment was excluded due to difficulties with consistent tracking of the navicular
and cuboid markers, and 2) a neutral calcaneus was formed using a laser level technique to
guide marker placement. They examined differences in mean temporal-spatial data, mean
ROM, and mean peak joint angle data between both groups. Participants were asked to
walk at a self-selected speed. As part of their results, they did not find significant
differences between the younger and older age groups for the mean temporal-spatial or
mean joint angle data. However, the lack of observable significant differences may had
been due to several reasons including: 1) the recruited older participants formed a group
with a narrow age range, 2) all participants had a minimum shoe size of nine to facilitate
marker tracking and autolabeling, and 3) female participants were excluded. This decision
was made for two reasons: 1) to eliminate any sex effects associated with foot kinematics,
and 2) because females have smaller feet than males, which increases the probability of
marker merging and tracking problems. These limitations suggested that a broader range
of age in the OG should be studied, as well as both sexes and a variety of foot sizes.

In 2014, Arnold et al. conducted a study investigating the differences in foot
kinematics between YA and OA during walking using the RFM MSF model. The mean
age of the YG was 23 * 3 years old, while the mean age of the OG was 73 + 5 years old.
The participants were asked to walked at a preferred and slow WS. They found that the OG
had a less plantarflexed calcaneus at TO, a smaller sagittal plane ROM of the midfoot, and
a smaller coronal plane ROM of the metatarsus. They concluded that WS did not influence

these differences, since they remained present when groups walked at comparable speeds.
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Thus, the findings of this study indicated that independent of WS, the OG exhibited
significant differences in foot kinematics compared to the YG. Gait patterns of the OG
were characterised by less propulsion and reduced mobility of multiple foot segments.
However, this conclusion was questionable since the researchers did not look at the
differences in foot structure or foot mobility between groups.

Lee et al. (2017) evaluated the differences in inter-segmental motion of the foot
between young (27 * 4 years old) and older (64 £ 3 years old) adult healthy females during
gait and considered the structure of the foot. The researchers used an MSF model (Henley
et al., 2008) and arch data was also collected. Participants were asked to walk at their self-
selected WS. Both the young and OG were divided into two different speed groups: 1)
faster and 2) slower. To determine the speed group, they cut-off the speeds (1.25 m/s in the
young group and 1.10 m/s in the OG). Their results showed that WS, stride length, and step
width were significantly lower in the OG. They also showed that differences in the inter-
segmental motion of the foot between both groups was not related to differences in WS.
Further, several parameters in the OG suggested flattening of the longitudinal arch: 1) In
the sagittal plane, forefoot was in a DF position relative to the hindfoot, 2) in the coronal
plane, the position of the hindfoot was more pronated, and consequently the forefoot was
more supinated. Although they implemented a MSF model and took into account the arch
of the foot, researchers did not include the male group and the range of age for the OG was
narrow (64 + 3 years old).

The aforementioned studies showed inconsistencies in their results in foot
kinematics as a function of age. A decrement in WS and increments in stance duration and

double support time with increasing age may indicate a trend towards a safer, more
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dynamically stable, gait pattern (Wall et al., 1991; Winter et al., 1990) and are clearly
consequences of the aging process, but not necessarily indicative of functional limitations.

With respect to age-related changes in kinetics, Brown et al. (1995) suggested that
muscle and link-segment power analyses may be more sensitive to functional limitations
than time-distance or kinematic measures. Net muscle power is defined as the
instantaneous angular power component of muscle torque. Calculations of net muscle
power are highly dependent upon body size (mass, stature) and the kinematics (velocity)
of movement (McGibbon & Krebs, 1999). Therefore, because OA generally walk slower
than YA, a reduction in muscle power generated and absorbed would be expected. In
addition, research has shown the effect of age on single foot kinetics such as reduced ankle
PF power in OA (DeVita & Hortobagyi, 2000; Judge & Davis, 1996; McGibbon & Krebs,
1999; Monaco et al., 2009; Riley et al., 2001; Silder et al., 2008; Winter et al., 1990).
Furthermore, decreased hip flexion torque (DeVita & Hortobagyi, 2000; Monaco et al.,
2009), increased hip extension torque (DeVita & Hortobagyi, 2000), and increased hip
power generation (DeVita & Hortobagyi, 2000; Monaco et al., 2009; Silder et al., 2008) in
OA have been reported; however, changes in ankle and hip kinetics are not always
observed together (Kerrigan et al., 1998; Winter et al., 1990). It has also been reported that
OA may be unable to produce sufficient ankle power during push-off, specifically at faster
WS (Judge et al., 1996; Kerrigan et al., 1998). DeVita and Hortobagyi (2000) suggested
that OA compensate for reduced ankle PF (decreased ankle torque) and reduced power
generation at the ankle by adopting a gait strategy that encourages the use of the proximal
hip extensors. The researchers pointed out that this compensation was a neuromuscular

adaptation distinguished by a distal-to-proximal shift in motor control strategy (DeVita &
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Hortobagyi, 2000). This hypothesis has been supported by further research that found
differences in joint kinetics (Monaco et al., 2009; Silder et al., 2008) and muscle activity
(Schmitz et al., 2009) between age groups during walking at different speeds. Further, OA
tend to walk at a slower WS which is related to decreased initial peak vertical forces and
peak powers, and increased vertical forces at mid-stance (Alcock et al., 2013).

McGibbon and Krebs (1999) conducted a study to investigate whether power
calculations from motion analysis data were sensitive to impairments beyond the
differences expected with ageing. They recruited 20 healthy young women (27 + 4.2 years),
16 healthy older women (72.5 £ 5.6 years), and 24 functionally limited older women (73.5
+ 7.2 years). Their gait data was analyzed during stance phase at a moderate-speed paced
using a single foot model. They calculated the net muscle power and work of the leg joints
(ankle, knee and hip), and selected time-distance parameters (center of gravity velocity,
stance duration, and single support time). Researchers found that both elderly groups
translated their center of gravity slower than the YG when walking at the same cadence.
Also, their results suggested that decreased ankle plantar-flexor (PF) power in late stance
of gait may be an impairment-related characteristic more than age-related characteristic.

However, research in MSF kinetics has identified an overestimation of up to 53%
in ankle peak power when implementing a single segment model (Bruening et al., 2012b),
misestimating foot contributions (Zelik et al., 2018). Also, it has been shown that the
Chopart joint encompasses power absorption and generation, whilst the Lisfranc joint
mainly contributes to power generation (Deschamps et al., 2017). These findings suggest
that both joints have a similar peak power generation as the ankle joint, showing the

contribution of the foot in the lower limb Kkinetics. To our knowledge, only one study has
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examined changes in MSF kinetics as a function of speed. Eerdekens et al. (2019) studied
the effect of WS on joint kinetics obtained from a three-segment and four-segment kinetic
foot model at self-selected and fast WS (1.28 m/s and 1.76 m/s respectively) among male
adults. They found that when WS increases, peak power generation and positive work
increases. Additionally, the absorption at the ankle declines with increasing WS, whereas
the influence of the MTP1 joint on relative power absorption increases. Moreover, the
Chopart and MTP1 joints combined produce small amounts of the total power generation
(21% and 23% during self-selected WS and highest possible WS respectively).
Furthermore, they also found increases in peak power generation and absorption of the
Lisfranc and Chopart joints throughout the propulsion phase. Their findings also showed
that as WS increases, higher power output and mechanical work in different foot joints is
needed, and that the foot joints must produce net positive mechanical work in order to walk
at normal WS. This study provided the first attempt towards gaining insight into MSF
kinetic patterns during self-selected and high-speed walking. Eerdekens et al. (2019)
concluded that future studies should examine a broader range of WS to increase our
understanding of MSF kinetics and provide more suitable control data for clinical studies.
But limitations of studying MSF kinetics must be considered. Currently there are different
methodological approaches (Bruening et al., 2012b; MacWilliams et al., 2003; Saraswat et
al., 2014) to compute MSF Kinetics such as the proportionality scheme (Saraswat et al.,
2014) which derives, for all foot segments, the center of pressure and resultant ground
reaction force (GRF) for each frame of the segmented pressure data by estimating subarea
shear forces and normal moment as a proportion of the measured normal force. However,

this method carries an estimation error of maximum 3% for all shear forces. Another
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method proposed (Bruening et al., 2012b) consists on asking the participant to target the
force plate, which might alter the natural gait pattern of the participant, inducing different
results when comparing to a non-targeted walking.

Nonetheless, a more detailed study should be conducted including the age-related
changes on the foot as well as the inclusion of broader range of speeds. This is needed
because the influence of age in foot kinematics and kinetics, and what role may play in the
context of changes to physical function with ageing, remains unclear. There are different
foot models described in the literature that can be applied to better understand the foot
mechanics changes with ageing and they will be discussed below.

2.3 Effect of Walking Speed on Gait Kinematics and Kinetics

2.3.1 Effect of Walking Speed using a Single Segment Foot Model

Research studying the effect of WS on foot kinematics have showed that speed
significantly influences foot and ankle kinematics. The study of different WSs at different
age groups is important because in older adults’ gait patterns, WS often differs from the
YA. Older adults tend to walk at a slower speed when compared to YA, although is not
always the case. Discrepancies exist of how different the WS is between YA and OA
(Hollman et al, 2011; Oh-Park et al, 2010; Samson et al, 2001), and furthermore, whether
WS is significantly different between both age groups (Silder et al., 2008). Further, it can
be difficult to determine whether differences in walking patterns are age-related or simply
due to the speed at which the person was walking. Therefore, it is important to study a wide
range of speeds to be able to separate speed-mediated effects from those due to age. The

appreciation of speed-mediated effects is critical for increasing our understanding of foot
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mechanics in young and OA. The study of slow and fast WSs will aid to solve the
discrepancies mentioned above.

Several studies have noted the effect of WS on lower extremity kinematics and
kinetics in YA and OA. For example, using single segment foot models (Ardestani et al.,
2016; Chehab et al., 2017; Ragislien et al., 2009; Schwartz et al., 2008; Stansfield et al.,
2001) researchers have found that stride length and cadence increase as WS increases
(Kirtley, 2006) and stance phase and double support time decrease as WS increases in
healthy adults (Kirtley et al., 1985; Raislien et al., 2009). Gait kinematic parameters have
shown a strong correlation with speed. As WS increases, the ROM at the hip joint is
increased (Haight, 2012), producing increased hip flexion in early stance, and hip extension
in late stance (Murray et al., 1984). Similarly, increased WS has been shown to increase
knee joint ROM (Kirtley et al., 1985), therefore, increasing knee flexion (Riley et al., 2001;
Schwartz et al., 2008). While the ROM at the knee and hip joints increases at faster WS, it
has been shown that the ROM of the ankle does not increase significantly with WS (Murray
et al., 1984). Further, the ROM of the ankle was shown to be lower at the highest stride
rate. Through the late stance phase and the swing phase, peak angular velocities were
greater at a higher stride rate in the hip and the knee, but not in the ankle (Umberger &
Martin, 2007).

In 2009, Raislien et al. found that WS, age, and gender significantly affect
kinematic gait data in healthy adults (23 — 62 years old). Participants walked at their self-
selected speed (range from .98 — 1.94 m/s) and it was found that there was a significantly
earlier TO at a high WS in the pre-swing phase. They also noted a higher knee flexion

velocity and an earlier maximum knee flexion at a higher WS, as well as an earlier
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maximum plantar flexion at TO. Furthermore, as WS increased, they found a higher degree
of DF in initial contact, loading response and mid stance, as well as more PF in terminal
stance. Increasing WS also affected kinematics of the ankle. They found a higher degree
of PF angle during terminal stance, while the DF angle increased during initial contact,
loading response and midstance. Their results showed that WS was the primary factor that
significantly affected kinematic gait data.

Likewise, kinetic parameters of gait show a strong correlation with WS. In 2001,
Riley et al. investigated the relationship of hip, knee and ankle function to gait speed in
healthy elderly participants. They recruited 16 young (29.4+4.3 years) and 14 elderly
(72.945.6) participants and asked them to walk at a self-selected speed and at a fast speed.
Results about the elderly participants during free speed gait showed a decreased linear
power transfer from the leg to the upper body due to the hip and knee moments compared
to the young participants. Nonetheless, when they were asked to walk at a fast speed, older
adults significantly increased knee and hip moment contributions to hip linear power to
levels comparable to those of young participants at a similar speed. These results supported
previous findings indicating that kinematic alterations at the hip are a cause of reduced gait
speed in the elderly.

Furthermore, Lelas et al. (2003) found that peak external hip flexion moment swing,
peak external knee flexion moment loading response, peak external knee flexion moment
pre-swing and peak external knee extension moment terminal stance increase with faster
speeds. Furthermore, it has been shown that vertical and horizontal GRF are significantly
affected by WS, especially during the loading response phase and mid-stance phase (White

et al., 1996). In 2001, Stansfield et al. examined the importance of speed in the
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characterization of ground reaction forces (GRF) and found that WS was the primary
determinant of kinematic and kinetic changes in growing children.

In 2009, Monaco et al. conducted a study comparing lower limb kinetics between
YA and OA. They recruited 9 young (26.4 + 2.3 years old) and 8 elderly (70.4 + 5.3 years
old) healthy subjects. Participants were asked to walk on a treadmill at five normalized
speeds (from 0.5 to 1.3 m/s). Researchers found that in elderly participants, hip and knee
concentric powers during the stance phase were higher than those in young participants
despite their decreased ankle plantar flexor kinetics.

Schwartz et al. (2008) provided a comprehensive study on the effects of WS on
joint kinematics and kinetics of typically developing children at a wide variety of speeds
(very slow (VS), slow, self-selected comfortable, and fast WS) using a single foot model.
It was found that ankle DF at TO exhibited a plateau at low WS and maximum hip
extension decreased as WS increased. It was also found that pelvic tilt ROM increased as
WS increased. Further, peak-braking force was nearly linear and peak propulsive force
exhibited a plateau at high WS. Additionally, it was shown that maximum knee flexion
moment in late swing exhibited a plateau at low WS, and peak hip power generation in
early stance exceeded linear growth. The power generation in the ankle increased at higher
WS, while power absorption decreased. Thus, their study showed that WS had a significant
influence on 3D lower extremity joint kinematics and kinetics (GRF, net internal joint
moment and net joint power) in a pediatric population.

In 2020, da Silva et al. investigated the association between aging and ankle-foot
power output considering the effect of gait speed. Researchers studied the gait data from

an open dataset previously published. This dataset included data from younger (27.6 £
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4.4 years) and older (62.7 * 8.0 years) adults, walking at their self-selected speed, then at
speeds 30% faster and 30% slower than the self-selected speed. Da Silva et al. (2020) found
that OA absorb more power during the early stages of the stance phase compared to YA.
Researchers concluded that WS significantly affects both the ankle and foot mechanical
power output profiles. Conversely, researchers found that age did not affect either ankle or
foot power profiles.

2.3.2 Effect of Walking Speed using a Multisegment Foot Model

The aforementioned studies modeled the foot as a single rigid segment permitting
only foot progression angle and dorsi/plantarflexion to be measured (Carson et al., 2001).
Using such models has shown that WS influences ankle, knee and hip motion. However,
relatively little is known about the effects of WS on subsegment foot kinematics. Hence,
researchers have recently developed MSF kinematic models to further understand foot
mechanics and function in YA and OA (Dubbeldam et al., 2010; Grant & Chester, 2015;
Pohl et al., 2007; Sun et al., 2018; Tulchin et al., 2009; Van Hoeve et al., 2017).

In 2010, Dubbeldam et al. used an MSF model to examine the effect of WS on
forefoot, hindfoot and ankle kinematics among healthy adults (43 + 8 years old) walking
at comfortable and clinically relevant slower speeds. The participants walked at three
different WS: 1.28 m/s, 0.97 m/s and 0.65 m/s. The WS was computed from the recordings,
but to adjust the speed, it was also measured manually during the recordings and
communicated to the test participant. The variations in WS significantly affected the foot
and ankle joint ROM in the sagittal and transverse planes and it mainly influenced these
joint motions at TO. In the sagittal plane, researchers found that the minimum tibio-talar

PF and maximum hallux DF at TO decreased significantly (between 3° and 9°) with
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decreasing WS. Additionally, they showed that increasing WS resulted in decreased stance
phase duration, increased cadence, and decreased double support time (Dubbeldam et al.,
2010). The minimum medial arch at TO, as well as the minimum midfoot supination at
mid-stance, were significantly affected by the WS. In the frontal plane, significant
differences only occurred in the midfoot, at foot loading or at midstance. Increases in peak
supination angles of the midfoot with respect to hindfoot were found with increasing WS
throughout the loading phase. The motion of the hindfoot was not significantly affected by
the WS, even though the hindfoot is initially slightly (0.5°-1°) less everted for lower WS.
In the transversal plane, significant differences in joint ROM between different WS were
observed for the hallux adduction only. Also, more motion in forefoot adduction with
respect to the hindfoot and more external leg rotation were observed at higher WS, and
both were related to increased stride length. However, fast WS were not tested in this study
and a broader range of WS is needed to provide speed-matched data when evaluating a
patient (Grant & Chester, 2015).

A more comprehensive study conducted by Grant and Chester (2015) used a
modified version of the RFM to examine a broader range of WS (VS, slow, free, fast, and
very fast (VF)) among healthy adults (23 + 2.6 years old) in order to replicate WS routinely
observed in typical and atypical gait on foot kinematics. They found that all of the
temporal-spatial parameters showed significant differences. For example, as WS increased,
time to TO decreased, whereas single leg stance time, stride length, and cadence increased.
Moreover, increasing WS affected the relative angles between the calcaneus and tibia in
the sagittal plane; the mean maximum DF angle decreased, while the mean maximum PF

angle increased. These findings are similar to Dubbeldam et al. (2010), who analyzed the
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talus with respect to the tibia, and found that the PF angles increased at TO as WS
increased. They also found that pronation of the midfoot relative to the calcaneus increased
during midstance with a reduction in WS. Additionally, in the sagittal plane, mean
maximum absolute angles of the metatarsals and the hallux presented significant
differences between speed groups. As WS increased, the mean maximum absolute angle
for the fifth metatarsal (V2G), the second metatarsal (S2G) and the hallux (F2Ps) increased.
Conversely, the medial longitudinal arch (MLA) angle decreased as WS increased.

Grant and Chester (2015) found similar results as Schwartz et al. (2008), which
used a single foot model, for mean ankle DF at TO when walking at slow speed. The
agreement of the results is interesting since the foot model used differed, and Schwartz et
al. (2008) studied children (10.5 £ 3.5 years old). Contrary to Dubbeldam et al. (2010),
researchers (Grant & Chester, 2015) found significant changes in mean maximum PF of
the midfoot relative to the calcaneus over changes in WS although they also used an MSF
model. One of the reasons could be the age group, where Grant and Chester (2015) studied
healthy adults (23 £ 2.6 years old) and Dubbeldam et al. (2010) recruited OA (43 + 8 years
old). The relative angles of the foot (as a single segment) with respect to the tibia were
similar to that of the calcaneus relative to the tibia. As WS increased, the mean maximum
DF angle decreased. These results were also found by Schwartz et al. (2008). Additionally,
there was an increase in the mean maximum PF angle as WS increased (from 15.05° at VS
to 22.73° at VF). Differences in the results compared to Schwartz were found, since they
reported a mean PF angle from 4°, at a VS speed, to 22° at a VF WS. These variations
found may be due to the varying WS between studies, as well as the age group. Similar to

the single rigid body model studies, WS was found to affect MSF kinematics.
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Van Hoeve et al. (2017) assessed the effect of age and speed on foot and ankle
kinematics by comparing results during slow walking and fast walking. A group of healthy
YA (22.4+1.3) and a group of OA (57.5£3.9) were recruited. The interaction between age
and speed was also analyzed. With a stopwatch, time and speed were controlled by the
researcher. This study used a 4-segment mechanical model of the foot. The results showed
that, regarding speed, there was a significant difference between forefoot/hindfoot motion
in the sagittal plane (flexion/ extension) during both loading- and push-off phase.
Additionally, there was a significant difference between hindfoot/tibia for all parameters
except for motion in the sagittal plane (flexion/extension) during push-off phase. However,
their results showed that age did not significantly influence kinematics. There were no
significant differences between the younger and older adults’ groups regarding the ROM
between the forefoot and hindfoot in the sagittal, frontal, and transverse planes, neither
during the loading phase nor during the push-off phase. Nor were there significant
differences between the two groups in ROM between the hindfoot and tibia in the sagittal,
frontal, and transverse planes, neither during the loading phase nor during the push-off
phase. Further, there was no interaction between age and WS. There were no significant
interactions found between WS and age for the ROM between the forefoot and hindfoot in
the sagittal, frontal, and transverse planes, neither during the loading phase nor during the
push-off phase. Nor were there significant interactions found between WS and age for the
ROM between the hindfoot and tibia in the sagittal, frontal, and transverse planes, neither
during the loading phase nor during the push-off phase. In summary, their analysis found
that WS significantly influenced the kinematic outcome parameters (more pronounced in

the ankle joint) and no significant differences were found between younger and older
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healthy participants. Their findings agree with Legault-Moore et al. (2012), who found no
significant effect of age on foot and ankle kinematics and there was no interaction between
age and speed.

In 2018, Sun et al., studied the effect of WS on the foot inter-segment kinematics,
GRF and lower limb joint moments among healthy male adults. They implemented a
modified version of the OFM and found that with increasing WS, the cadence and the stride
length increased, while the stance duration, stance phase and stride time decreased (Sun et
al., 2018). These findings are similar to previous studies which used a single foot model
(Kirtley et al.,1985; Kirtley, 2006). Sun et al. also examined the hindfoot relative to the
tibia motion and found that, in the sagittal plane, fast WS showed a significantly higher
heel contact, DF, peak DF, and DF/PF. They also found a significant increase of the peak
values of hindfoot relative to the tibia DF as WS increased. In the frontal plane, as WS
increases, researchers found a significant increase in eversion at heel contact during stance
phase, whereas peak inversion angle was found lower as WS increases. Likewise, in the
transverse plane, significant changes in peak external rotation (ER) and ROM were found
in fast WS. They also examined the forefoot relative to hindfoot motion and found that the
DF angle was significantly greater at a fast WS in the sagittal plane, but the peak PF angle
was found to be significantly higher in neutral WS. Additionally, they found a significantly
larger supination in slow and neutral WS at heel contact in the frontal plane. In the
transverse plane, adduction/abduction ROM and adduction angles at initial contact were
found significant at slow WS. However, maximum abduction angle was significant at a
fast WS. Moreover, they studied the forefoot relative to the tibia motion and found that fast

WS showed more DF at initial contact in the sagittal plane. Peak PF was found significant
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at a neutral WS. Further, as WS increased, the ROM (DF/PF) increased. Their results did
not show a significant difference in peak supination and supination/pronation ROM. In the
transverse plane, the adduction angle at initial contact and maximum adduction angle were
significant at a slow and neutral WS, while the peak abduction and adduction/abduction
ROM were found significant at fast WS.

Researchers also examined the hallux relative to the forefoot motion and they only
found that the hallux was less dorsiflexed at a fast WS in the sagittal plane. Additionally,
DF/PF ROM in slow and neutral speed were found significant. Regarding GRF, their
results showed that peak braking force together with peak propulsive force was significant
at fast WS compared to slow WS in the anterior-posterior (A/P) direction, and that peak
vertical forces at a fast WS were significantly higher than neutral WS. Speed had a
significant effect on the sagittal and frontal plane joint moments of the knee and ankle. In
the sagittal plane, the peak knee flexion and extension moment, peak ankle DF moment in
early stance and peak ankle PF moment in late stance phase were found significantly higher
at a fast WS. In the frontal plane, peak knee adduction and peak ankle eversion moments
were significant at a fast WS. As WS increased, knee and ankle joint moments in the
sagittal and frontal planes increased, suggesting a positive linear correlation between WS
and joint moments.

The aforementioned studies provided insight into MSF kinematic patterns and
improved the knowledge of the effects of WS in foot kinematics and kinetics of the
different segments of the foot, while the single segment foot models could not provide that
information. However, there were some disparities in the results found between the

previous studies demonstrating that the effects of speed on foot and ankle kinematics in
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gait studies using MSF models are not fully understood. The discrepancies are mostly due
to different age groups, the speed groups selected, as well as the method to control the
speed. To resolve for these differences, standard methods should be developed. Currently,
most researchers are using the same MSF model (RFM), although the method to control
speed still differs greatly.
2.4 Single segment foot models

In the past, most gait research has modeled the foot as a single rigid segment
consisting of two rotational degrees of freedom. Thereby, only foot progression angle and
dorsi/plantarflexion can be measured. When modeling the foot as a single-segment, a
minimum of three retro-reflective markers are placed on the foot. The simplicity of the
single rigid segment model allows for easier marker configuration and this represents an
advantage when the movement of each segment of the foot is not of interest. However, the
foot is comprised of 26 bones and several joints connecting them. Thus, a standard
kinematic protocol based on three markers is inadequate in describing the complex foot
biomechanics when a detailed level is required. Therefore, to fully understand what is
occurring within the foot during gait, an MSF model should be used.
2.5 Multisegment foot models

To increase our knowledge of the mechanics of the typical and atypical foot,
multisegment mechanical models of the foot have recently been developed (Dubbeldam et
al., 2010; Grant & Chester, 2015; Pohl et al., 2007; Sun et al., 2018; Tulchin et al., 2009;
Van Hoeve et al., 2017). These models divide the foot into multiple compartments or

segments allowing the relative motion between segments to be measured (e.qg., forefoot vs
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hindfoot). The importance of studying each segment of the foot stems from having a better
understanding of the typical and pathological movement within the foot.

Motion in all three planes (sagittal, frontal and transversal) of the forefoot, midfoot
and hindfoot can be tracked using an MSF model. This allows the identification of any
deviations in motion and their underlying causes. Such information could be beneficial for
determining the most appropriate treatment to restore foot and ankle function. A
disadvantage of using an MSF model is its complexity. The markers are usually located
near one another on the foot, thus, lower resolution motion capture cameras may have
difficulty distinguishing markers. In addition, an MSF model requires more training to be
able to apply the markers correctly. The navicular and cuboid, specifically, can be difficult
to palpate, thus the person applying the markers must be well versed in the locations of
these landmarks.

For the proposed study, the Rizzoli Foot Model (RFM) was used due to its validity
and reliability (Leardini & Caravaggi, 2016). A few studies have compared the
performance of the most popular MSF models. Mahaffey et al. (2013) used intraclass
correlation coefficients to assess the OFM, the RFM, and the Kinfoot model. Results
showed that MSF kinematics were quite repeatable, even in pediatric feet. A standard error
of measurement greater than 5° was found in 26%, 15% and 44% of the kinematic
parameters, respectively for the OFM, RFM and the Kinfoot model. The RFM resulted in
moderate repeatability and reasonable test-retest error similar to that of the OFM, but with
original additional data also on midfoot kinematics. Later, DiMarco et al. (2015a, 2015b)
performed a more comprehensive comparative analysis of the OFM, RFM, the Sawacha et

al. (2009) and Saraswat et al. (2012) models. The best coefficient of multiple correlation
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between-sessions of the kinematic parameters during ground and treadmill walking was
observed for the RFM (range 0.83-0.95).
2.6 Effects of foot structure and mobility on gait

While there has been significant research regarding age-related changes in foot
mechanics, challenges remain. In addition, very few studies examined the impact of foot
structure on gait mechanics. However, the major limitation of these studies is that foot
structure variables, other than arch heigth, are not often considered. Foot structure refers
to the external shape or morphology of the foot. Common variables to examine foot
structure are foot length, truncated foot length (TFL), arch height ratio (AHR) and dorsal
arch height (DAH), among others. Examining the effect of different structures of the foot
within and between the various structural components is fundamental for comprehending
their respective function during gait and will also allow a better understanding of different
disorders (Gefen et al., 2000).

Further, the assessment of foot mobility has received less attention in the literature
and is usually linked to the foot posture. Foot mobility parameters, such as foot mobility
magnitude (FMM), forefoot width (FFW), midfoot width (MFW), and rearfoot width
(RFW), have been found to be positively correlated to MSF kinematics and kinetics (Buldt
et al., 2015; Maharaj et al., 2018). Impairments in intrinsic foot mobility have been
recognized as significant potential contributors to altered foot function. Nonetheless, the
role of foot mobility in gait continues to be poorly understood (Rao et al., 2007).

Therefore, a more detailed understanding of age-related differences in foot function

could be obtained by measuring both structure and mobility in YA and OA during gait.
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2.6.1 Age-related changes in foot structure

Previous studies performed on different population groups have reported that foot
morphology undergoes age-dependent changes and foot development and maturation is
accompanied by variations in its shape and function. Younger people (18 — 35 years old)
tend to have a smaller foot circumference compared to OA (Kouchi, 1998). The elderly
(+65 years old) are reported to have flatter, longer, and wider feet than YA (Frey, 2000;
Scottetal., 2007). In addition, when the foot is loaded by the body weight, the foot structure
experiences deformations such as hindfoot pronation/supination, modification of the
widening between the first and fifth metatarsal, flexion of the phalanges in the late stance
phase, lowering of the medial arch, and many other intrinsic movements occurring both in
the stance and swing phases (Farinelli et al., 2019). Lowering of the transverse arch (Hsu,
1971; Scott et al., 2007), increased soft tissue stiffness (Menz, 2014) and toe deformities
are also changes in foot structure due to age. Calcaneal eversion is linked to low arch and
it has been proposed to decrease the inclination of the subtalar joint axis of rotation
(Arangio et al., 1998; Blackwood et al., 2005). In addition, increased forefoot DF and
decreased forefoot adduction (Van Boerum & Sangeorzan, 2003) have been predicted in
individuals with low arches.

In 2007, Scott et al. studied the age related differences in foot structure and
function. The purpose of the study was to compare foot characteristics and plantar force in
young (20.9+2.6 years old) and OA (80.2+5.7 years old). However, they did not implement
a MSF model or a motion capture system. Instead, foot and ankle characteristics were
assessed with different equipment such as a pressure aesthesiometer and an isometric

device. Speed, cadence and average step length were recorded with a stopwatch. Plantar
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forces and pressures were recorded using a pressure mat. They found that the OG exhibited
flatter feet, reduced ROM of the ankle and MTP1 joints, as well as toe plantarflexor
weakness. They also found that older participants exhibited a slower WS and shorter step
length. Thus, it was suggested that foot structure in OA could alter their foot function.

2.6.2 Age-related changes on foot mobility and posture

The Foot Mobility Magnitude (FMM) is a composite measure of the vertical and
medial-lateral (ML) mobility of the midfoot under weight-bearing and non-weight bearing
conditions, i.e., ADAH, which represents the change in the vertical mobility of the midfoot,
and AMFW, which represents the change in the ML mobility of the midfoot. In 2009,
McPoil et al. conducted a study to determine the reliability of the FMM. They showed good
to high levels on intra-rater and inter-rater reliability. Their results were valid when
compared to radiographs. In addition, they noted that the greater the vertical change in
AHR, the greater the amount of foot mobility. However, FMM is a measure of the mobility
of the midfoot only, thus, to provide a better understanding of the foot mobility in each
segment, studies should also measure the mobility of the forefoot and rearfoot.

Currently, there are four static foot posture measures presented in the literature that
have been validated against angular measurements from radiographs and considered to be
the ‘gold standard’ measurement technique (Menz & Munteanu, 2006; McPoil et al.,
2008a; Williams & McClay, 2000). These measures include the Foot Posture Index (FPI),
the Arch Index (Al), normalized navicular height truncated (NNHt) and the AHR. In
addition, by measuring foot mobility, it is possible to describe the response of structures
such as DAH to the load applied during the measurement of foot posture and thus, be more

valid in predicting dynamic function than static measurements (Menz, 1998). The Foot
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Mobility Magnitude (FMM) has been found to be the most reliable of the current measures
of foot mobility (McPoil et al., 2009). As a result, the use of these measures (i.e. FPI, Al,
NNHt, DAH and FMM) may provide useful insights into the variances in the motion of the
foot during gait due to aging.

In 2011, Cornwall and McPoil conducted a study that examined the relationship
between the static foot posture and foot mobility. They hypothesized that feet with a high
arched static foot posture would have minimal foot mobility, whereas feet with low arch
static foot posture would have increased foot mobility. They assessed the foot posture using
four different measurements, including the Foot Posture Index, the DAH, DAH ratio, and
MFW. Each measurement was taken in two different positions: 1) Participants were in their
relaxed stance position, distributing equal weight on both feet (weight bearing), 2)
Participants were asked to sit on the end of a table with ankles slightly plantar flexed (non-
weight bearing). They also assessed the foot mobility of each participant using the FMM.
The results of their study substantiate their hypothesis by showing a relationship between
static foot posture as measured by either DAH or MFW, and the amount of foot mobility
as measured by FMM. Thus, participants with greater mobility as measured by the FMM,
had lower dorsal arch heights and greater MFW compared to participants with less
mobility. This study compared two different foot postures in YA (25.6 + 3.8 years old) to
analyze its relationship with foot mobility, however, in-depth research about the foot
mobility including other age groups and the sex factor should be performed.

In 2015, Buldt et al. examined the associations of clinical measures of static foot
posture and mobility with foot kinematics during walking. A five-segment foot model was

used to measure 3D motion of the rearfoot, midfoot, medial forefoot, lateral forefoot and
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hallux. The participants were healthy adults (24.4 £ 6.2 years old), and they were asked to
walk at their self-selected speed. Peak and ROM variables throughout load acceptance and
midstance/propulsion phases of gait were extracted for segment to segment motion
calculations (Buldt et al., 2015). According to their findings, AHR, anthropometric and
spatiotemporal variables were found to influence variations in abduction ROM of the
hallux (between 0-20% of the gait cycle), as well as in the eversion ROM of the midfoot
(between 20-70% of the gait cycle). AHR also explained variations in peak midfoot DF
and adduction and FMM explained 8% of the variation in peak hindfoot abduction. In other
words, these measures explained between 3.9-20.0% of the variation in peak kinematic
variables of the hindfoot, midfoot, lateral forefoot and hallux. Foot posture measures were
more strongly correlated with foot peak angle kinematic variables compared to ROM
kinematic variables, e.g. a more planus foot posture was associated with increased peak
adduction and inversion of the rearfoot (i.e. a more supinated position) during propulsion.
While the associations between static foot posture measures and ROM kinematic variables
were weak, there were findings that may be significant from a functional perspective, e.g.
a foot with greater cavus posture score displayed greater eversion motion of the midfoot
on the rearfoot during the propulsive phase of gait, while a more planus foot posture score
displayed less motion. According to the researchers, such findings question the theory that
the midfoot and forefoot can withstand increased loading during propulsion by increasing
‘rigidity’ of the foot (Elftman, 1960) and, instead, suggest that the midfoot undergoes
coordinated eversion motion during propulsion that may vary according to static foot
posture. However, they had several limitations including the recruitment of healthy YA

only, thus their findings may not be generalizable to older populations.
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According to the previous research, the foot posture, i.e. low arch and high arch,
affects the mobility of the foot, and this may influence the walking kinematic and Kinetic
patterns. As mentioned before, it has been found that older people tend to have a lower
arch. Thus, further research is needed since there is still a poor understanding to which
extent the foot mobility and posture affects the mechanics of the foot in different age groups
and at different WSs.

The posture of the foot is characterized by the external shape of the foot. During
standing, foot posture is a measure of the response of the foot to relatively static external
and internal forces (Buldt et al., 2015). However, during dynamic tasks, such as walking,
the forces applied are typically greater than during standing and vary over time. The
measurement of the static posture of the foot and its dynamic function is important because
certain variations may predispose individuals to injury (e.g. planus foot posture has been
identified as a risk factor for patellofemoral pain and Achilles tendinopathy). The
mechanism relating static foot posture and dynamic foot function to injuries has been
attributed to altered foot kinematics and loading rates, resulting in the development of
excessive stress within musculoskeletal tissues (Buldt et al., 2015). It is believed that
planus feet generally over-pronate, causing the GRF to move medially during the stance
phase of gait, whereas cavus feet over-supinates, making the GRF to move laterally during
stance (Hillstrom et al., 2013). According to previous findings (Buldt, et al., 2015;
Cornwall & McPoil, 2011), the foot posture, i.e. low arch and high arch, affects the
mobility of the foot, and this may influence the walking kinematic and Kinetic patterns.

Therefore, further research is needed since there is still a poor understanding to which

31



extent the foot mobility and structure affect the mechanics of the foot, particularly in
different age groups and across different WSs which can influence the walking patterns.
2.6.3 Arch height

Foot arches vary across individuals due to factors such as age, sex and weight
(Pfeiffer et al., 2006; Tomassoni et al., 2014; Zhao et al., 2017). It has been suggested that
individuals with low-arched feet are usually more flexible, and those with high-arched feet
tend to be stiffer (Zifchock et al., 2006). Thus, a flexible, low-arched foot tends to stretch
the soft tissues of the foot as it attempts to produce enough moment for toe-off (TO).
Conversely, individuals with high-arched feet tend to be less mobile. However, there is
limited evidence supporting this information, thus, it is necessary to further investigate the
influence of the arch height on kinematic variables of the lower limb in individuals across
different arch heights, considering broader age groups and a broader range of WSs.
Although a specific foot type, i.e. low arch, normal arch and high arch, was not targeted, it
was recorded for the purpose of this study.
2.8 Summary

One of the important needs in biomechanic research is to examine MSF and lower
limb joint kinematics and kinetics across age, speed and foot structure and mobility.
Previous research has focused on the effect of age and speed on kinematics alone or the
effect of age on kinetics alone. A more thorough approach is to examine the kinematics
and kinetics together along with foot structure to obtain a more comprehensive foot model.
This work addressed the limitations of current work and increased our understanding of
age-related changes in MSF motion by examining differences in MSF kinematics and

lower extremity kinematics and kinetics between young and OA during walking. Speed-
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mediated effects were separated from age-related changes. Additionally, the relationship
between age-related changes and foot structure and mobility were explored. The study
helped improve our understanding about the foot mechanics in YA and OA, providing a
more comprehensive knowledge about the age-related changes in MSF kinematics, and

lower limb kinematics and kinetics.

3.0 Methods

The following section will provide information regarding the research project’s
participants, procedure, instrumentation and data analysis.
3.1 Participants

Participants were recruited through word of mouth, emails, and posters. The
proposed study was approved by the Research Ethics Board at the University of New
Brunswick (REB #2019-049). Two groups of participants were recruited for the study.
Group 1 consisted of 16 adults (8 male, 8 female) aged 18 — 35 years old (YG) and Group
2 consisted of 15 OA (8 females, 7 males) aged over 65 years old (OG). A power test was
conducted and determined a sample size of 21 participants with a large effect size of 0.5
and power of 0.80, however, due to the duration of the test and the amount of equipment
that was used, the aim was at least 14 participants per group (power = 0.65), as this seemed
to be a feasible amount of participants to recruit and was near the sample size calculated.
In order to participate, individuals had to meet the exclusion/inclusion criteria. The
inclusion criteria was that the participant was able to stand and walk barefoot at least 10
meters without an assistive device and at various speeds. The exclusion criteria included
no foot trauma or foot pathology (fractures, bunions, ulcers, etc.), joint replacement surgery

or an orthopaedic surgery of the lower limb and/or spine, a neurodegenerative disease such
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as diabetes, any physical or neurological condition that resulted in abnormal gait such as
rheumatoid arthritis, osteoarthritis affecting the foot, Parkinson’s disease, peripheral
vascular disease, history of stroke, chronic pain, and edema, and any pain, aching or
stiffness in their feet, knees or hips in the past 30 days.

Participants were asked to complete a questionnaire called “Participant
Characteristics Questionnaire”. The questionnaire asked questions about the participants’
medical history (e.g. injuries and/or surgeries of the lower limb) and it helped to ensure

their participation.

3.2 Instrumentation

A combination of instruments was used for the study. A 3D white-light body
segment scanner (TechMed 3D Inc., Quebec City, QC) was used to obtain bilateral
anthropometric foot measurements of each participant while weightbearing (standing) and
non-weightbearing (sitting). Further, a passive optical motion capture system (Vicon,
Oxford Metrics Group, Oxford, UK) was used to measure the kinematics of the body
during walking. Additionally, two high-speed Basler digital video cameras (Basler Inc.,
Ahrensburg, Germany) were used to obtain front and side images of each participant during
the trials. Six force plates (Kistler Instruments Ltd, Michigan, USA) were used to
determine the temporal-spatial data and GRF data for kinetics. To ensure that the
participants speed groups did not overlap, a system of laser beams were used. Each
component involved in the data collection were discussed in the following sections.
3.2.1 3D Scanner

A white-light 3D body segment scanner (TechMed 3D Inc., Quebec City, QC) was

used to measure different anthropometrics of the foot in an efficient and accurate fashion.
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One advantage of using this system is that it deducts automatically specific height, width
and circumference measures at different percentage lengths of the foot. The 3D scanner
used in the study captures 13 frames per second. Its resolution is automatically set to 2 mm
but can range from 1mm-10mm. However, the smaller resolution is recommended since
the distance between each point of the mesh was smaller, which generated a more detailed
model of the foot. Thus, a 1mm resolution was used. A checkered fabric (white and black)
was used as a backdrop and placed over the floor to mask the floor or any other unwanted
surface (i.e., to ensure a clear image of the foot was collected when the participants were
in a stance/stand position). The pattern of the checkered fabric is invisible to the white light
of the scanner; thus, the 3d scanner did not pick up images of the floor. The reliability and
validity test was conducted at the Human Performance Laboratory and it was found to be
highly reliable. An inter-rater test (ICC = .74 - .99) and intra-rater test (ICC = 0.66 to 0.99)
were performed.

Six scanner markers were used to assist in scanning the FFW, the MFW and the
RFW. These markers have a circular 6 mm diameter reflective surface and have a 2 mm
(width) black border. The scanner identified the centroid of the reflective surface and the
markers were projected onto the exact same location in the 3D model of the foot. The foot
measures collected in this study included FFW, MFW, RFW, foot length, TFL, DAH and
AHR. The FFW corresponded to the width between the most medial portion of the MTP1
joint and the most lateral portion of the MTPJ5. The MFW corresponded to the width
perpendicular to 50% of the foot length on both the medial and lateral sides of the foot
(Witana et al., 2006). And RFW corresponded to the the width at 16% of the foot length

on both the medial and lateral sides of the foot (Lee et al., 2014). The DAH corresponded
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to the distance between the supporting surface and the highest point of the instep taken at
50% foot length (Hill et al., 2017).

The scanner was used simultaneously with MSoft (MSoft 3.0, TechMed 3D Inc.,
Quebec City, QC), which is a data acquisition tool that renders the 3D image of the scanned
body segment. Scans of the foot were recorded at a scan height of approximately 500 mm,
using the uniform texture setting in MSoft.

3.2.2 Motion Capture System

To capture the movement of the body, a Vicon T160 system (Oxford Metrics
Group, Oxford, UK) was used. Vicon is considered the gold standard due to its high
reliability and validity. The tests have shown that the system has a hight test-retest and
inter-tester reliability in the sagittal plane (R.= 0.971 to 0.994), the frontal plane (R.,= 0.759
to 0.977), and the transverse plane (R.= 0.729 to 0.899) (Sushima et al., 2003). The system
consisted of 12 cameras with a resolution of 16 megapixels and a sampling frequency of
100 Hz. Cameras were mounted on an aluminum speed rail system, via clamps, around the
lab. This configuration allowed the cameras to focus on the measurement space at the
center of the laboratory where the force plates were located. This space corresponded to
the capture volume and its size is 9m x 16m x 7m. Within this volume, the 3D trajectory
of the markers placed on the skin were tracked by at least two cameras. The cameras sent
infrared light pulses from the diodes placed around the lens of each camera causing the
markers to reflect the light back to the cameras. When the reflection was detected by the
cameras, the centroid of each marker was calculated and a set of three-dimensional
coordinates for each marker was generated. It was important that, throughout the static

trial, the cameras captured all the markers and clusters. The coordinates were relayed to
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the computer where they were recorded in a binary file (*.c3d). If a marker was not seen
by at least two cameras, then the coordinates were not recorded.

The calibration of the system was conducted using an active wand. The latter
consisted of five recessed diodes in the wand that strobed for recognition by the cameras.
The calibration procedure was performed before the participant arrived. The wand was
waved quickly and evenly through the capture volume and just outside the radius of the
capture volume to increase the possibility of marker recognition during the walking trials.
The origin of the capture volume was set by placing the active wand square to edges of the
bottom right corner of the second force plate, with the diodes set to strobe. It was important
to ensure that the wand was level to the floor to ensure the accuracy of the collected marker
coordinates.

3.2.3 Marker Placement

A total of twenty 14 mm diameter retroreflective markers, and twenty-four 9.5 mm
diameter retroreflective markers, as well as four clusters, were placed on the participant’s
skin to track the motion of the body during gait. The cluster markers consisted of four
14mm diameter markers fixed to a rigid plate lined with Velcro for fixation to the body
and were used to minimize skin motion (RTCL = Right thigh cluster; LTCL = Left thigh
cluster; RSCL = Right shank cluster; LSCL = Left shank cluster). They were placed on the
distal third of the thigh and shank segments of the left and right leg. The markers on each
plate were simply numbered C1, C2, C3 and C4 in a clockwise orientation starting with
the marker in the top right of the plate. The placement of each marker of the foot was based
on a modified version of the Rizzoli Foot Model (Leardini, et al., 2007). Modifications

included: the cuboid was not assumed to coincide with the base of the fifth metatarsal.
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Likewise, the rest of the markers were placed based on a full body gait analysis model.. A
model template (.vst), consisting on a full body multi-segment foot model was created
before bringing any participant. This pre-defined template was saved and applied through
a scaling mechanism to each of the participants. The purpose of the template was to provide
automatically labeled markers for each dynamic trial captured.
3.2.5 Force Plates

Six embedded force plates (Kistler 9281E, Kistler Instruments, Winterthur,
Switzerland) in the center of the laboratory floor were used to determine gait events (e.g.
heel strike and toe-off) and measure the three-dimensional ground reaction forces (GRF),
moments, and center of pressure in each trial. The force plates were integrated and
synchronized to the motion caption system through a 128-channel Vicon A/D board. The
sampling frequency of each force plate was 1000 Hz. The Kistler force plates are
considered the gold standard due to its high reliability and validity. When the participant
struke a force plate, the three-dimensional forces, moments and vertical torque data were
detected and sent to the A/D board, which relayed the information to the computer. Data
were exported in a c3d file for further analysis.
3.2.6 Visual3D

Visual 3D (C-Motion, Inc. Germantown, MD) is a biomechanical analysis tool used
to measure movement and force data collected by any motion capture system. It was used
to analyze the data specific of the biomechanic computation. The .c3d file exported from
Vicon was imported to Visual3D for the analysis. Refer to data analysis section for detailed

description about the computation.
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3.2.7 Laser trip timer

To ensure a separation of .20 m/s between each speed condition across trials for
each participant, a laser trip timer was used. The setup consisted of two laser beams, three
meters apart, along the direction of progression, integrated to a laptop. The latter was used
to run a custom-made Arduino code designed to calculate the speed of each participant.
Once the participant’s tibia intersected the first laser beam, the timer started counting, and
it stopped when the second laser was cut. Since distance was known, and time was
measured, the velocity was calculated and used to ensure that the participant was, in fact,
walking at a faster or slower speed.
3.2.8 Custom-made foot measurement device

A custom-made device was used to measure the 50% of the foot length (midfoot)
and the 16% of the foot length (calcaneus). This custom 3D printed device was printed
using the Pro2 3D Printer (Raise 3D Technologies Inc, California, USA). The material used
was polylactic acid (PLA). A previous reliability and validity test was performed to test
the custom-made foot measurement device against a digital caliper (Marcial et al., 2021).
The latter was considered the gold standard as manual measurement techniques are
commonly used for obtaining foot anthropometrics in research and clinical setting. The
custom-made foot measurement device was accurate to 0.2mm, while the digital caliper
had a resolution of 0.01mm and was accurate to 0.02mm.
3.3 Experimental Procedure

All data collection for each participant took place in a single session of

approximately 2.5 hours at the Andrew and Marjorie McCain Human Performance
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Laboratory in the Richard J. Currie Center located on the University of New Brunswick
campus Fredericton throughout the months of July-August 2019.

At the beginning of the session, the principal investigator explained the scope of
the research to the participants and the tasks they would be performing in order to obtain
consent. Participants had the opportunity to ask any questions or voice concerns that they
may had before, during or after the study. After the participant gave consent, a “Participant
Characteristics Questionnaire” was filled. Subsequently, they were asked to change into
shorts and a t-shirt or tank top.

3.3.1 3D Scanning Phase

Following the completion of the questionnaire and consent forms, height and
weight were measured using a weight scale and stadiometer. Afterwards, anthropometrics
of the foot were obtained using the Techmed 3D scanner. However, prior to scanning the
foot, the participant was asked to stand with their feet shoulder-width apart in order to place
six scanner markers on six landmarks of each participant’s foot. The participant had full
notice of each marker placed prior to palpation such that they would not feel uncomfortable
at any time. The scanner markers were placed on the first and fifth metatarsophalangeal
joints, the medial and lateral aspect of the midfoot, and the medial and lateral aspect of the
heel. The two markers for the metatarsophalangeal joints were identified through palpation,
the two midfoot markers were placed according to 50% of foot length, and the two heel
markers were placed according to 16% of foot length, both measured by the 3D printed
device. The placement of markers was used to measure FFW, MFW and RFW respectively.

The rest of the measurements were automatically measured by the 3D scanner. For
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consistency and to reduce inter-operator errors, the same researcher was always responsible
for placing the markers on each participant in the study.

Once the scanner markers were placed, participants were asked to complete two
scans: 1) weightbearing and 2) non-weightbearing. The weightbearing scans were
performed first. For the non-weightbearing scans, participants were asked to sit at the end
of a table with both legs hanging in a perpendicular position from the knee to the ankle,
perpendicular to the thigh and the floor with their hands at their sides and ankles slightly
plantar flexed to have the foot in relatively the same position during sitting and standing
(Cornwal & McPoil, 2011; Saghazadeh et al., 2015; Zhao et al., 2018). Once the position
was reached, the scans of both feet were captured for a total of 4 scans (2 scans x 2 feet).
Following the procedure, the scanner markers were removed. The duration of the scanner
measurements was approximately 40 minutes.

3.3.2 Motion Capture Phase

Once both feet had been scanned, the retroreflective markers used for the motion
capture system were placed on the participant’s skin. Once the markers were applied, the
principal investigator wrapped Neoprene-Velcro bands around the participant’s thigh and
shank of each leg at approximately the same height for fixation of the rigid cluster markers.
The participant was asked about general comfort of the bands to ensure that the bands were
at a comfortable tightness, preventing slippage during gait. Subsequently, the cluster plates
were attached laterally on the band with Velcro in the vertical orientation. Once all of the
markers were applied, the participant was asked to perform a series of ‘warm-up’ trials to
allow time to adjust to the laboratory and marker set. Following this, the participant was

asked to stand in the center of the capture volume for a static trial. When the static trial was
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completed, the markers were labeled manually using the pre-defined marker template. The
static trial allowed for the initiation of autolabel and calculation of joint centers. After the
collection of the X, y, z marker coordinates, data were exported to a .c3d file. This file was
used to calculate the temporal-spatial variables as well as calculate the angles for the
segments using Visual3D (C-Motion, Inc. Germantown, MD).

3.3.3 Dynamic Trials Phase

Following this procedure, the participant was asked to go to the starting line in order
to start recording the dynamic trials. A minimum of six successful trials (i.e. clean force
plate strikes, marker visibility, and appropriate speed separation for both the left and right
limb) were captured for each of the five speeds (VS, slow, self-selected, fast and VVF) for a
total of 60 trials per person (5 speeds x 2 limbs x 6 trials). Between each of the speed
conditions, participants completed three free walking trials, which were not recorded, to
aid in re-establishing the baseline WS. If needed, the participants were allowed to rest
between the trials for a maximum of 10 minutes. Trials collected contained the necessary
data for the left and right side. To ensure no overlap between the speed groups, two laser
trip timers were used. A minimum separation threshold (.20 m/s) was used.

During the first set of trials, the participant was asked to walk at their self-selected
speed. Afterwards, the participant was randomly asked to either start at a slow or fast speed
group, using a coin toss to determine the starting speed. The slow speed group
encompassed the slow and VS WS; the fast speed group encompassed the fast and VF WS.
For example, if the slow speed group was randomly selected, VS speed was the next speed
change. If the fast speed was randomly selected, the VF speed was the next speed change.

After data for the determined speed group were collected, the participant was asked to walk
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at their self-selected speed again. No data were recorded at this point since this procedure
was only performed in order to familiarize the participant with their initial self-selected
speed before starting on the next speed group. This allowed the participant to have a
reference to what their free self-selected speed was before transitioning to the next speed
group. To facilitate speed change, the participant was given verbal feedback to adjust speed
accordingly (slightly faster, slightly slower, etc.) until the speed range was achieved. If a
participant had difficulty reaching the target speed range, suggestions of particular
activities such as rushing to a meeting, trying to catch the bus, going to a place you do not
want to go, etc. were given. Once the participant had completed all tests, the markers were
removed.

The next participant to enter the lab was asked to start with the speed group opposite
to that with which the previous participant started (e.g. slow speed if the participant before
started with fast speed after the self-selected trials). After this pair of participants, the coin
flip was repeated with the next two participants etc. until all the data was collected. This
method ensured that an equal number of participants started at slow and fast WSs.

3.4 Data Analysis

The following section will discuss how the kinematic and kinetic variables, as
well as the foot structure and mobility variables, were analyzed.
3.4.1 Data processing and analysis

A static trial was captured to allow for the auto-labeling of markers in dynamic
trials. The markers of the static trial were labeled based on the applied .vst template file.
When a marker in the capture volume was seen by at least two cameras, a binary file (.c3d)

containing the marker coordinates was relayed to the computer. Only markers tracked by
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two or more cameras had three-dimensional coordinates. The Vicon system had the ability
to fill gaps in collected data by predicting the trajectory of markers, depending on the
sampling frequency. Once collected, the X, y, z coordinates were exported to a .c3d file and
were used for the calculation of kinematic and kinetic parameters. Data were analyzed
using Visual 3D software (C-Motion, Inc. Germantown, MD). All trajectories and analog
data were filtered with a 2" order low-pass Butterworth filter with 8Hz cut-off frequency.
3.4.2 Kinematic Data

The following kinematic variables were calculated: joint angles of the body and
planar angles, specifically those between the multiple segments of the foot and the tibia,
and the linear and angular accelerations and velocities of the body. The following temporal-
spatial parameters were calculated: cadence, WS, stance time, step length and double limb
support. Using a similar method as that outlined by Sutherland (1988), the mean WS was
computed for the left leg trials, and the single walking trial that was closest to the mean
value was used to represent the speed group for the left leg. This was repeated for the right
leg. This resulted in each participant contributing two complete gait cycles, one for each
leg, at each selected WS (5 x 12 = 60 trials per participant). The selected trials for the YG
were pooled and the selected trials for the OG were pooled. Comparisons were made
between both age groups.
3.4.3 Mechanical Model

The body was modeled as a series of connected rigid segments. The upper and
lower body included the torso, pelvis and the right and left thigh, shank and foot. The foot
was further divided into three segments: the hindfoot, the midfoot and the forefoot. The

landmarks for each segment were as follows:
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Torso: Right and left shoulder (RSHO and LSHO) and the C7 vertebra.

Pelvis: Right and left anterior superior iliac spine (LASI and RASI) and the sacrum
(SACR).

Thigh: Medial and lateral femoral epicondyle (MFEM and LFEM) and the greater
trochanter (GTR).

Shank: Medial and lateral epicondyles of the tibia (MTIB and LTIB) and medial
and lateral malleoli (MMAL and LMAL).

Hindfoot: Medial and lateral calcaneus (MCAL, LCAL) and the posterior calcaneus
marker (HEEL).

Midfoot: Navicular (NAVI), cuboid (CUBD) and proximal metatarsal 2 (PMT2)
Forefoot: Distal metatarsal 1 (DMT1), distal metatarsal 2 (DMT2), distal metatarsal
5 (DMT5), proximal metatarsal 1 (PMT1), proximal metatarsal 2 (PMT2),
proximal metatarsal 5 (PMT5) and the hallux (HALLX).

Joints included the hip joint center, and the left and right knee and ankle. The torso,

pelvis, hip, knee and ankle allow for three degrees of freedom. The system does not allow

for more than three degrees of freedom, thus, translational movement in this case was

ignored. Ankle, hip and knee are capable of flexion-extension, internal-external rotation

and abduction-adduction. The torso and pelvis are capable of the same motions, but are

known as tilt, internal-external rotation and obliquity.

3.4.5 Anatomical and Embedded coordinate systems

The locations of the three non- collinear markers on each rigid segment were used

to create embedded coordinate systems at the virtual joint centers. Joint angles were

computed from the relative orientations of the embedded coordinate systems using Euler
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angles in a y-x-z sequence, corresponding to flexion/ extension, adduction/abduction, and
internal/external rotation. Joint angle data were normalized to 100% of the gait cycle (GC).
3.4.5.1 Anatomical System

The anatomical coordinate system was created for each segment based on the
respective surface markers. Such segments included the torso, pelvis, thigh, shank, and
foot (hindfoot, midfoot, forefoot).
3.4.6 Kinetic Data

The kinetic variables of interest to this study were ground reaction forces (GRF),
joint moment and joint power. Inverse dynamics and the Newton-Euler equations of motion
were used to compute the joint forces and moments. Joint power was calculated by
multiplying the moment at the instant center of rotation (ICR) and joint angular velocity.

3.4.7 Foot Structure and Mobility Data

The structure variables of interest to this study were DAH, TFL, foot length, and
AHR. The mobility variables of interest were rearfoot width (RFW), midfoot width
(MFW), and forefoot width (FFW). To classify the posture of the foot, the AHR was used.
The AHR, introduced by Williams and McClay (2000), is defined as the DAH divided by
the TFL. The TFL corresponds to the distance between the pternion of the heel to the joint
line of the MTP1 joint. Studies that looked at the reliability of the AHR have shown good
intra-rater and inter-rater reliability (McPoil et al., 2008a; McPoil et al., 2009). To assess
the mobility of the midfoot, the Foot Mobility Magnitude (FMM) was used. FMM s
calculated by taking the square root of the sum of both variables after each has been squared

(Maharaj et al., 2018).
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3.4.8 Method for controlling gait speed

To identify speed-mediated differences in kinematics and kinetics between young
and older walkers, a method of controlling gait speed during data collection is required. In
the literature, several methods of obtaining gait patterns at a range of speeds have been
used, such as treadmills, feedback control and free speed. For this study, the feedback
control method was used. The method consisted on giving instant feedback to the
participants as to whether they needed to speed up or slow down to reach the required
speed. This method may have created a longer data collection process, however, the main
benefit of implementing the feedback method was that participants, especially the elderly,
were not forced to walk at a certain speed. This gave a natural gait pattern to analyze for
each participant because the participant A was not forced to walk at the same speed as
participant B.
3.4.9 Dimensionless Speed

In some cases, individuals may differ based on stature, which in turn can have an
effect on gait. It is important to consider these differences when an individual will be
compared to other individuals (Hof et al., 1996). To account for these individual
differences, in this case the effect on speed, dimensionless gait speed was used. Hence, the
dimensionless gait speed was distinct to the speed collected. The equation suggested by

Hof (1996) to find dimensionless speed is as follows:

U= NETS (1)

Where v is the collected speed, g is gravity, and lo represents the leg length of the

individual. The leg length was measured from the greater trochanter to the ground. The
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objective of normalization was to attempt to minimize inter-individual differences due to
anthropometry and assist in inter-individual comparisons. Speed ranges for each speed
condition were determined with respect to these dimensionless values (See Section 3.4.10).
3.4.10 Speed Group Division

To define the ranges of speeds for each speed category (e.g. WSs for fast vs. VF
conditions), speed groups were calculated using the percentage method following Grant
and Chester (2015) protocol. These divisions of data were determined using a post hoc
analysis, as it is difficult to know the distribution of data from self-selected trials. The
selected trials were pooled and sorted from lowest to highest. Then, the median value was
calculated and used as the midpoint of the free speed group. Due to the total number of gait
trials, twenty percent of this midpoint value was calculated. Afterwards, this calculated
value was added and subtracted from the midpoint to determine the upper and lower limit
of the free speed group. The speed range of the free speed bin was determined and used to
generate two slower speed bins and two faster speed bins. The negative percentiles were
used to calculate the slow speed groups. The first speed trial outside the lower limit of the
free speed group was the upper limit of the slow speed group. The VS speed group began
at the first speed trial outside the lower limit of the slow speed group and contained all
remaining slow speed trials. The positive percentiles were used to calculate the fast speed
groups. The first speed trial outside the upper limit of the free speed group was the lower
limit of the fast speed group. The VF speed group began at the first speed trial outside the
upper limit of the fast speed group and contained all remaining fast speed trials. By sorting
walking trials into speed groups using this method, the collected data were sorted into each

group, leading to a more balanced distribution of data.
48



3.4.11 Statistical Analysis

Prior to undertaking inferential statistical testing, normality and equality of
variances tests were performed to determine if parametric or non-parametric tests were
appropriate. Differences in mean kinematic and kinetic data, such as mean
maximum/minimum joint angles, mean temporal-spatial parameters, mean joint moments
and powers, and mean ground reaction forces (GRFs) between OA and YA as a function
of speed and foot structure were compared using a mixed model analysis of variance
(ANOVA) or if indicated, a Kruskal-Wallis test. To test for significant differences in mean
kinematic and kinetic data, independent of speed, an analysis of covariance (ANCOVA)
was used, or if indicated, Quade’s ANCOVA. An alpha level of 0.05 was used for all test
of statistical significance.
3.4.11.1 Variables

A summary of the dependent and independent variables are shown in Table 1.

Table 1. Independent and Dependent Variables.

Independent Variables Dependent Variables

. Foot length — WB and NWB
. Dorsal Arch Height — WB and NWB
e  Arch Height Ratio — WB and NWB

Age Temporo-spatial
. Younger group . Cadence
e  Older group e  Stride length
Speed . Single leg support time
e  Normal e Double leg support time
e  Slow e  Time to toe-off
e  Very Slow e  Cycle Time
e  Fast Kinematics
e  Very Fast . Max./min. angle in stance
Foot structure e  Time to max./min. angle in stance

. Max./min. angle in swing
e  Time to max./min. angle in swing

Foot Mobility
. Foot mobility magnitude
. Forefoot width
. Midfoot width
. Rearfoot width

Kinetics
. Ground Reaction Forces
. Joint Moment
. Joint Power

Left/right foot
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4.0 Results

4.1 Age-related Differences in MSF and Lower Extremity Kinematic and Kinetic
Variables as a Function of Speed

The first purpose of the study was to investigate differences in MSF kinematics and
lower extremity kinematics and kinetics between young and OA during walking. To
separate speed-mediated effects from age-related changes in motion, data were recorded
across five WSs at self-selected speeds (VS, slow, typical, fast, and VF speeds). Therefore,
it was hypothesized that there would be significant differences in MSF and lower extremity
kinematic and kinetic variables (e.g., calcaneus-tibia plantarflexion angle, hallux angle
(F2Ps), medial longitudinal arch (MLA) angle, cadence, double support time, etc.) between
age groups as a function of speed.
4.1.1 Age-related Differences in Temporospatial Variables

Table 2 presents the significant age-related differences in the mean temporospatial
variables. The following section focuses on between-group differences.

Table 2. Significant p-values of the mean temporospatial variables across five walking speeds.

Walking  Cadence Stride Single Double  Time to Cycle Step Speed
speed p-value Length Leg Leg Toe-off time Length p-value
group p-value  Support  Support  p-value p-value p-value

Time Time

p-value p-value
VS - .01 <.0001 - <.0001 - <.01 <.05
S .03 <.001 <.01 .02 <.01 <.01 <.01 -
T .02 <.01 <.01 - <.01 - - -
F <.01 <.01 <.001 .01 <.001 <.00001 <.001 -
VF <.001 .01 <.001 - <.001 <.001 - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; *-* indicates no significant difference.

The YG had a significantly (p<.05) decreased mean cadence as WS increased from

steps steps

; VF: 142.61+20. 80

slow to VF WS (slow: 97.71+5. 34 ) compared to the OG

steps steps

(slow: 104.67+11. 96 ; VF: 155.71+14. 02

) as shown in Table 2. No significant
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difference in mean cadence was found between YA and OA for the VS WS (Table 2). The
YG had a significantly (p<.05) increased mean stride length across all speeds (VS:
0.98+0.16 m; VF: 1.71+0.19 m) compared to the OG (VS: 0.81+0.17 m; VF: 1.55+0.20
m). Similarly, the YG had a significantly (p<.05) increased mean single leg support time
across all speeds (VS: 39.66+14.27 percent of GC; VF: 40.80+1.64 percent of GC)
compared to the OG (VS: 30.40+5.37 percent of GC; VF: 39.39+1.61 percent of GC), as
shown in Table 2.

The YG had a significantly (p<.05) decreased mean double leg support time for the
slow and fast speeds only (slow: 23.93+£2.75 percent of GC; fast: 19.50+2.20 percent of
GC) compared to the OG (slow: 29.97+4.80 percent of GC; fast: 28.22+18.26 percent of
GC). Moreover, the YG had a significantly (p<.05) decreased mean time to toe off across
all speeds (VS: 64.12+2.29 percent of GC; VF: 59.20£1.63 percent of GC) compared to
the OG (VS: 69.37+5.53 percent of GC; VF: 60.27+1.62 percent of GC).

The YG had a significantly (p<.05) decreased mean cycle time for the fast and VF
speeds (fast: 53.39+23.07 percent of GC; VF: 65.48+13.59 percent of GC) compared to the
OG (fast: 56.70+8.65 percent of GC; VF: 66.31+0.37 percent of GC). However, the YG
had a significantly (p<.05) increased mean cycle time for the slow WS (slow: 69.94+19.61
percent of GC) compared to the OG (slow: 69.17+8.72 percent of GC). Further, the YG
had a significantly (p<.05) increased mean step length for the VS, slow, and fast speeds
only (VS: 0.46x0.06 m; slow: 0.58+0.06 m; fast: 0.77+£0.05 m) compared to the OG (VS:

0.39+0.08 m; slow: 0.53+0.05 m; fast: 0.70£0.06 m), as shown in Table 2. In contrary, the
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YG exhibited a significantly (p<.05) decreased mean collected VS WS (VS: 0.52+0.16 %)

compared to the OG (VS: 0.60£0.12 %), as shown in Table 2.

4.1.2 Summary of temporospatial results

When the speed effect is being considered, there are significant differences in

temporospatial variables between YA and OA. The key findings of the present study are

as follows:

Stride length and single leg support time were significantly increased for the YG
across all speeds compared to the OG.

Time to toe off was significantly decreased for the YG across all speeds compared
to the OG.

Cadence was significantly faster for the YG as WS increased from slow to VF
WS compared to the OG.

Double leg support time was significantly less for the YG for the slow and fast
WSs compared to the OG.

Step length was significantly increased for the YG for the VS, slow, and fast WSs
compared to the OG.

Cycle time was significantly decreased for the YG for the slow, fast, and VF WSs
compared to the OG.

The YG walked significantly slower at the VS collected WS compared to the OG.

4.1.3 Age-related Differences in Relative Angles Between the Foot and Shank

The mean relative angle for the foot-shank segment in the sagittal plane is presented

in Figure 1. This is the ankle dorsiflexion-plantarflexion (DF/PF) angle defined by the
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relative orientation between the foot and the shank (tibia) segments, which will be hereon
referred to as the foot-shank. The following section focuses on between-group differences.
Table 3 presents the significant age-related differences in the mean maximum (max) and
minimum (min) DF/PF angles in stance and swing phase as well as their respective time of

occurrence as a percentage of GC.
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Figure 1. Mean dorsiflexion-plantarflexion for the foot-shank of the OG versus the
YG at each walking speed.

Table 3. Significant p-values of the mean maximum DF/PF angles () of the foot-shank during
stance and swing phase, as well as their respective time of occurrence in the gait cycle across

five walking speeds.

Walking MaxPF Timeto MaxPF Timeto MaxDF Timeto MaxDF Timeto

speed 2 in max PF 2in max PF 2 in max DF 2in max DF 2
group stance 2 in swing 2 in stance p- 2in swing in swing
p-value stance p-value swing value stance p-value p-value
p-value p-value p-value
VS .01 <.01 <.01 <.001 <.0001 <.0001 .02 <.01
S .03 - .01 <.01 .02 <.0001 .03 -
T <.01 <.01 .03 - .02 - <.01 -
F - .01 - - - - <.001 -
VF - <.01 - - - - <.01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean max PF angle across WSs during stance, with error bars (95% confidence
interval), is presented in Figure 2. Descriptively, the results showed that the mean max

(peak) PF angle decreased with increasing WS for both groups, except for the VF WS in
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the OG. In addition, the YG demonstrated lower mean max PF angles across speeds
compared to the OG. The YG demonstrated more consistent patterns of variability for the
max PF angles at each WS compared to the OG, as shown by the marginal error data in

Figure 2.
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Figure 2. Mean max PF angle of the foot-shank during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max PF angle during stance
(i.e., significantly higher peak PF) as WS increased from VS to typical speed (VS: -
17.79°+7.39°; typical: -23.83° +5.78°) compared to the OG (VS:-13.10°+7.95°; typical: -
19.62°+6.66°), as shown in Table 3.

Significant differences in time to mean max PF (p<.05) during stance phase were
found between YA and OA as WS increased (Figure 1, Table 3). The YG had a shorter
time to mean max PF angle (p<.05) compared to the OG across all WSs, except for the
slow WS. For the YG, max PF occurred at 48.45+26.23 percent GC at the VS WS,

increasing to 59.15+£1.51 percent GC at the VF WS. Whereas the OG showed max PF
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angles at 51.15+30.69 percent GC at the VS WS, increasing to 60.39+1.83 percent GC at
the VF WS. This result is consistent with the shorter time to toe off shown in Section 4.1.1
for the YG across all speeds.

The mean max PF angle across WSs during swing, with error bars (95% confidence
interval), is presented in Figure 3. Descriptive results for the OG showed that the mean
max PF angle during swing decreased with increasing WS except for the VF WS. The YG
showed that the mean max PF angle decreased with increasing WS from VS to typical WS
only, after which point, the mean max PF in swing phase began to increase. In addition,
the YG demonstrated lower mean max PF angles across WSs compared to the OG. Both
age groups displayed similar trends but at different magnitudes. However, the OG

displayed a larger associated marginal error (Figure 3).

1
-
o

I
—_
w

Age.group

- 0
Y

1
N
(43}

Mean Maximum PF Angle (degrees)

1
w
o

VS VF

s T F
Walking Speed Group

Figure 3. Mean max PF angle of the foot-shank during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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Similar to the results of the stance phase, the YG had a significantly increased mean
max PF angle (p<.05) during swing phase as WS increased from VS to typical WS (VS: -
20.61°£9.14°; typical: -27.05°+6.74°) compared to the OG (VS: -13.64°+ 9.05°; typical: -
21.75° +£8.08°) as shown in Table 3.

Significant differences in time to mean max PF angle (p<.05) during swing phase
were found between YA and OA as WS increased from the VS to slow speed. The YG had
a significantly shorter time to mean max PF angle compared to the OG for the VS and slow
speeds (Figure 1, Table 3). For the YG, the max PF occurred at 67.88+11.81 percent GC
for the VS speed, decreasing to 64.83+3.46 at the slow speed. Whereas the OG
demonstrated max PF angles at 73.36+8.18 percent GC for the VS speed, decreasing to
66.01+1.54 at the slow speed.

The mean max dorsiflexion (DF) angle across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 4. Descriptive results showed that the
mean max DF angle decreased with increasing WS for the OG, whereas the angle was
relatively consistent, with the smallest associated marginal error (Figure 4), across WSs for
the YG. In addition, the YG demonstrated lower mean max DF angles across WSs
compared to the OG. The YG had a significantly decreased mean max dorsiflexion (DF)
angle (p<.05) during stance (i.e., significantly lower peak DF) as WS increased from VS
to typical speed (VS: 6.15°+2.23°; typical: 5.65°£2.92°) compared to the OG (VS:

10.97°£3.88°; typical: 8.00°£4.06°) as shown in Table 3.
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Figure 4. Mean max DF angle of the foot-shank during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max DF angle (p<.05) during stance phase
were found between YA and OA as WS increased from the VS to slow speed (Figure 1,
Table 3). The YG had a significantly shorter time to mean max DF (p<.05) compared to
the OG for the VS and slow speeds. For the YG, the max PF occurred at 47.29+7.45 percent
GC at the VS speed, decreasing to 44.66+4.29 at the slow speed. The OG demonstrated
mean max PF angles at 52.10£3.64 percent GC at the VS speed, decreasing to 49.12+3.42
at the slow speed. This result is consistent with the decreased time to toe off exhibited in
Section 4.1.1 for the YG across all speeds.

The mean max DF angle across WSs during swing, with error bars (95% confidence
interval), is presented in Figure 5. Descriptive results for the YG showed that the mean
max DF angle during swing decreased with increasing speed except for the fast and VF

speeds. The OG showed that the mean max DF angle decreased from VS to slow speed
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only, after which point, the mean max DF in swing phase began to increase. In addition,
the OG demonstrated greater mean max DF angles across speeds compared to the OG.
Overall, the older and YG displayed similar trends with relatively small marginal error
(Figure 5). The YG had a significantly decreased mean max DF angle (p<.05) during swing
as WS increased (VS: 0.04°t2.54°; VF:. 1.45°+2.98°) compared to the OG (VS:
2.40°+2.89°; VF: 4.69°+3.56°) as shown in Table 3. Significant differences in time to mean
max DF angle (p<.05) during swing phase were found between YA and OA for the VS
speed only (Figure 1, Table 3). The YG had a significantly shorter time to mean min ADD
angle (p<.05) for the slow speed. For the YG, the max PF occurred at 83.13+5.76 percent

GC at the VS speed, whereas the OG demonstrated a max PF angle at 85.88+4.79 percent

GC at the VS speed.
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Figure 5. Mean max DF angle of the foot-shank during swing phase for the YG and

OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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Table 4 presents the significant (p<.05) age-related differences in the DF/PF range
of motion (ROM) data for the foot-shank. In addition, relative DF/PF ROM data for the
foot-shank are provided in Table 4. There were no significant (p<.05) age-related
differences in the DF/PF ROM for the foot-shank during stance or swing (Table 4). Overall,
the OG exhibited less DF/PF ROM for the foot shank during stance and swing compared

to the YG, except for the VS speed in stance.

Table 4. DF/PF ROM data for the foot-shank during stance and swing phase across five
walking speeds and their respective significant p-values.

DF/PF ROM Foot-Shank

Mean + Std P-value
Very Slow Young Stance 23 .94° 5.15°
Very Slow Old Stance 24.07° 4.07° )
Slow Young Stance 25.08° 241°
Slow Old Stance 23.66° 2.24° )
Typical Young Stance 29.49° 2.85°
Typical Old Stance 27.62° 2.60° )
Fast Young Stance 30.89° 2.87°
Fast Old Stance 29.29° 3.93° )
Very Fast Young Stance 31.62° 0.73°
Very Fast Old Stance 28.02° 4.72° )
Very Slow Young Swing 20.65° 6.60°
Very Slow Old Swing 16.04° 6.15° )
Slow Young Swing 21.00° 3.33°
Slow Old Swing 16.60° 5.08° )
Typical Young Swing 25.79° 3.90°
Typical Old Swing 22.95° 5.81° )
Fast Young Swing 25.80° 3.46°
Fast Old Swing 25.64° 5.45° )
Very Fast Young Swing 27.93° 2.94°
Very Fast Old Swing 26.28° 5.07° ]

Note: Std: Standard deviation; ‘- indicates no significant difference.
The mean relative angle gait curve for the foot-shank segment in the transverse
plane is presented in Figure 6. This is the ankle adduction-abduction (ADD/ABD) angle

defined by the relative orientation between the foot and the shank (tibia) segments, which
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will be hereon referred to as the foot-shank. The following section focuses on between-
group differences. Table 5 presents the significant age-related differences in the mean max
and min ADD/ABD angles in stance and swing phase as well as their respective time of

occurrence as a percentage of GC.
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Figure 6. Mean adduction-abduction for the foot-shank of the OG versus the
YG at each walking speed.

Table 5. Significant p-values of the mean min and max ADD/ABD angles (£) of the foot-shank
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Min ADD Time to Min Time to Max Time to Max Time to

speed 2in min ADD ADDz« minADD ADD:z max ADD « max
group stance 2in in swing 2 in instance ADD 2« inswing ADDz
p-value stance p-value swing p-value instance p-value inswing
p-value p-value p-value p-value
VS .01 - <.01 - <.001 .01 <.001 <.01
S <.01 - <.01 - <.00001 <.01 <.00001 <.01
T .01 .01 <.00001 - <.00001 <.001 <.0001 <.01
F - 01 <.001 - <.01 - <.01 -
VF - - <.01 - <.01 - <.001 <.01

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean min ADD angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 7. Descriptive results for the OG showed that
the mean min ADD angle during stance decreased from VS to typical speed only, after

which point, the mean min ADD angle increased for the fast speed, and then decreased
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again for the VF speed. The YG showed that the mean min ADD angle increased from VS
to slow speed, after which point, the mean min ADD angle in stance phase began to
decrease. In addition, the YG demonstrated greater mean min ADD angles across speeds
compared to the OG. Both age groups demonstrated relatively consistent patterns of

variability for the min ADD angles at each speed (Figure 7).
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Figure 7. Mean min ADD angle of the foot-shank during stance phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean min ADD angle during stance
(i.e., significantly higher peak ADD) as WS increased from VS to typical speed (VS:
3.92°+3.67°; typical: 2.48°+4.55°) compared to the OG (VS: 0.44°+4.35°; typical: -
1.03°£4.20°), as shown in Table 5.

Significant differences in time to mean min ADD angle (p<.05) during stance phase
were found between YA and OA for the typical and fast WSs (Figure 6, Table 5). The YG

had a significantly longer time to mean min ADD angle (p<.05) compared to the OG for
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the typical and fast speed. For the YG, the min ADD angle occurred at 17.70£10.59 percent
GC at the typical speed, increasing to 18.72+10.36 percent GC at the fast speed. Whereas
the OG demonstrated min ADD angles at 14.65+11.56 percent GC at the typical speed,
increasing to 15.83+12.02 percent GC at the fast speed.

The mean min ADD angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 8. Descriptive results showed that the mean min
ADD angle decreased with increasing WS for the OG, whereas the mean min ADD angle
increased from VS to slow WS for the YG, after which point, the mean min ADD angle in
swing phase began to decrease. In addition, the YG showed greater mean min ADD angles
across speeds compared to the OG. Overall, both age groups demonstrated relatively
consistent patterns of variability for the min ADD angles at each WS. However, the OG

displayed a larger associated marginal error (Figure 8).
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Figure 8. Mean min ADD angle of the foot-shank during swing phase for the YG

and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) increased mean min ADD angle during swing
(i.e., significantly higher peak PF) as WS increased across all speeds (VS: 7.69°£3.40°;
VF: 4.99°+4.78°) compared to the OG (VS: 3.76°+4.72°; VF: -0.32°£4.51°), as shown in
Table 5. Further, no significant differences in the time to mean min ADD angle during
swing phase were found between YA and OA across all speeds (Table 5).

The mean max ADD angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 9. Descriptive results showed that the mean
max (peak) ADD angle increased with increasing WS from VS to typical WS for both
groups, after which point, the mean max ADD angle in stance phase began to decrease.
Further, the YG demonstrated greater mean max ADD angles across WSs compared to the
OG. Both age groups displayed similar trends but at different magnitudes. Overall, both
age groups demonstrated relatively consistent patterns of variability for the max ADD

angles at each WS. However, the OG displayed a larger associated marginal error.
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Figure 9. Mean max ADD angle of the foot-shank during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) increased mean max ADD angle during stance
(i.e., significantly higher peak ADD) as WS increased across all speeds (VS: 18.99°+5.22°;
VF: 17.55°+4.07°) compared to the OG (VS: 12.56°+4.21°; VF: 13.40°+4.94°), as shown
in Table 5.

Significant differences in time to mean max ADD angle (p<.05) during stance phase
were found between YA and OA as WS increased from VS to typical WS. The YG had a
significantly longer time to mean max ADD angle compared to the OG for the VS WS
(Figure 6, Table 5). However, the YG had a significantly shorter time to mean max ADD
angle compared to the OG for the slow and typical WSs (Figure 6, Table 5). For the YG,
the max ADD occurred at 59.31+13.47 percent GC for the VS WS, decreasing to
55.18+14.59 at the typical WS. Whereas the OG showed max PF angles at 55.00+27.97
percent GC for the VS WS, increasing to 59.97+11.13 at the typical WS.

The mean max ADD angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 10. Descriptive results showed that the mean
max (peak) ADD angle increased with increasing speed from VS to typical speed for both
groups, after which point, the mean max ADD angle in swing phase began to decrease. In
addition, the YG demonstrated greater mean max ADD angles across speeds compared to
the OG. Both age groups displayed similar trends but at different magnitudes. Overall, both
age groups demonstrated relatively consistent patterns of variability for the max ADD
angles at each speed. However, the YG displayed a shorter associated marginal error
(Figure 10). Similar to the results of the stance phase, the YG had a significantly (p<.05)

increased mean max ADD angle during swing (i.e., significantly higher peak ADD) as WS
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increased across all speeds (VS: 19.23°+5.04°; VF: 16.90°+4.51°) compared to the OG

(VS: 12.43°£4.43°; VF: 10.80°+5.65°), as shown in Table 5.
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Figure 10. Mean max ADD angle of the foot-shank during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max ADD (p<.05) during swing phase were
found between YA and OA as WS increased (Figure 6, Table 5). The YG had a
significantly shorter time to mean max PF angle (p<.05) compared to the OG across all
speeds, except for the fast speed. For the YG, the max ADD occurred at 67.73+8.13 percent
GC at the VS speed, decreasing to 64.81+10.38 percent GC at the VVF speed. Whereas the
OG demonstrated max ADD angles at 73.76+8.95 percent GC at the VS speed, decreasing
t0 68.56+13.56 percent GC at the VF speed.

Table 6 presents the significant (p<.05) age-related differences in the ADD/ABD
range of motion (ROM) data for the foot-shank. In addition, relative ADD/ABD ROM data
for the foot-shank are provided in Table 6. The YG displayed the greatest ADD/ABD ROM

(Figure 6) across all speeds during stance and swing compared to the OG. Table 6 presents
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the between-group differences found for the ADD/ABD ROM during stance and swing
phase. The YG exhibited a significantly (p<.05) greater ADD/ABD ROM during stance as
WS increased from VS to fast speed (VS: 15.07°+1.55°; fast: 17.89°+1.18°) compared to
the OG (VS: 12.12°+0.13°; fast: 14.95°+0.05°) as shown in Table 6. During swing phase,
the YG exhibited a significantly (p<.05) greater ADD/ABD ROM for the VS speed only
(VS: 11.53°+1.64°) compared to the OG (VS: 8.66°+0.28°) as shown in Table 6. During
typical speed walking, the ADD/ABD ROM for the YA and OA increased most in the foot-
shank during stance and swing.

Table 6. Significant ADD/ABD ROM data for the foot-shank during stance and swing phase
across five walking speeds and their respective significant p-values.

ADD/ABD ROM Foot-Shank

Mean + Std P-value
Very Slow Young Stance 15.07° 1.55° <01
Very Slow Old Stance 12.12° 0.13°
Slow Young Stance 15.95° 1.06° <05
Slow Old Stance 13.19° 1.99° '
Typical Young Stance 18.62° 0.36° <05
Typical Old Stance 15.74° 1.17° '
Fast Young Stance 17.89° 1.18° <05
Fast Old Stance 14.95° 0.05° '
Very Fast Young Stance 17.75° 0.59°
Very Fast Old Stance 15.27° 0.74° )
Very Slow Young Swing 11.53° 1.64° <01
Very Slow Old Swing 8.66° 0.28°
Slow Young Swing 12.07° 1.20°
Slow Old Swing 1047°  1.88° )
Typical Young Swing 13.37° 0.57°
Typical Old Swing 13.07° 1.33° )
Fast Young Swing 12.74° 2.15°
Fast Old Swing 11.80° 0.36° i
Very Fast Young Swing 11.91° 0.26°
Very Fast Old Swing 11.12° 1.13°
Note: Std: Standard deviation.; ‘- indicates no significant difference.
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4.1.4 Age-related Differences in Relative Angles Between the Midfoot and Calcaneus

The mean relative angle gait curve for the midfoot-calcaneus (mid-cal) segment in
the sagittal plane is presented in Figure 11. This is the mid-cal dorsiflexion-plantarflexion
(DF/PF) angle defined by the relative orientation between the midfoot and the calcaneus
segments. The following section focuses on between-group differences. Table 7 presents
the significant age-related differences in the mean max and min DF/PF angles in stance

and swing phase as well as their respective time of occurrence as a percentage of GC.

Young Old
Very Fast  ssssus R
Fast ------ —
Typical ~ wsesus _—
Slow  sseees e
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- - = - e

| ' |
0.0 25.0 50.0 75.0 100.0
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Figure 11. Mean dorsiflexion-plantarflexion for the mid-cal of the OG versus the
YG at each walking speed.

Table 7. Significant p-values of the mean min and max DF/PF angles (£) of the mid-cal during
stance and swing phase, as well as their respective time of occurrence in the gait cycle across
five walking speeds.

Walking MinDF Timeto MinDF Timeto MaxDF Timeto MaxDF  Timeto

speed 4 in min DF 2in min DF 2in max DF 2in max DF 2
group stance Zin swing 2in stance 2in swing in swing
p-value stance  p-value swing p-value  stance  p-value p-value
p-value p-value p-value
VS - .03 - <.001 - <.001 .01 -
S - - - <.01 - <.01 - -
T - - - <.0001 - - - .03
F - .01 - .02 - - - .03
VF - - - <.01 - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-* indicates no significant difference.
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The mean max DF angle across WSs during swing, with error bars (95% confidence
interval), is presented in Figure 12. Descriptive results showed that the mean max (peak)
DF angle increased with increasing speed for the OG. Whereas, for the YG the mean max
DF angle decreased from VS to typical speed, after which point, the angle increased for
the fast speed, and then decreased for the VF speed. In addition, the OG demonstrated
lower mean max DF angles across speeds compared to the YG. Overall, both age groups
demonstrated relatively consistent patterns of variability for the max DF angles at each

speed with similar associated marginal error magnitude (Figure 12).
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Figure 12. Mean max DF angle of the mid-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max DF angle during swing
(i.e., significantly higher peak DF) for the VS speed (VS: 29.05°+8.37°) compared to the
OG (VS: 23.84°+6.91°). In addition, significant differences in time to mean max DF

(p<.05) during swing phase were found between YA and OA as WS increased from typical
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to fast speed (Figure 11, Table 7). The YG had a significantly longer time to mean max DF
angle (p<.05) compared to the OG for the typical and fast speed. For the YG, the max PF
occurred at 90.60+6.05 percent GC at the typical speed, increasing to 91.41+6.73 percent
GC at the fast speed. Whereas the OG demonstrated max PF angles at 86.31+9.38 percent
GC at the typical speed, decreasing to 84.51+11.14 percent GC at the fast speed.

Significant differences in time to mean max DF (p<.05) during stance phase were
found between YA and OA as WS increased from VS to slow speed (Figure 11, Table 7).
The YG had a significantly shorter time to mean max DF angle (p<.05) compared to the
OG for the VS and slow speed. For the YG, the max DF occurred at 50.67+7.11 percent
GC at the VS speed, decreasing to 50.36+4.77 percent GC at the slow speed. Whereas the
OG demonstrated max DF angles at 55.63+3.57 percent GC at the VS speed, decreasing to
52.30+2.87 percent GC at the slow speed.

Significant differences in time to mean min DF (p<.05) during stance phase were
found between YA and OA for the VS and fast WSs (Figure 11, Table 7). The YG had a
significantly shorter time to mean min DF angle compared to the OG for the VS speed
(Figure 11, Table 7). However, the YG had a significantly longer time to mean min DF
angle compared to the OG for the fast speed (Figure 11, Table 7). For the YG, the min DF
occurred at 42.78+25.42 percent GC at the VS speed, increasing to 58.55+5.77 percent GC
at the fast speed. Whereas the OG demonstrated min DF angles at 47.12+31.09 percent GC
at the VS speed, increasing to 55.21+16.91 percent GC at the fast speed.

Significant differences in time to mean min DF (p<.05) during swing phase were
found between YA and OA as WS increased (Figure 11, Table 7). The YG had a

significantly shorter time to mean min DF angle (p<.05) compared to the OG across all
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speeds. For the YG, the min DF occurred at 67.92+11.50 percent GC at the VS speed,
decreasing to 61.27+6.57 percent GC at the VF speed. Whereas the OG demonstrated min
DF angles at 77.36+10.28 percent GC at the VS speed, decreasing to 72.71+£16.15 percent
GC at the VF speed.

Table 8 presents the significant (p<.05) age-related differences in the DF/PF range
of motion (ROM) data for the mid-cal. In addition, relative DF/PF ROM data for the mid-
cal are provided in Table 8. The YG displayed the greatest DF/PF ROM (Figure 11) across
all speeds during stance and swing compared to the OG, except for the VS speed during
stance. Table 8 presents the between-group differences found for the DF/PF ROM during
stance and swing phase.

Table 8. Significant DF/PF ROM data for the mid-cal during stance and swing phase across
five walking speeds and their respective significant p-values.

DF/PF ROM Midfoot-Calcaneus

Mean + Std P-value

Very Slow Young Stance 12.26° 0.41°

Very Slow Old Stance 12.63° 0.90° )
Slow Young Stance 12.34° 2.01°

Slow Old Stance 11.98° 1.63° )
Typical Young Stance 13.88° 1.02°

Typical Old Stance 13.34° 1.51° )
Fast Young Stance 14.03° 0.83°

Fast Old Stance 13.26° 1.69° )
Very Fast Young Stance 14.49° 1.12° <01
Very Fast Old Stance 11.07° 0.81° '
Very Slow Young Swing 6.86° 0.16°

Very Slow Old Swing 5.34° 0.35° )
Slow Young Swing 6.02° 0.93°

Slow Old Swing 4.97° 0.21° )
Typical Young Swing 7.38° 0.03° <05
Typical Old Swing 5.96° 0.66° '
Fast Young Swing 7.16° 0.74°

Fast Old Swing 6.60° 0.38° )
Very Fast Young Swing 8.73° 0.26° <05
Very Fast Old Swing 5.97° 0.47° '
Note: Std: Standard deviation.; ‘- indicates no significant difference.
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The YG exhibited a significantly (p<.05) greater DF/PF ROM during stance for the
VF speed only (VF: 14.49°+1.12°) compared to the OG (VF: 11.07°£0.81°) as shown in
Table 8. During swing phase, the YG exhibited a significantly (p<.05) greater DF/PF ROM
for the typical and VF speed only (typical: 7.38°+0.03°; VF: 8.73°+0.26°) compared to the

OG (typical: 5.96°+£0.66°; VF: 5.97°+0.47°) as shown in Table 8.

The mean relative angle gait curve for the mid-cal segment in the frontal plane is
presented in Figure 13. This is the mid-cal eversion-inversion (EVE/INV) angle defined
by the relative orientation between the midfoot and the calcaneus segments. The following
section focuses on between-group differences. Table 9 presents the significant age-related
differences in the mean max and min EVE/INV angles in stance and swing phase as well

as their respective time of occurrence as a percentage of GC.

Young Old
Very Fast  «sasse

Fast

Typical

Slow  seeess
17.3 - Very Slow  sssuus

. .y | |
0.0 25.0 50.0 75.0 100.0
Normalized (% Gait Cycle)

Figure 13. Mean eversion-inversion for the mid-cal of the OG versus the YG at each
walking speed.
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Table 9. Significant p-values of the mean min and max EVE/INV angles () of the mid-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Min Time to Min Time to Max Time to Max Time to
speed EVE« minEVE EVEZ minEVE EVEZ maxEVE EVEzZ maxEVE2z
group in stance 4 in in swing <2in in stance 2in in swing in swing

p-value stance p-value swing p-value stance p-value p-value
p-value p-value p-value
VS <.01 <.01 <.0001 - <.001 - <.001 .01
S <.001 .02 <.0001 - <.00001 - <.0001 <.01
T <.01 <.01 <.0001 - <.0001 - <.0001 <.01
F <.01 - <.01 - .01 - <.01 .02
VF - - .01 - <.001 - <.01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-* indicates no significant difference.
The mean min EVE angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 14. Descriptive results showed that the mean
min EVE angle increased with increasing speed from VS to slow speed for the YG, after
which point, the mean min EVE angle in stance phase began to decrease. The mean min
EVE angle increased from VS to typical speed, after which point, the angle decreased for
the fast speed, and then increased for the VF speed. In addition, the YG demonstrated
greater mean min EVE angles across speeds compared to the OG. Overall, both age groups
demonstrated relatively consistent patterns of variability for the min EVE angles at each
speed, as shown by the marginal error data in Figure 14. The YG had a significantly (p<.05)
increased mean min EVE angle during stance as WS increased from VS to fast WS (VS:
9.80°+3.75°; fast: 10.54°£3.95°) compared to the OG (VS: 5.67°+4.18°; fast:6.14°+4.73°),

as shown in Table 9.
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Figure 14. Mean min EVE angle of the mid-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min EVE (p<.05) during stance phase were
found between YA and OA as WS increased from VS to typical WS (Figure 13, Table 9).
The YG had a significantly shorter time to mean min EVE angle compared to the OG for
the VS, slow, and typical WS. For the YG, the min EVE occurred at 34.37+10.89 percent
GC at the VS WS, decreasing to 31.82+9.31 percent GC at the typical WS. Whereas the
OG showed min EVE angles at 42.63+9.07 percent GC at the VS WS, increasing to
38.87+8.96 percent GC at the typical WS.

The mean min EVE angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 15. Descriptive results showed that the mean
min EVE angle increased with increasing WS from VS to slow WS for the YG, after which
point, the mean min EVE angle in stance phase began to decrease, whereas the angle trend
was relatively neutral for the OG across speeds. Overall, both age groups demonstrated

relatively consistent patterns of variability for the mean min EVE angle. However, the OG
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displayed the smallest associated marginal error (Figure 15). In addition, the YG

demonstrated greater mean min EVE angles across WSs compared to the OG (Figure 15).
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Figure 15. Mean min EVE angle of the mid-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean min EVE angle during swing
as WS increased (VS: 14.08°+4.38°; VF: 11.52°+3.87°) compared to the OG (VS:
8.83°£3.94°; VF:8.41°+4.04°).

The mean max EVE angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 16. Descriptive results showed that the mean
max EVE angle (peak) increased with increasing WS from VS to slow WS for the YG,
after which point, the mean max EVE angle in stance phase began to decrease. The mean
max EVE angle for the OG increased from VS to typical speed, after which point, the angle
decreased for the fast WS, and then increased for the VVF speed. Overall, both age groups

showed relatively consistent patterns of variability for the mean max EVE angle at each
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speed. Further, the YG showed greater mean max EVE angles across WSs compared to the

OG (Figure 16).
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Figure 16. Mean max EVE angle of the mid-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max EVE angle during stance
(i.e., significantly higher peak EVE) as WS increased (VS: 17.26°t4.49°; VF:
16.04°£3.41°) compared to the OG (VS: 11.20°+3.79°; VF: 12.02°+4.24°).

The mean max EVE angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 17. Descriptive results showed that the mean
max EVE angle (peak) increased with increasing speed from VS to slow speed for the YG,
after which point, the mean max EVE angle in swing phase began to decrease. The mean
max EVE angle for the OG increased from VS to typical speed, after which point, the angle
decreased for the fast speed, and then increased for the VF speed. Overall, both age groups

demonstrated relatively consistent patterns of variability for the mean max EVE angle
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during swing, as shown by the marginal error data (Figure 17). In addition, the YG

demonstrated greater mean max EVE angles across speeds compared to the OG.
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Figure 17. Mean max EVE angle of the mid-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Similar to the results of the stance phase, the YG had a significantly (p<.05)
increased mean max EVE angle during swing (i.e., significantly higher peak EVE) as WS
increased (VS: 17.80°+4.69°; VF: 17.09°+£3.88°) compared to the OG (VS: 11.11°+3.78°;
VF: 12.12°+4.47°), as shown in Table 9.

Significant differences in time to mean max EVE (p<.05) during swing phase were
found between YA and OA as WS increased (Figure 13, Table 9). The YG had a
significantly shorter time to mean max EVE angle (p<.05) compared to the OG across all
WSs, except for the VF speed. For the YG, the max EVE occurred at 78.45+12.35 percent

GC at the VS speed, decreasing to 77.97+16.76 percent GC at the fast speed. Whereas the
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OG demonstrated max EVE angles at 86.43+11.98 percent GC at the VS speed, increasing
to 87.91+£13.87 percent GC at the fast WS.

Table 10 presents the significant (p<.05) age-related differences in the EVE/INV
range of motion (ROM) data for the mid-cal. In addition, relative EVE/INV ROM data for
the mid-cal are provided in Table 10. The YG displayed the greatest EVE/INV ROM
(Figure 13) across all speeds during stance and swing compared to the OG. Table 10
presents the between-group differences found for the EVE/INV ROM during stance and
swing phase.

Table 10. Significant EVE/INV ROM data for the mid-cal during stance and swing phase
across five walking speeds and their respective significant p-values.

EVE/INV ROM Midfoot-Calcaneus

Mean + Std P-value
Very Slow Young Stance 7.45° 0.73° <001
Very Slow Old Stance 5.52° 0.39°
Slow Young Stance 7.48° 1.12° <001
Slow Old Stance 5.28° 0.39° '
Typical Young Stance 7.19° 0.38° <01
Typical Old Stance 5.85° 0.19° '
Fast Young Stance 6.77° 1.12° <05
Fast Old Stance 5.54° 0.21° '
Very Fast Young Stance 6.32° 0.16° <01
Very Fast Old Stance 4.84° 0.16° '
Very Slow Young Swing 3.71° 0.30° <001
Very Slow Old Swing 2.27° 0.15°
Slow Young Swing 3.39° 0.32° <05
Slow Old Swing 2.50° 0.44° '
Typical Young Swing 3.90° 0.03°
Typical Old Swing 3.37° 0.17° )
Fast Young Swing 3.57° 0.06°
Fast Old Swing 3.52° 0.28° i
Very Fast Young Swing 5.57° 0.01° <05
Very Fast Old Swing 3.71° 0.42° '
Note: Std: Standard deviation.; ‘- indicates no significant difference.

The YG exhibited a significantly (p<.05) greater EVE/INV ROM during stance as

WS increased (VS: 7.45°+0.73°; VF: 6.32°£0.16°) compared to the OG (VS: 5.52°+0.39°;
77



VF: 4.84°+0.16°). During swing phase, the YG exhibited a significantly (p<.05) greater
EVE/INV ROM for the VS, slow, and VF WSs (VS: 3.71°+0.30°; slow: 3.39°+0.32°; VF:
5.57°+0.01°) compared to the OG (VS: 2.27°+0.15°; slow: 2.50°+0.44°; VF: 3.71°+0.42°)

as shown in Table 10.

The mean relative angle gait curve for the mid-cal segment in the transverse plane
is presented in Figure 18. This is the mid-cal adduction-abduction (ADD/ABD) angle
defined by the relative orientation between the midfoot and the calcaneus segments. The
following section focuses on between-group differences. Table 11 presents the significant
age-related differences in the mean max and min ADD/ABD angles in stance and swing

phase as well as their respective time of occurrence as a percentage of GC.
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Figure 18. Mean adduction-abduction for the mid-cal of the OG versus the YG at
each walking speed.
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Table 11. Significant p-values of the mean min and max ADD/ABD angles () of the mid-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Min Time to Min Time to Max Time to Max Time to
speed ADD 2 min ADD « minADD ADDz max ADD 2« max

group instance ADD 2  inswing Zin in ADD 2 inswing ADDz
p-value instance p-value swing stance  instance  p-value  inswing
p-value p-value p-value  p-value p-value
VS - - .01 - - <.0001 .03 <.001
S - - .01 - .03 <.001 .04 .02
T .01 - - - <.01 <.01 <.01 .01
F .03 - .02 .04 .04 - .03 .02
VF .03 - .03 - .02 - .01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-° indicates no significant difference.
The mean min ADD angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 19. Descriptive results showed that the mean
min ADD angle increased with increasing speed from VS to typical speed for the YG, after
which point, the mean min ADD angle in stance phase began to decrease. The YG
demonstrated more consistent patterns of variability for the min ADD angles at each speed
compared to the OG, as shown by the marginal error data in Figure 19. The mean min ADD
angle showed an inconsistent pattern for the OG, as the angle increased and decreased, in
that order, as WS increased. In addition, the YG demonstrated greater mean min ADD
angles across speeds compared to the OG (Figure 19). The YG had a significantly (p<.05)
increased mean min ADD angle during stance as WS increased from typical to VF WS
(typical: 4.09°£6.75°; VF: 3.18°+7.63°) compared to the OG (typical: -1.61°+£5.82°; VF: -

2.55°+6.34°), as shown in Table 11.
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Figure 19. Mean min ADD angle of the mid-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The mean min ADD angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 20. Descriptive results showed that the mean
min ADD angle increased with increasing WS from VS to typical WS for the YG, after
which point, the mean min ADD angle in stance phase began to decrease. The mean min
ADD angle showed an inconsistent pattern for the OG, as the angle increased and
decreased, in that order, as WS increased. In addition, the YG demonstrated greater mean
min ADD angles across speeds compared to the OG (Figure 20). The YG had a
significantly (p<.05) increased mean min ADD angle during swing as WS increased,
except for the typical speed (VS: 3.18°+£6.46°; VF: 4.33°£7.91°) compared to the OG (VS:

-0.64°£5.27°; VF: -1.51° £6.17°), as shown in Table 11.
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Figure 20. Mean min ADD angle of the mid-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min ADD angle (p<.05) during swing phase
were found between YA and OA for the fast WS only (Figure 18, Table 11). The YG had
a significantly longer time to mean min ADD angle (p<.05) for the fast WS. For the YG,
the min ADD occurred at 91.90+7.61 percent GC at the fast WS, whereas the OG showed
amin ADD angle at 85.12+10.63 percent GC at the fast WS.

The mean max ADD angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 21. Descriptive results showed that the mean
max ADD angle (peak) increased with increasing speed from VS to typical speed for the
YG, after which point, the mean max ADD angle in stance phase began to decrease. The
mean max ADD angle showed an inconsistent pattern for the OG, as the angle increased
and decreased, in that order, as WS increased. In addition, the YG demonstrated greater

mean max ADD angles across speeds compared to the OG (Figure 21).
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Figure 21. Mean max ADD angle of the mid-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max ADD angle during stance
(i.e., significantly higher peak ADD) as WS increased from slow to VF (slow: 8.31°+6.85°;
VF: 8.91°+7.92°) compared to the OG (slow: 4.10°£5.96°; VF: 2.30°+6.83°).

Significant differences in time to mean max ADD (p<.05) during stance phase were
found between YA and OA as WS increased from VS to typical WS (Figure 18, Table 11).
The YG had a significantly shorter time to mean max ADD angle compared to the OG for
the VS, slow, and typical WS. For the YG, the max ADD occurred at 57.25+12.42 percent
GC at the VS WS, increasing to 59.49+5.32 percent GC at the typical WS. Whereas the
OG demonstrated max ADD angles at 61.17+22.56 percent GC at the VS WS, decreasing
t0 59.96+8.41 percent GC at the typical WS.

The mean max ADD angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 22. Descriptive results showed that the mean

max ADD angle (peak) increased with increasing speed from VS to typical speed for the
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YG, after which point, the mean max ADD angle in stance phase began to decrease, and
then increased again for the VF WS. The mean max ADD angle showed an inconsistent
pattern for the OG, as the angle increased and decreased, in that order, as WS increased. In
addition, the YG demonstrated greater mean max ADD angles across speeds compared to

the OG (Figure 22).
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Figure 22. Mean max ADD angle of the mid-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max ADD angle during swing
(i.e., significantly higher peak ADD) as WS increased (VS: 7.12°+6.92°; VF:
10.68°+8.73°) compared to the OG (VS: 1.85°+5.24°; VF: 3.40°£7.17°).

Significant differences in time to mean max ADD (p<.05) during swing phase were
found between YA and OA as WS increased from VS to fast WS (Figure 18, Table 11).
The YG had a significantly shorter time to mean max ADD angle compared to the OG for
the VS, slow, typical, and fast WS. For the YG, the max ADD occurred at 57.25+12.42

percent GC at the VS WS, increasing to 59.49+5.32 percent GC at the fast WS. Whereas
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the OG demonstrated max ADD angles at 61.17+£22.56 percent GC at the VS speed,
decreasing to 59.96+8.41 percent GC at the fast WS.

Table 12 presents the significant (p<.05) age-related differences in the ADD/ABD
range of motion (ROM) data for the mid-cal. In addition, relative ADD/ABD ROM data
for the mid-cal are provided in Table 12 during stance and swing phase. The YG displayed
the greatest ADD/ABD ROM (Figure 18) across all speeds during stance and swing
compared to the OG. There were no significant (p<.05) age-related differences in the
ADD/ABD ROM for the mid-cal during stance (Table 12). During swing phase, the YG
exhibited a significantly (p<.05) greater ADD/ABD ROM for the VF speed only (VF:
6.34°+0.82°) compared to the OG (VF: 4.91°+0.99°) as shown in Table 12.

Table 12. Significant ADD/ABD ROM data for the mid-cal during stance and swing phase
across five walking speeds and their respective significant p-values.

ADD/ABD ROM Midfoot-Calcaneus

Mean + Std P-value
Very Slow Young Stance 4.25° 0.52°
Very Slow Old Stance 3.95° 0.13° )
Slow Young Stance 5.20° 0.03°
Slow Old Stance 4.21° 0.39° )
Typical Young Stance 5.83° 0.27°
Typical Old Stance 5.20° 0.45° )
Fast Young Stance 5.38° 0.02°
Fast Old Stance 5.45° 0.51° )
Very Fast Young Stance 5.72° 0.28°
Very Fast Old Stance 4.85° 0.49° )
Very Slow Young Swing 3.94° 0.45°
Very Slow Old Swing 2.49° 0.03° )
Slow Young Swing 3.81° 0.43°
Slow Old Swing 3.11° 0.22° )
Typical Young Swing 4.89° 0.92°
Typical Old Swing 3.66° 0.35° )
Fast Young Swing 4.15° 0.28°
Fast Old Swing 4.47° 0.18° )
Very Fast Young Swing 6.34° 0.82° <01
Very Fast Old Swing 4.91° 0.99° '
Note: Std: Standard deviation.; ‘- indicates no significant difference.
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4.1.5 Age-related Differences in Relative Angles Between the Shank and Calcaneus
The mean relative angle gait curve for the shank-calcaneus (sha-cal) segment in the
sagittal plane is presented in Figure 23. This is the sha-cal dorsiflexion-plantarflexion
(DF/PF) angle defined by the relative orientation between the shank (tibia) and the
calcaneus segments. The following section focuses on between-group differences. Table
13 presents the significant age-related differences in the mean max and min DF/PF angles
in stance and swing phase as well as their respective time of occurrence as a percentage of

GC.
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Figure 23. Mean dorsiflexion-plantarflexion for the sha-cal of the OG versus the YG
at each walking speed.

Table 13. Significant p-values of the mean min and max DF/PF angles (£) of the sha-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking MinPF  Timeto Min PF Timeto MaxDF Time to Max DF  Time to

speed 4 in min PF 2 2in min PF 2 2 in max DF 2 2in max DF 2
group stance  in stance swing inswing  stance in stance swing in swing
p-value  p-value p-value p-value  p-value p-value p-value p-value
VS <.001 <.01 <.01 <.01 <.01 <.001 - <.01
S - - .04 <.01 - <.001 - -
T - - .03 <.01 .04 - .02 -
F - .01 - - - - <.01 -
VF - .02 - - - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-° indicates no significant difference.
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The mean min PF angle across WSs during stance, with error bars (95% confidence
interval), is presented in Figure 24. Descriptively, the results showed that the mean min PF
angle decreased with increasing WS for both groups, except for the VF WS. In addition,
the YG demonstrated lower mean min PF angles across speeds compared to the OG. Both
age groups displayed similar trends but at different magnitudes. Overall, both age groups
demonstrated relatively consistent patterns of variability for the min PF angles at each WS.
However, the OG displayed a larger associated marginal error (Figure 24). The YG had a
significantly (p<.05) increased mean min PF angle during stance phase for the VS WS only

(VS: -11.85°+6.10°) compared to the OG (VS:-6.68°+7.11°), as shown in Table 13.
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Figure 24. Mean min PF angle of the sha-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min PF (p<.05) during stance phase were
found between YA and OA as WS increased (Figure 23, Table 13). The YG had a

significantly shorter time to mean min PF angle (p<.05) compared to the OG for the VS,
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fast, and VF WSs. For the YG, the min PF occurred at 44.38+27.72 percent GC at the VS
speed, increasing to 59.15+1.51 percent GC at the VF speed. Whereas the OG
demonstrated min PF angles at 49.55+31.13 percent GC at the VS speed, increasing to
67.83+12.02 percent GC at the VF speed.

The mean min PF angle across WSs during swing, with error bars (95% confidence
interval), is presented in Figure 25. Descriptively, the results showed that the mean min PF
angle decreased with increasing speed for both groups, except for the VF speed. In addition,
the YG demonstrated lower mean min PF angles across speeds compared to the OG. Both
age groups displayed similar trends but at different magnitudes. Overall, both age groups
demonstrated relatively consistent patterns of variability for the min PF angles at each

speed. However, the OG displayed a larger associated marginal error (Figure 25).
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Figure 25. Mean min PF angle of the sha-cal during swing phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

87



The YG had a significantly (p<.05) increased mean min PF angle during swing
phase as WS increased from VS to typical WS (VS: -13.60° £7.90°; typical: -20.05°+6.15°)
compared to the OG (VS:-6.81°£8.28°; typical: -15.18°+8.08°), as shown in Table 13.

Significant differences in time to mean min PF (p<.05) during swing phase were
found between YA and OA as WS increased from VS to typical speed (Figure 23, Table
13). The YG had a significantly shorter time to mean min PF angle (p<.05) compared to
the OG for the VS, slow, and typical WSs. For the YG, the min PF occurred at 68.98+12.61
percent GC at the VS speed, decreasing to 63.24+1.39 percent GC at the typical speed.
Whereas the OG demonstrated min PF angles at 73.36+8.07 percent GC at the VS WS,
decreasing to 65.07+4.17 percent GC at the typical speed.

The mean max DF angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 26. Descriptively, the results showed that the
mean max DF angle (peak) decreased with increasing speed for the OG, except for the VF
speed. The mean max DF angle showed a relatively neutral pattern of variability for the
YG, as the speed increased from VS to fast speed. However, the YG displayed a larger
associated marginal error. In addition, the YG demonstrated lower mean max DF angles
across speeds compared to the OG (Figure 26). The YG had a significantly (p<.05)
decreased mean max DF angle during stance phase at the VS and typical speed (VS:
5.71°+4.84°; typical: 5.25°+4.31°) compared to the OG (VS: 11.39°+4.52°; typical:

7.80°+4.60°), as shown in Table 13.
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Figure 26. Mean max DF angle of the sha-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max DF (p<.05) during stance phase were
found between YA and OA as WS increased from VS to slow speed (Figure 23, Table 13).
The YG had a significantly shorter time to mean max DF angle (p<.05) compared to the
OG for the VS and slow WSs. For the YG, the max DF occurred at 44.61+8.07 percent GC
at the VS speed, increasing to 44.67+7.57 percent GC at the slow speed. Whereas the OG
demonstrated max DF angles at 50.92+3.90 percent GC at the VS speed, decreasing to
49.44+3.48 percent GC at the slow speed.

The mean max DF angle across WSs during swing, with error bars (95% confidence
interval), is presented in Figure 27. Descriptive results for the OG showed that the mean
max DF angle (peak) during swing decreased from VS to slow speed only, after which
point, the mean max DF in swing phase began to increase. The mean max DF angle showed
a less consistent pattern for the YG, as the angle decreased and increased, in that order, as

WS increased. In addition, the YG demonstrated lower mean max DF angles across speeds
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compared to the OG. The OG demonstrated more consistent patterns of variability, as
shown by the marginal error data (Figure 27). The YG had a significantly (p<.05) decreased
mean max DF angle during swing phase at the typical and fast WSs (typical: 3.03°+4.70°;

fast: 1.92°+4.78°) compared to the OG (typical: 5.40°+4.14°; fast: 6.51°+4.01°).
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Figure 27. Mean max DF angle of the sha-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max DF angle (p<.05) during swing phase
were found between YA and OA for the VS speed only (Figure 23, Table 13). The YG had
a significantly shorter time to mean max DF angle (p<.05) for the VS speed. For the YG,
the max DF occurred at 82.89+5.46 percent GC at the VS speed, whereas the OG
demonstrated a max DF angle at 85.49+4.31 percent GC at the VS speed.

Table 14 presents the significant (p<.05) age-related differences in the DF/PF range
of motion (ROM) data for the sha-cal during stance and swing phase. In addition, relative
DF/PF ROM data for the sha-cal are provided in Table 14. The YG displayed the greatest

DF/PF ROM (Figure 23) across all speeds during stance and swing compared to the OG,
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except for the VS WS during stance. There were no significant (p<.05) age-related
differences in the DF/PF ROM for the sha-cal during stance. During swing phase, the YG
showed a significantly (p<.05) greater DF/PF ROM for the slow WS only (slow:
18.49°+1.42°) compared to the OG (slow: 15.00°£3.50°) as shown in Table 14. During VF
WS, the DF/PF ROM for the YA and OA increased most in the foot-shank during swing.

Table 14. Significant DF/PF ROM data for the sha-cal during stance and swing phase
across five walking speeds and their respective significant p-values.

DF/PF ROM Shank-Calcaneus

Mean + Std P-values

Very Slow Young Stance 17.56° 1.25°

Very Slow Old Stance 18.08° 2.58° )
Slow Young Stance 18.42° 0.24°

Slow Old Stance 18.29° 1.76° )
Typical Young Stance 22.33° 1.45°

Typical Old Stance 21.10° 2.00° )
Fast Young Stance 23.80° 1.66°

Fast Old Stance 23.01° 3.02° )
Very Fast Young Stance 24.72° 0.05°

Very Fast Old Stance 22.66° 3.73° )
Very Slow Young Swing 17.59° 3.57°

Very Slow Old Swing 14.15° 3.48° )
Slow Young Swing 18.49° 1.42° <05
Slow Old Swing 15.00° 3.50° '
Typical Young Swing 23.08° 1.44°

Typical Old Swing 20.59° 3.93° )
Fast Young Swing 23.44° 2.08°

Fast Old Swing 23.15° 3.70° i
Very Fast Young Swing 24.85° 0.27°

Very Fast Old Swing 23.74° 3.24° )

Note: Std: Standard deviation.; ‘-* indicates no significant difference.

The mean relative angle gait curve for the sha-cal segment in the transverse plane
is presented in Figure 28. This is the sha-cal adduction-abduction (ADD/ABD) angle
defined by the relative orientation between the shank (tibia) and the calcaneus segments.

The following section focuses on between-group differences. Table 15 presents the
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significant age-related differences in the mean max and min ADD/ABD angles in stance

and swing phase as well as their respective time of occurrence as a percentage of GC.
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Figure 28. Mean adduction-abduction for the sha-cal of the OG versus the YG at
each walking speed.

Table 15. Significant p-values of the mean min and max ADD/ABD angles (£) of the sha-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Min Time to Min Time to Max Time to Max Time to
speed ADD « min ADD z« min ADD « max ADD ADD:« maxADD

group in ADD 2 inswing ADDz in 2in in swing 2in
stance  instance p-value inswing stance stance p-value swing
p-value  p-value p-value  p-value p-value p-value
VS .02 - .01 - <.01 - <.01 <.01
S <.01 - .01 - <.01 - <.001 .03
T .03 <.01 .01 - <.001 - <.01 .01
F - - <01 - <.001 - <01 .04
VF - - <.01 - .01 - <.01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean min ADD angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 29. Descriptive results showed that the mean
min ADD angle for both groups decreased with increasing speed from VS to typical speed
only, after which point, the mean max PF in swing phase increased for the fast speed, and
then decreased again for the VF WS. In addition, the YG demonstrated greater mean min

ADD angles compared to the OG. Both age groups displayed similar trends but at different
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magnitudes. However, the OG displayed a larger associated marginal error (Figure 29).
The YG had a significantly (p<.05) decreased mean min ADD angle during stance phase
at the VS speed (VS: 1.67°+5.30°) compared to the OG (VS: 2.18°+3.37°). However, as
WS increased to typical speed, the YG had a significantly (p<.05) increased mean min
ADD angle during stance phase (typical: typical: 2.44°+5.10°) compared to the OG

(typical: 1.01°£3.61°), as shown in Table 15.
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Figure 29. Mean min ADD angle of the sha-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min ADD angle (p<.05) during stance phase
were found between YA and OA for the typical speed only (Figure 28, Table 15). The YG
had a significantly longer time to mean min ADD angle (p<.05) for the typical speed. For
the YG, the min ADD occurred at 21.69+15.49 percent GC at the typical speed, whereas

the OG demonstrated a min ADD angle at 20.80+12.61 percent GC at the typical speed.

93



The mean min ADD angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 30. Descriptive results showed that the mean
min ADD angle decreased as WS increased for the OG. The OG displayed relatively
consistent patterns of variability as WS increased from VS to fast speed The mean min
ADD angle showed an inconsistent pattern for the YG, as the decreased with increasing
speed from VS to typical speed only, after which point, the mean max PF in swing phase
increased for the fast speed, and then decreased again for the VF WS. However, the YG
displayed a smaller associated marginal error. In addition, the OG demonstrated greater

mean min ADD angles compared to the YG (Figure 30).
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Figure 30. Mean min ADD angle of the sha-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min ADD angle during swing
phase across all WSs (VS: 4.91°+5.24°; VF: 3.24°+4.54°) compared to the OG (VS:

6.83°+£4.05°; VF: 4.19°+4.66°), as shown in Table 15. Further, no significant differences
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in the time to mean min ADD angle during swing phase were found between YA and OA
across all WSs.

The mean max ADD angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 31. Descriptive results showed that the mean
max ADD angle (peak) for both groups increased as WS increased from VS to fast WS,
after which point, the mean max ADD angle began to decrease. Both age groups displayed
similar trends but at different magnitudes and demonstrated relatively consistent patterns
of variability for the max ADD angles at each WS. However, the OG displayed a larger
associated marginal error. In addition, the YG demonstrated greater mean max ADD angles

compared to the OG.
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Figure 31. Mean max ADD angle of the sha-cal during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max ADD angle during stance
phase (i.e., significantly smaller peak ADD) at the VS and fast WSs (VS: 4.91°+5.24°; fast:

3.24°+4.54°) compared to the OG (VS: 6.83°+4.05°; fast: 4.19°+£4.66°), as shown in Table
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15. However, the YG had a significantly (p<.05) increased mean max ADD angle during
stance phase (i.e. significantly higher peak ADD) at the slow, typical, and VF WSs (slow:
9.97°45.83°; typical: 11.41°4£5.85°; VF: 9.91°+5.29°) compared to the OG (slow:
9.95°+3.91°; typical: 10.68°£3.70°; VF: 9.30°+4.89°), as shown in Table 15. Further, no
significant differences in the time to mean min ADD angle during stance phase were found
between YA and OA across all speeds (Table 15).

The mean max ADD angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 32. Descriptive results showed that the mean
max ADD angle (peak) for the OG increased as WS increased from VS to typical speed,
after which point, the mean max ADD angle in swing began to decrease. The mean max
ADD angle for the YG increased as WS increased from VS to fast speed, after which point,
the mean max ADD angle in swing began to decrease. The YG demonstrated more
consistent patterns of variability for the max ADD angles as speed increased from VS to
fast WSs. The OG displayed a larger associated marginal error. In addition, the YG
demonstrated greater mean max ADD angles compared to the OG (Figure 32). The YG
had a significantly (p<.05) decreased mean max ADD angle during swing phase (i.e.,
significantly smaller peak ADD) as WS increased from VS to fast WSs (VS: 10.15°+6.06°;
fast: 9.42°+4.96°) compared to the OG (VS: 10.81°£3.85°; fast: 10.63°+4.45°), as shown

in Table 15.
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Figure 32. Mean max ADD angle of the sha-cal during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

However, the YG had a significantly (p<.05) increased mean max ADD angle
during swing phase (i.e. significantly higher peak ADD) at VF WS (VF: 10.74°+5.32°)
compared to the OG (VF: 9.42°+4.93°).

Significant differences in time to mean max ADD (p<.05) during swing phase were
found between YA and OA as WS increased from VS to fast speed (Figure 28, Table 15).
The YG had a significantly shorter time to mean max ADD angle compared to the OG for
the VS, slow, typical, and fast speed (Figure 28, Table 15). For the YG, the mean max
ADD occurred at 77.55+10.46 percent GC at the VS speed, increasing to 92.39+8.41
percent GC at the fast WS. Whereas the OG demonstrated max ADD angles at 83.98+10.27
percent GC at the VS speed, increasing to 86.41+12.77 percent GC at the fast WS.

Table 16 presents the significant (p<.05) age-related differences in the ADD/ABD

range of motion (ROM) data for the sha-cal. In addition, relative ADD/ABD ROM data for
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the sha-cal are provided in Table 16. The YG displayed the greatest ADD/ABD ROM
(Figure 28) across all speeds during stance and swing compared to the OG. Table 16
presents the between-group differences found for the ADD/ABD ROM during stance and
swing phase. The YG exhibited a significantly (p<.05) greater ADD/ABD ROM during
stance for the VS speed (VS: 8.19°+1.75°) compared to the OG (VS: 8.15°+0.91°).
However, at the fast speed, the YG displayed a significantly (p<.05) smaller ADD/ABD
ROM during stance (fast: 7.58°+£1.04°) compared to the OG (fast: 9.35°+0.61°) as shown
in Table 16. During swing phase, the YG exhibited a significantly (p<.05) greater
ADD/ABD ROM for the VS WS only (VS: 5.23°+0.82°) compared to the OG (VS:
3.98°+0.20°) as shown in Table 16.

Table 16. Significant ADD/ABD ROM data for the sha-cal during stance and swing phase
across five walking speeds and their respective significant p-values.

ADD/ABD ROM Shank-Calcaneus

Mean + Std P-value

Very Slow Young Stance 8.19° 1.75° <05

Very Slow Old Stance 8.15° 0.91°

Slow Young Stance 7.89° 0.88°

Slow Old Stance 8.72° 0.05° )

Typical Young Stance 8.96° 0.75°

Typical Old Stance 9.66° 0.08° )

Fast Young Stance 7.58° 1.04° <05

Fast Old Stance 9.35° 0.61° '

Very Fast Young Stance 8.58° 0.97°

Very Fast Old Stance 9.51° 0.67° )

Very Slow Young Swing 5.23° 0.82° <05

Very Slow Old Swing 3.98° 0.20°

Slow Young Swing 5.23° 0.87°

Slow Old Swing 4.43° 0.05° '

Typical Young Swing 6.22° 0.25°

Typical Old Swing 5.06° 0.03° )

Fast Young Swing 6.74° 0.31°

Fast Old Swing 5.08° 0.41° i

Very Fast Young Swing 7.50° 0.78°

Very Fast Old Swing 5.22° 0.27° i
Note: Std: Standard deviation.; ‘- indicates no significant difference.
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4.1.6 Age-related Differences in Relative Angles Between the Midfoot and Forefoot

The mean relative angle gait curve for the midfoot-forefoot (mid-met) segment in

the sagittal plane is presented in Figure 33. This is the mid-met dorsiflexion-plantarflexion

(DF/PF) angle defined by the relative orientation between the midfoot and the forefoot

segments. The following section focuses on between-group differences. Table 17 presents

the significant age-related differences in the mean max and min DF/PF angles in stance

and swing phase as well as their respective time of occurrence as a percentage of GC.

Young Old
Very Fast  «vaens —_—
Fast ...... —
Typica| ------ B
Slow —
Very Slow  ssssss [E—
704 . _ . My
fEcCTIEIToceszEEEEAL, LTEIIIIO
T 73.3 NS pEEEETT T
e 73.3 Yoea L IEEE
Q \\\q:/- -
762 S~—— )
Ibl: k\
T \
-82.1 T I T ]
0.0 25.0 50.0 75.0 100.0

Normalized (% Gait Cycle)

Figure 33. Mean dorsiflexion-plantarflexion for the mid-met of the OG versus the

YG at each walking speed.

Table 17. Significant p-values of the mean min and max DF/PF angles () of the mid-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle

across five walking speeds.

Walking  Min PF Timeto MinPF Timeto MaxPF Timeto MaxPF Timeto
speed <2 in min PF 2 2 in min PF 2in max PF 2 2 in max PF
group stance instance  swing 2in stance in stance swing 2in

p-value p-value  p-value swing p-value p-value  p-value swing
p-value p-value
VS <.01 - - <.0001 - <.001 .02 -
S <.01 - - <.01 <.01 - <.01 -
T .01 - .03 <.01 .01 - .01 -
F .01 - - .03 .01 - .01 -
VF <.01 - .01 - <.01 - <.01 -
Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-° indicates no significant difference.
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The mean min PF angle across WSs during stance, with error bars (95% confidence
interval), is presented in Figure 34. Descriptive results showed that the mean min PF angle
for both groups decreased significantly as WS increased from VS to typical speed, after
which point, the mean min PF angle increased for the fast speed, and then decreased again
for the VF speed. Both age groups displayed similar trends but at different magnitudes.
The YG demonstrated relatively consistent patterns of variability for the min PF angles at
each speed. However, the OG displayed a larger associated marginal error. In addition, the

YG demonstrated greater mean min PF angles compared to the OG (Figure 34).
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Figure 34. Mean min PF angle of the mid-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min PF angle during stance
phase as WS increased (VS: -73.91°+7.22°; VF: -76.39° £5.67°) compared to the OG (VS:

-79.55°+6.81°; VF: -82.98°+7.10°), as shown in Table 17. Further, no significant
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differences in the time to mean min PF angle during stance phase were found between YA
and OA across all WSs.

The mean min PF angle across WSs during swing, with error bars (95% confidence
interval), is presented in Figure 35. Descriptive results showed that the mean min PF angle
for both groups decreased as WS increased from VS to typical WS, after which point, the
mean min PF angle increased for the fast speed, and then decreased again for the VF speed.
Both age groups displayed similar trends but at different magnitudes. In addition, both age
groups demonstrated relatively consistent patterns of variability for the min PF angles at
each speed. However, the OG displayed a larger associated marginal error. In addition, the

YG demonstrated greater mean min PF angles compared to the OG (Figure 35).
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Figure 35. Mean min PF angle of the mid-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) decreased mean min PF angle during swing
phase at the typical and VF WSs (typical: -76.37°+6.17°; VF: -77.08°+6.38°) compared to
the OG (typical: -80.87°+7.22°; VF: -82.62°+7.61°), as shown in Table 17.

Significant differences in time to mean min PF (p<.05) during swing phase were
found between YA and OA as WS increased from VS to fast speed (Figure 33, Table 17).
The YG had a significantly shorter time to mean min PF angle compared to the OG for the
VS, slow, typical, and fast speed (Figure 33, Table 17). For the YG, the mean min PF
occurred at 68.68+9.97 percent GC at the VS speed, decreasing to 63.68+5.80 percent GC
at the fast speed. Whereas the OG demonstrated min PF angles at 79.16+10.90 percent GC
at the V'S speed, decreasing to 66.59+7.14 percent GC at the fast speed.

The mean max PF angle across WSs during stance, with error bars (95% confidence
interval), is presented in Figure 36. Descriptive results showed that the mean max PF angle
(peak) for the OG decreased as WS increased from VS to slow speed, after which point,
the mean max PF angle began to increase until the fast speed, and then decreased again for
the VF speed. The mean max PF was relatively consistent, with the smallest associated
marginal error (Figure 36), across speeds for the YG. In addition, the YG demonstrated
greater mean max PF angles compared to the OG (Figure 36). The YG had a significantly
(p<.05) decreased mean max PF angle (i.e., significantly smaller peak PF) during stance
phase as WS increased from slow to VF WSs (slow: -70.25°+5.58°; VF: -70.11°+6.09°)

compared to the OG (slow: -76.43° £7.12°; VF: -76.94°+6.56°), as shown in Table 17.
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Figure 36. Mean max PF angle of the mid-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max PF angle (p<.05) during stance phase
were found between YA and OA for the VS speed only (Figure 33, Table 17). The YG had
a significantly shorter time to mean max PF angle (p<.05) for the VS WS. For the YG, the
mean max PF occurred at 28.93+£20.44 percent GC at the VS speed, whereas the OG
demonstrated a max PF angle at 49.09+22.75 percent GC at the VS WS.

The mean max PF angle across WSs during swing, with error bars (95% confidence
interval), is presented in Figure 37. Descriptive results showed that the mean max PF angle
(peak) for the OG decreased as WS increased from VS to slow speed, after which point,
the mean max PF angle began to increase until the fast speed, and then decreased again for
the VF speed. The mean max PF was relatively consistent, with the smallest associated
marginal error (Figure 37), across speeds for the YG. In addition, the YG demonstrated

greater mean max PF angles compared to the OG (Figure 37).
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Figure 37. Mean max PF angle of the mid-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max PF angle (i.e.,
significantly smaller peak PF) during swing phase as WS increased (VS: -69.59° +7.18°;
VF: -69.45°+6.06°) compared to the OG (VS: -75.87° +7.16°; VF: -76.78°+6.91°), as
shown in Table 17. Further, no significant differences in the time to mean max PF angle
during swing phase were found between YA and OA across all speeds (Table 17).

Table 18 presents the significant (p<.05) age-related differences in the DF/PF range
of motion (ROM) data for the mid-met. In addition, relative DF/PF range of motion (ROM)
data for the mid-met are provided in Table 18. The YG displayed the greatest DF/PF ROM
(Figure 33) across all speeds during stance and swing compared to the OG. Table 18
presents the between-group differences found for the DF/PF ROM during stance and swing
phase. There were no significant (p<.05) age-related differences in the DF/PF ROM for the

foot-shank during stance (Table 18). During swing phase, the YG exhibited a significantly
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(p<.05) greater DF/PF ROM for the VS speed only (VS: 4.65°+£0.07°) compared to the OG
(VS: 2.93°+0.08°) as shown in Table 18.

Table 18. Significant DF/PF ROM data for the mid-met during stance and swing phase
across five walking speeds and their respective significant p-values.

DF/PF ROM Midfoot-Forefoot

Mean + Std P-values

Very Slow Young Stance 4.28° 0.27°

Very Slow Old Stance 4.61° 0.29° )
Slow Young Stance 4.40° 0.06°

Slow Old Stance 4.62° 0.36° )
Typical Young Stance 5.27° 0.07°

Typical Old Stance 5.66° 2.08° )
Fast Young Stance 5.15° 0.15°

Fast Old Stance 6.01° 0.73° )
Very Fast Young Stance 6.27° 0.41°

Very Fast Old Stance 6.03° 0.53° )
Very Slow Young Swing 4.65° 0.07° <001
Very Slow Old Swing 2.93° 0.08°

Slow Young Swing 4.69° 0.38°

Slow Old Swing 3.61° 0.83° )
Typical Young Swing 5.68° 0.22°

Typical Old Swing 5.17° 0.50° i
Fast Young Swing 5.69° 0.16°

Fast Old Swing 5.67° 1.64° i
Very Fast Young Swing 7.62° 0.31°

Very Fast Old Swing 5.84° 0.69°

Note: Std: Standard deviation.; ‘- indicates no significant difference.

The mean relative angle gait curve for the mid-met segment in the transverse plane
is presented in Figure 38. This is the mid-met adduction-abduction (ADD/ABD) angle
defined by the relative orientation between the midfoot and the forefoot (metatarsus)
segments. The following section focuses on between-group differences. Table 19 presents
the significant age-related differences in the mean max and min ADD/ABD angles in
stance and swing phase as well as their respective time of occurrence as a percentage of

GC.
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Figure 38. Mean adduction-abduction for the mid-met of the OG versus the YG at
each walking speed.

Table 19. Significant p-values of the mean min and max ADD/ABD angles (£) of the mid-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle

across five walking speeds.

Walkin - Max ABD Timeto Max ABD Timeto Min Time to Min Time to
g speed 2in max 2in max ABDz« minABD ABDz min
group stance ABD 2« swing ABD «  instance £in inswing ABD 2«
p-value in stance p-value inswing  p-value stance p-value inswing
p-value p-value p-value p-value
VS <.0001 - <.0001 - <.0001 <.0001 <.0001 -
S <.00001 - <.001 - <.001 .01 <.001 -
T <.0001 - <.0001 - <.0001 .04 <.00001 -
F <.001 - <.001 - <.001 - <.001 -
VF <.001 - <.001 - <.01 - <.01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean max abduction (ABD) angle across WSs during stance, with error bars

(95% confidence interval), is presented in Figure 39. Descriptive results showed that the

mean max ABD angle (peak) for the OG decreased and increased, in that order, as WS

increased. Both age groups displayed similar trends but at different magnitudes. Overall,

both age groups demonstrated relatively consistent patterns of variability for the max ABD

angles at each speed. However, the OG displayed a larger associated marginal error. In
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addition, the YG demonstrated greater mean max ABD angles across speeds compared to

the OG (Figure 39).
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Figure 39. Mean max ABD angle of the mid-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max ABD angle (i.e.,
significantly higher peak ABD) during stance phase as WS increased (VS: -16.87°+6.44°;
VF: -16.48 °+6.35°) compared to the OG (VS: -3.79° £7.63°; VF: -6.13°+8.59°), as shown
in Table 19. Further, no significant differences in the time to mean max ABD angle during
stance phase were found between YA and OA across all speeds (Table 19).

The mean max abduction (ABD) angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 40. Descriptive results showed that the
mean max ABD angle (peak) decreased from VS to slow speed, after which point, the angle
was relatively consistent. Whereas for the YG, the mean max ABD angle was relatively

consistent across speeds, with the smallest associated marginal error (Figure 40). In
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addition, the YG demonstrated lower mean max ABD angles across speeds compared to

the OG (Figure 40).
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Figure 40. Mean max ABD angle of the mid-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Similar to the results of stance phase, the YG had a significantly (p<.05) increased
mean max ABD angle (i.e., significantly higher peak ABD) during swing phase as WS
increased (VS: -17.07°£6.52°; VF: -17.90°+6.79°) compared to the OG (VS: -4.20° +7.61°;
VF: -6.90°£8.60°), as shown in Table 19. Further, no significant differences in the time to
mean max ABD angle during swing phase were found between YA and OA across all
speeds (Table 19).

The mean min abduction (ABD) angle across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 41. Descriptive results showed that the
mean min ABD angle decreased from VS to slow WS for the OG, after which point, the

angle was relatively consistent, whereas for the YG the mean min ABD angle was
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relatively consistent across speeds, except for the VF speed. The OG demonstrated a larger
associated marginal error. In addition, the YG showed lower mean min ABD angles across

speeds, with the smallest associated marginal error, compared to the OG (Figure 41).
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Figure 41. Mean min ABD angle of the mid-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean min ABD angle during stance
phase as speed increased (VS: -13.07°+6.35°; VF: -11.57°+6.42°) compared to the OG
(VS: 0.69° £7.89°; VF: -2.37°£8.88°), as shown in Table 19.

Significant differences in time to mean min ABD angle (p<.05) during stance phase
were found between YA and OA as WS increased from VS to typical speed (Figure 38,
Table 19). The YG had a significantly shorter time to mean min ABD angle (p<.05) for the
VS, slow, and typical speed. For the YG, the min ABD occurred at 38.97+14.96 percent

GC at the VS speed, increasing to 37.66+£12.72 percent GC at the typical speed. Whereas
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the OG demonstrated min ABD angles at 52.43+11.48 percent GC at the VS speed,
decreasing to 42.14+17.10 percent GC at the typical speed.

The mean min abduction (ABD) angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 42. Descriptive results showed that the
mean min ABD angle decreased from VS to slow speed for the OG, after which point, the
angle was relatively consistent, whereas for the YG the mean min ABD angle was
relatively consistent across WSs, except for the VF speed. In addition, the YG
demonstrated lower mean min ABD angles across WSs, with the smallest associated
marginal error, compared to the OG. Similar to the results of stance phase, the YG had a
significantly (p<.05) increased mean min ABD angle during swing phase as WS increased
(VS: -14.63°+6.24°; VF: -13.42°+7.17°) compared to the OG (VS: -1.77°+7.93°; VF: -
3.62°19.24°), as shown in Table 19. Further, no significant differences in the time to mean

min ABD angle during swing phase were found between YA and OA across all WSs.
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Figure 42. Mean min ABD angle of the mid-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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Table 20 presents the significant (p<.05) age-related differences in the ADD/ABD
range of motion (ROM) data for the mid-met. Relative ADD/ABD ROM data for the mid-
met are provided in Table 20. The YG and OG exhibited similar ADD/ABD ROM data
(Figure 38) across speeds during stance and swing. Table 20 presents the between-group
differences found for the ADD/ABD ROM during stance and swing phase. At the VS
speed, the YG exhibited a significantly (p<.05) reduced ADD/ABD ROM during stance
(VS: 3.80°+0.08°) compared to the OG (VS: 4.48°+0.25°) as shown in Table 20. There
were no significant (p<.05) age-related differences in the DF/PF ROM for the foot-shank
during swing (Table 20).

Table 20. Significant ADD/ABD ROM data for the mid-met during stance and swing phase
across five walking speeds and their respective significant p-values.

ADD/ABD ROM Midfoot-Forefoot

Mean + Std P-value

Very Slow Young Stance 3.80° 0.08° <05
Very Slow Old Stance 4.48° 0.25°

Slow Young Stance 3.84° 0.09°

Slow Old Stance 3.77° 0.21° )
Typical Young Stance 3.88° 0.38°

Typical Old Stance 3.91° 0.17° )
Fast Young Stance 3.97° 0.41°

Fast Old Stance 4.20° 0.60° )
Very Fast Young Stance 4.90° 0.06°

Very Fast Old Stance 3.76° 0.29° )
Very Slow Young Swing 2.44° 0.28°

Very Slow Old Swing 2.42° 0.32° )
Slow Young Swing 2.10° 0.14°

Slow Old Swing 2.08° 0.15° )
Typical Young Swing 2.63° 0.11°

Typical Old Swing 2.66° 0.01° )
Fast Young Swing 2.89° 0.19°

Fast Old Swing 3.02° 1.25° )
Very Fast Young Swing 4.48° 0.38°

Very Fast Old Swing 3.28° 0.64°

Note: Std: Standard deviation.; ‘- indicates no significant difference.
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4.1.7 Age-related Differences in Relative Angles Between the Calcaneus and Forefoot

The mean relative angle gait curve for the calcaneus-forefoot (cal-met) segment in
the sagittal plane is presented in Figure 43. This is the cal-met dorsiflexion-plantarflexion
(DF/PF) angle defined by the relative orientation between the calcaneus and the forefoot
(metatarsus) segments. The following section focuses on between-group differences. Table
21 presents the significant age-related differences in the mean max and min DF/PF angles

in stance and swing phase as well as their respective time of occurrence as a percentage of

GC.
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Figure 43. Mean dorsiflexion-plantarflexion for the cal-met of the OG versus the
YG at each walking speed.

Table 21. Significant p-values of the mean min and max DF/PF angles (£) of the cal-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking MaxPF  Timeto Max Time to Min PF Time to Min PF Time to

speed 2in max PF 2 PFzin maxPF 2 2in min PF 2 2 in min PF 2
group stance instance  swing in swing stance in stance swing in swing
p-value p-value  p-value  p-value p-value p-value p-value p-value
VS <.01 - - <.00001 - <.00001 .01 -
S - - - <.0001 .01 <.0001 <.01 -
T .03 <.01 .03 <.001 .01 <.01 <.01 -
F <.01 <.01 <.01 <.01 <.01 - <.01 .03
VF - - - .01 <.01 - <.01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.
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The mean max plantarflexion (PF) angle across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 44. Descriptive results showed that the
mean max PF angle showed an inconsistent pattern for the YG, as the angle decreased from
VS to typical WS, after which point, the mean max PF angle increased for the fast WS, and
then decreased again for the VF WS, whereas for the OG, the mean max PF angle was
relatively consistent, with the smallest associated marginal error (Figure 44), across speeds.
In addition, the YG showed greater mean max PF angles across speeds compared to the

OG (Figure 44).
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Figure 44. Mean max PF angle of the cal-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max PF angle (i.e.,
significantly greater peak PF) during stance phase at the VS, typical and fast speeds (VS:
-51.94°+10.18°; typical: -55.68°+8.02°; fast: -53.01°+6.88°) compared to the OG (VS: -

60.15°+7.28°; typical: -60.28°+6.67°; fast: -59.84°+5.94°), as shown in Table 21.
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Significant differences in time to mean max PF angle (p<.05) during stance phase
were found between YA and OA as WS increased from typical to fast speed (Figure 43,
Table 21). The YG had a significantly shorter time to mean max PF angle (p<.05) for the
typical and fast speed. For the YG, the max PF occurred at 60.87+1.58 percent GC at the
typical speed, decreasing to 58.42+5.90 percent GC at the fast speed. Whereas the OG
demonstrated max PF angles at 61.62+3.24 percent GC at the typical speed, decreasing to
58.49+11.77 percent GC at the fast speed.

The mean max plantarflexion (PF) angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 45. Descriptive results showed that the
mean max PF angle showed an inconsistent pattern for the YG, as the angle decreased from
VS to typical speed, after which point, the mean max PF angle increased for the fast WS,
and then decreased again for the VF WS, whereas for the OG, the mean max PF angle was
relatively consistent, with the smallest associated marginal error (Figure 45), across WSs.
Further, the YG showed greater mean max DF angles across WSs compared to the OG
(Figure 45). The YG had a significantly (p<.05) decreased mean max PF angle (i.e.,
significantly greater peak PF) during swing phase at the typical and fast WSs (typical: -
56.63°+7.71°; fast: -53.97°+£7.04°) compared to the OG (typical: -61.06°+6.73°; fast: -

60.33°+5.77°), as shown in Table 21.
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Figure 45. Mean max PF angle of the cal-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max PF angle (p<.05) during swing phase
were found between YA and OA as WS increased (Figure 43, Table 21). The YG had a
significantly shorter time to mean max PF angle (p<.05) across all speeds. For the YG, the
max PF occurred at 66.96+8.66 percent GC at the VS speed, decreasing to 60.05+1.90
percent GC at the VF speed. Whereas the OG demonstrated max PF angles at 78.13+£12.13
percent GC at the VS speed, decreasing to 63.36+8.42 percent GC at the VF speed.

The mean min plantarflexion (PF) angle across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 46. Descriptive results showed that the
mean min PF angle (peak) showed an inconsistent pattern for the YG, as the angle
decreased from VS to typical WS, after which point, the mean min PF angle increased for
the fast speed, and then decreased again for the VF speed. The mean min PF angle for the
OG increased as WS increased from VS to fast speed, after which point, began to decrease.

Both age groups displayed different trends but similar associated marginal error. In
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addition, the YG demonstrated greater mean min PF angles across speeds compared to the

OG (Figure 46).
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Figure 46. Mean min PF angle of the cal-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min PF angle during stance
phase as WS increased from slow to VF WSs (slow: -38.85°+8.08°; VF: -39.09°+8.59°)
compared to the OG (slow: -46.11° +7.53°; VF: -46.92°1£8.16°), as shown in Table 21.

Significant differences in time to mean min PF angle (p<.05) during stance phase
were found between YA and OA as WS increased from VS to typical speed (Figure 43,
Table 21). The YG had a significantly shorter time to mean min PF angle (p<.05) for the
VS, slow, and typical speed. For the YG, the min PF occurred at 49.04+6.97 percent GC
at the VS speed, decreasing to 47.25+2.68 percent GC at the typical speed. Whereas the
OG demonstrated min PF angles at 55.69+3.52 percent GC at the VS speed, decreasing to

49.18+2.64 percent GC at the typical speed.
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The mean min plantarflexion (PF) angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 47. Descriptive results showed that the
mean min PF angle (peak) showed an inconsistent pattern for the YG, as the angle
decreased from VS to typical speed, after which point, the mean min PF angle increased
for the fast speed, and then decreased again for the VF speed. The mean min PF angle for
the OG demonstrated a more consistent pattern, where the angle increased as WS increased
from VS to fast speed, after which point, began to decrease (Figure 47). However, both age
groups displayed similar associated marginal error. In addition, the YG demonstrated

greater mean min PF angles across speeds compared to the OG (Figure 47).
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Figure 47. Mean min PF angle of the cal-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min PF angle (i.e., significantly

lower peak PF) during swing phase as WS increased (VS: -44.74° £8.61°; VF. -
46.34°£8.14°) compared to the OG (VS: -55.24°£7.95°%; VF: -53.49°£7.41°), as shown in

Table 21.
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Significant differences in time to mean min PF angle (p<.05) during swing phase
were found between YA and OA for the fast speed only (Figure 43, Table 21). The YG had
a significantly longer time to mean min PF angle (p<.05) for the fast speed. For the YG,
the mean min PF occurred at 94.44+6.32 percent GC at the fast speed, whereas the OG
demonstrated a min PF angle at 88.52+10.24 percent GC at the fast speed.

Table 22 presents the significant (p<.05) age-related differences in the DF/PF range
of motion (ROM) data for the cal-met. In addition, relative DF/PF ROM data for the cal-
met are provided in Table 22. The YG displayed the greatest DF/PF ROM (Figure 43)
across all speeds during stance and swing compared to the OG. Table 22 presents the

between-group differences found for the DF/PF ROM during stance and swing phase.

Table 22. Significant DF/PF ROM data for the cal-met during stance and swing phase across
five walking speeds and their respective significant p-values.

DF/PF ROM Calcaneus-Forefoot

Mean + Std P-value

Very Slow Young Stance 13.51° 0.93°

Very Slow Old Stance 12.83° 1.55° )
Slow Young Stance 13.80° 0.50°

Slow Old Stance 12.66° 0.61° )
Typical Young Stance 16.09° 0.29°

Typical Old Stance 15.15° 0.94° )
Fast Young Stance 16.49° 0.33°

Fast Old Stance 15.69° 0.17° )
Very Fast Young Stance 17.49° 0.16° <01
Very Fast Old Stance 13.79° 1.10°

Very Slow Young Swing 8.57° 1.35° <01
Very Slow Old Swing 5.79° 0.54°

Slow Young Swing 7.22° 0.84° <05
Slow Old Swing 5.28° 0.19° '
Typical Young Swing 9.12° 0.02° <05
Typical Old Swing 7.45° 0.22° '
Fast Young Swing 9.03° 0.41°

Fast Old Swing 8.24° 0.56° i
Very Fast Young Swing 10.68° 0.31° <01
Very Fast Old Swing 7.63° 0.19° '

Note: Std: Standard deviation.; ‘- indicates no significant difference.
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The YG exhibited a significantly (p<.05) greater DF/PF ROM during stance for the
VF speed only (VF: 17.49°+0.16°) compared to the OG (VF: 13.79°£1.10°) as shown in
Table 22. During swing phase, the YG exhibited a significantly (p<.05) greater DF/PF
ROM as WS increased except for the fast speed (VS: 8.57°+1.35°;, VF: 10.68°+0.31°)

compared to the OG (VS: 5.79°+0.54°; VF: 7.63°£0.19°).

The mean relative angle gait curve for the cal-met segment in the frontal plane is
presented in Figure 48. This is the cal-met eversion-inversion (EVE/INV) angle defined by
the relative orientation between the calcaneus and the forefoot (metatarsus) segments. The
following section focuses on between-group differences. Table 23 presents the significant
age-related differences in the mean max and min EVE/INV angles in stance and swing

phase as well as their respective time of occurrence as a percentage of GC.
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Figure 48. Mean eversion-inversion for the cal-met of the OG versus the YG at each
walking speed.
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Table 23. Significant p-values of the mean min and max EVE/INV angles (£) of the cal-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Min Time to Min Time to Max Time to Max Time to
speed EVE« minEVE EVEz minEVE EVE« maxEVE EVE:z max
group in Zin in swing Zin in stance £in inswing EVEz

stance stance p-value swing p-value stance p-value in swing
p-value  p-value p-value p-value p-value
VS - <.00001 - <.0001 - .03 - .03
S .04 <.00001 .04 <.01 .03 - .04 -
T <.01 <.01 <.01 .01 .01 - .01 -
F .04 .02 .03 <.001 - - - -
VF - - - .02 - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-* indicates no significant difference.
The mean min EVE angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 49. Descriptive results for the YG showed that
the mean min EVE angle during stance decreased from VS to typical WS only, after which
point, the mean min EVE angle increased for the fast speed, and then decreased again for
the VF WS. The OG showed that the mean min EVE angle increased from VS to slow WS,
after which point, the mean min EVE angle in stance phase began to decrease, except for
the VF WS. Overall, the OG showed a relatively consistent pattern. Both age groups
displayed similar associated marginal error data. In addition, the OG showed greater mean
min EVE angles across speeds compared to the YG (Figure 49). The YG had a significantly
(p<.05) decreased mean min EVE angle during stance phase as WS increased from slow to
fast WSs (slow: 5.67°+6.69°; fast: 4.51°+4.35°) compared to the OG (slow: 9.40°+4.85°;

fast: 7.29°4£6.55°), as shown in Table 23.
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Figure 49. Mean min EVE angle of the cal-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min EVE angle (p<.05) during stance phase
were found between YA and OA as WS increased from VS to fast WS (Figure 48, Table
23). The YG had a significantly shorter time to mean min EVE angle (p<.05) for the VS,
slow, typical, and fast WSs. For the YG, the min EVE occurred at 55.31+14.38 percent GC
at the V'S speed, increasing to 58.11+4.77 percent GC at the fast speed. Whereas the OG
demonstrated min EVE angles at 65.21+13.98 percent GC at the VS speed, decreasing to
59.08+4.90 percent GC at the fast speed.

The mean min EVE angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 50. Descriptive results for the YG showed that
the mean min EVE angle during swing decreased from VS to typical speed only, after
which point, the mean min EVE angle increased for the fast speed, and then decreased
again for the VF speed. The OG showed that the mean min EVE angle increased from VS

to slow speed, after which point, the mean min EVE angle in swing phase began to
121



decrease, except for the VF speed. Overall, the OG demonstrated a relatively consistent
pattern. Both age groups displayed similar associated marginal error data. In addition, the
OG demonstrated greater mean min EVE angles across speeds compared to the YG (Figure
50). The YG had a significantly (p<.05) decreased mean min EVE angle during swing
phase as WS increased from slow to fast WSs (slow: 5.68°+6.68°; fast: 4.44°+4.63°)
compared to the OG (slow: 9.26°+4.76°; fast: 7.61°+6.56°), as shown in Table 23. No
significant differences in mean min EVE angle during swing were found between YA and

OA for the VS and VF WSs (Figure 50).
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Figure 50. Mean min EVE angle of the cal-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min EVE angle (p<.05) during swing phase
were found between YA and OA as WS increased (Figure 48, Table 23). The YG had a
significantly shorter time to mean min EVE angle (p<.05) across all speeds. For the YG,

the min EVE occurred at 65.18+9.04 percent GC at the VS speed, decreasing to 60.43+4.12
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percent GC at the VF speed. Whereas the OG demonstrated min EVE angles at 70.59+6.23
percent GC at the VS speed, decreasing to 62.58+5.76 percent GC at the VF speed.

The mean max EVE angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 51. Descriptive results for the YG showed that
the mean max EVE angle during stance decreased from VS to fast speed, after which point,
the mean max EVE angle began to increase. The OG showed that the mean max EVE angle
increased from VS to typical speed, after which point, the mean max EVE angle in stance
decreased for the fast speed, and then increased for the VF speed. Overall, both age groups
demonstrated a relatively consistent pattern with similar associated marginal error data. In
addition, the OG demonstrated greater mean max EVE angles across speeds compared to

the YG (Figure 51).
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Figure 51. Mean max EVE angle of the cal-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) decreased mean max EVE angle during stance
phase as WS increased from slow to typical speed (slow: 13.59°+6.03°; typical:
13.16°+6.94°) compared to the OG (slow: 16.35°+4.59°; typical: 16.51°+5.03°), as shown
in Table 23.

Significant differences in time to mean max EVE angle (p<.05) during stance phase
were found between YA and OA for the VS WS only (Figure 48, Table 23). The YG had
a significantly shorter time to mean max EVE angle (p<.05) for the VS WS. For the YG,
the mean max EVE occurred at 18.78+25.36 percent GC at the VS speed, whereas the OG
showed a max EVE angle at 32.88+27.14 percent GC at the VS WS.

The mean max EVE angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 52. Descriptive results for the YG showed that
the mean max EVE angle during swing decreased from VS to typical speed, after which
point, the mean max EVE angle began to increase. The OG demonstrated a relatively
consistent pattern with a smaller associated marginal error. In addition, the OG
demonstrated greater mean min EVE angles across speeds compared to the YG (Figure
52). The YG had a significantly (p<.05) decreased mean max EVE angle during swing
phase as WS increased from slow to typical speed (slow: 12.37°+6.05°; typical:
11.54°+6.97°) compared to the OG (slow: 14.98°+4.33°; typical: 15.33°+4.96°), as shown
in Table 23. No significant differences in mean max EVE angle during swing were found

between YA and OA for the VS, fast, and VF WSs.
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Figure 52. Mean max EVE angle of the cal-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max EVE angle (p<.05) during swing phase
were found between YA and OA for the VS speed only (Figure 48, Table 23). The YG had
a significantly shorter time to mean max EVE angle (p<.05) for the VS speed. For the YG,
the mean max EVE occurred at 90.74+8.56 percent GC at the VS WS, whereas the OG
demonstrated a max EVE angle at 95.35+5.38 percent GC at the VS WS.

Table 24 presents the significant (p<.05) age-related differences in the EVE/INV
range of motion (ROM) data for the cal-met. In addition, relative EVE/INV ROM data for
the cal-met are provided in Table 24. The YG displayed the greatest EVE/INV ROM
(Figure 48) across all speeds during stance and swing compared to the OG. Table 24
presents the between-group differences found for the EVE/INV ROM during stance and
swing phase. The YG exhibited a significantly (p<.05) greater EVE/INV ROM during

stance for the VF speed only (VF: 9.81°+0.34°) compared to the OG (VF: 8.37°£0.66°) as
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shown in Table 24. During swing phase, the YG exhibited a significantly (p<.05) greater
EVE/INV ROM for the VS and VF speeds (VS: 7.18°+0.53°; VF: 8.56°+0.86°) compared
to the OG (VS: 5.14°+1.62°; VF: 6.78°£0.58°) as shown in Table 24.

Table 24. Significant EVE/INV ROM data for the cal-met during stance and swing phase
across five walking speeds and their respective significant p-values.

EVE/INV ROM Calcaneus-Forefoot

Mean + Std P-value
Very Slow Young Stance 7.21° 0.76°
Very Slow Old Stance 6.27° 1.47° )
Slow Young Stance 7.91° 0.65°
Slow Old Stance 6.95° 0.26° )
Typical Young Stance 9.64° 0.36°
Typical Old Stance 8.74° 1.28° )
Fast Young Stance 8.48° 0.26°
Fast Old Stance 8.94° 1.00° )
Very Fast Young Stance 9.81° 0.34° <05
Very Fast Old Stance 8.37° 0.66° '
Very Slow Young Swing 7.18° 0.53° <0l
Very Slow Old Swing 5.15° 1.62°
Slow Young Swing 6.68° 0.63°
Slow Old Swing 5.71° 0.43° )
Typical Young Swing 8.39° 0.17°
Typical Old Swing 7.36° 1.24° i
Fast Young Swing 7.52° 0.18°
Fast Old Swing 7.29° 1.14° i
Very Fast Young Swing 8.56° 0.86° <05
Very Fast Old Swing 6.78° 0.58° '
Note: Std: Standard deviation.; ‘- indicates no significant difference.

The mean relative angle gait curve for the cal-met segment in the transverse plane
is presented in Figure 53. This is the cal-met adduction-abduction (ADD/ABD) angle
defined by the relative orientation between the calcaneus and the forefoot (metatarsus)
segments. The following section focuses on between-group differences. Table 25 presents
the significant age-related differences in the mean max and min ADD/ABD angles in
stance and swing phase as well as their respective time of occurrence as a percentage of

GC.
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Figure 53. Mean adduction-abduction for the cal-met of the OG versus the YG at

each walking speed.

Table 25. Significant p-values of the mean min and max ADD/ABD angles (£) of the cal-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle

across five walking speeds.

Walking Min Time to Min Time to Max Time to Max Time to
speed ADD z min ADD « min ADD « max ADD z max
group instance ADD z in ADD 2 instance ADDz in swing ADD ¢«

p-value instance  swing inswing p-value instance  p-value in swing
p-value  p-value  p-value p-value p-value
VS <.0001 - .02 - .03 - - <.01
S <.01 - .03 - .04 - - -
T <.01 - <.01 - <.01 - .01 .01
F <.01 - .03 - .02 - .02 <.01
VF <.01 .03 <.01 - <.01 - .03 .04

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-* indicates no significant difference.

The mean min adduction (ADD) angle across WSs during stance, with error bars

(95% confidence interval), is presented in Figure 54. Descriptive results showed that the

mean min ADD angle for the YG increased from VS to slow speed, after which point, the

mean min ADD angle was relatively consistent, as shown by the marginal error (Figure

54). The mean min ADD angle decreased from VS to slow speed for the OG, after which

point, the angle was relatively consistent (Figure 54). In addition, the OG demonstrated

greater mean min ADD angles across speeds compared to the YG (Figure 54). The YG had
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a significantly (p<.05) decreased mean min ADD angle during stance phase as WS
increased (VS: -3.87°+5.65°; VF: -3.07°+5.23°) compared to the OG (VS: 4.57°+7.35°;

VF: 2.62°+6.66°), as shown in Table 25.
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Figure 54. Mean min ADD angle of the cal-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min ADD angle (p<.05) during stance phase
were found between YA and OA for the VF speed only (Figure 53, Table 25). The YG had
a significantly shorter time to mean min ADD angle (p<.05) for the VF WS. For the YG,
the mean min ADD occurred at 33.09+13.53 percent GC at the VF WS, whereas the OG
showed a min ADD angle at 35.63+18.81 percent GC at the VF WS.

The mean min adduction (ADD) angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 55. Descriptive results showed that the
mean min ADD angle for the YG increased from VS to slow WS, after which point, the

mean min ADD angle began to decrease (Figure 55). The mean min ADD angle decreased
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from VS to slow WS for the OG, after which point, the angle was relatively consistent.
However, the OG demonstrated a larger associated marginal error. In addition, the OG

showed greater mean min ADD angles across speeds compared to the YG (Figure 55).
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Figure 55. Mean min ADD angle of the cal-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min ADD angle during swing
phase as WS increased (VS: -1.41°+£5.91°; VF: -2.51°+5.91°) compared to the OG (VS:
5.64°+7.13°; VF: 3.03°+6.88°), as shown in Table 25.

The mean max adduction (ADD) angle across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 56. Descriptive results showed that the
mean max ADD angle increased from VS to slow speed for the YG, after which point, the
mean max ADD angle in stance phase began to decrease with increasing speed, except for
the VF speed (Figure 56). Overall, both age groups demonstrated relatively consistent

patterns of variability for the mean max ADD angle at each speed, and similar associated
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marginal error. In addition, the OG demonstrated greater mean max ADD angles across

speeds compared to the YG (Figure 56).
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Figure 56. Mean max ADD angle of the cal-met during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max ADD angle during stance
phase as WS increased (VS: 2.92°4£6.39°; VF: 3.11°+6.30°) compared to the OG (VS:
9.77°+7.39°; VF: 8.18°+6.52°).

The mean max adduction (ADD) angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 57. Descriptive results showed that the
mean max ADD angle increased from VS to slow speed for the YG, after which point, the
mean max ADD angle in stance phase began to decrease with increasing speed, except for
the VF speed (Figure 57). Overall, the YG demonstrated relatively consistent pattern of
variability for the mean max ADD angle. The mean max ADD angle showed a less

consistent pattern for the OG, as the angle decreased and increased, in that order, as WS
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increased. In addition, the OG demonstrated greater mean max ADD angles across speeds

compared to the YG (Figure 57).
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Figure 57. Mean max ADD angle of the cal-met during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max ADD angle during swing
phase as WS increased from typical to VF WS (typical: 3.65°+5.62°; VF: 2.89°+6.17°)
compared to the OG (typical: 7.55°+£6.08°; VF: 7.29°+7.03°), as shown in Table 25.

Significant differences in time to mean max ADD angle (p<.05) during swing phase
were found between YA and OA as WS increased, except for the slow speed (Figure 53,
Table 25). The YG had a significantly shorter time to mean max ADD angle (p<.05) for
the VS, typical, fast, and VF WSs. For the YG, the max ADD occurred at 77.81+13.12
percent GC at the VS speed, increasing to 85.78+13.55 percent GC at the VF speed.
Whereas, the OG demonstrated max ADD angles at 86.84+12.71 percent GC at the VS

speed, increasing to 92.18+12.57 percent GC at the VF speed.
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Table 26 presents the significant (p<.05) age-related differences in the ADD/ABD
range of motion (ROM) data for the cal-met during stance and swing phase. In addition,
relative ADD/ABD ROM data for the cal-met are provided in Table 26.

Table 26. Significant ADD/ABD ROM data for the cal-met during stance and swing phase
across five walking speeds and their respective significant p-values.

ABD/ADD ROM Calcaneus-Forefoot

Mean + Std P-value
Very Slow Young Stance 6.80° 0.73° <01
Very Slow Old Stance 5.20° 0.04°
Slow Young Stance 6.85° 1.11° <01
Slow Old Stance 5.09° 0.14° '
Typical Young Stance 6.81° 0.64° <05
Typical Old Stance 5.75° 0.04° '
Fast Young Stance 6.07° 0.68°
Fast Old Stance 5.28° 0.26° )
Very Fast Young Stance 6.18° 1.06°
Very Fast Old Stance 5.55° 0.13° )
Very Slow Young Swing 4.63° 0.17° <01
Very Slow Old Swing 3.18° 0.28°
Slow Young Swing 4.18° 0.03° <05
Slow Old Swing 3.15° 0.04° '
Typical Young Swing 4.84° 0.01°
Typical Old Swing 4.03° 0.23° )
Fast Young Swing 4.11° 0.24°
Fast Old Swing 4.17° 0.86° i
Very Fast Young Swing 5.40° 0.25°
Very Fast Old Swing 4.25° 0.14° i
Note: Std: Standard deviation.; ‘- indicates no significant difference.

The YG showed the greatest ADD/ABD ROM (Figure 53) across all WSs during
stance and swing compared to the OG, except for the fast WS during swing. The YG
showed a significantly (p<.05) greater ADD/ABD ROM during stance as WS increased
from VS to typical speed (VS: 6.80°+£0.73°; typical: 6.81°+£0.64°) compared to the OG (VS:
5.20°£0.04°; typical: 5.75°£0.04°) as shown in Table 26. During swing phase, the YG
showed a significantly (p<.05) greater ADD/ABD ROM for the VS and slow WSs (VS:

4.63°+0.17°; slow: 4.18°+0.03°) compared to the OG (VS: 3.18°+0.28°; slow:
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3.15°+0.04°) as shown in Table 26. During VF speed walking, the ADD/ABD ROM for
the YA and OA increased most in the cal-met during swing.
4.1.8 Summary of MSF kinematics’ results
When the speed effect is being considered, there are significant differences in MSF
angles between YA and OA. The key findings of the present study are as follows:
e Most differences in MSF angles between age groups were found in the sagittal
and transverse plane.
e In the sagittal plane, the mean max shank-foot PF angle in stance and swing were
significantly increased for the YG as a function of speed compared to the OG.
Further, the mean max shank-foot DF angle in stance and swing were significantly
decreased for the YA as a function of speed compared to the OA. The mean max
mid-cal DF angle in swing was significantly increased for the YG for the VS speed
only. The mean min sha-cal PF angle in both stance and swing were significantly
increased for the YA as a function of speed compared to the OA. Further, the
mean max sha-cal DF angle in stance and swing were significantly decreased for
the YA as a function of speed compared to the OA. These latter results were
similar to the shank-foot angles in the sagittal plane. The mean min and max mid-
met PF angle in stance and swing were significantly decreased for the YG as a
function of speed compared to the OG. Further, the mean min PF cal-met angle
in stance and swing were significantly decreased for the YG, whereas the mean
max PF cal-met angle in stance and swing were significantly increased for the YG

as a function of speed compared to the OG.
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In the frontal plane, the mean min and max EVE mid-cal angle in stance and swing
were significantly increased for the YA as WS increased from VS to VF speed
compared to the OA. Further, the mean min EVE cal-met angle in stance and
swing were significantly decreased for the YG, whereas the mean max EVE cal-
met angle in stance and swing were significantly increased for the YG as a
function of speed compared to the OG.

In the transverse plane, the mean min and max ADD shank-foot angles in stance
and swing were significantly increased for the YG as a function of speed
compared to the OG. Similarly, the mean min and max ADD mid-cal angles in
stance and swing phase were significantly increased for the YA as a function of
speed compared to the OA. Conversely, the mean min and max ADD sha-cal
angles in stance and swing were significantly decreased for the YG compared to
the OG. Further, the mean min and max ABD mid-met angles in stance and swing
were significantly increased for the YG as a function of speed compared to the
OG. The mean min and max ADD calcaneus-metatarsus angles in stance and
swing were significantly decreased for the YG compared to the OG.

The mean min and max relative angles of the sha-cal and foot-shank in the sagittal

and transverse plane were found very similar.

4.1.9 Age-related Differences in Planar Angles of the Foot

4.1.9.1 Age-related Differences in the F2Pt Planar Angle of the Foot

The mean relative angle gait curve for the F2Pt planar angle is presented in Figure

58. This is the angle defined between the projections of the line segments of the first distal

and proximal metatarsal, and the first distal metatarsal and hallux segments. The following
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section focuses on between-group differences. Table 27 presents the significant age-related
differences in the mean max and min F2Pt angles in stance phase as well as their respective

time of occurrence as a percentage of GC.
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Figure 58. Mean F2Pt planar angle of the OG versus the YG at each walking speed.

Table 27. Significant p-values of the mean min and max F2Pt angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle across five walking speeds.

Walking Min F2Pt 2 Time to min Max F2Pt 2 Time to max
speed p-value F2Pt 2 p-value F2Pt 2
group p-value p-value

VS - .02 - .04
S - - - .02
T - - - <.01
E - - - -

VE - - <.01 <.001

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates
no significant difference.

The mean max F2Pt angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 59. Descriptive results showed that the mean
max F2Pt angle (peak) increased from VS to fast WS for the YG, after which point, the
mean max F2Pt angle in stance phase began to decrease (Figure 59). The mean max F2Pt
angle showed a relatively inconsistent pattern for the OG, as the angle increased from VS

to slow WS, then decreased at the typical WS, after which point, it began to increase. In
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addition, the OG showed greater mean max F2Pt angles across speeds, except for the
typical WS, compared to the YG. However, the OG had the largest associated marginal
error (Figure 59). The YG had a significantly (p<.05) decreased mean max F2Pt angle
during stance phase (i.e., significantly lower peak F2Pt) at the VF WS (VF: 11.79°+9.51°)

compared to the OG (VF: 28.12°+35.85°).
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Figure 59. Mean max F2Pt angle during stance phase for the YG and OG across
walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T: Typical,
F: Fast, VF: Very Fast).

Significant differences in time to mean max F2Pt angle (p<.05) during stance phase
were found between YA and OA as WS increased, except for the fast speed (Figure 58,
Table 27). The YG had a significantly shorter time to mean max F2Pt angle (p<.05) for the
VS, slow, typical, and VF WSs. For the YG, the max F2Pt occurred at 27.79+15.54 percent
GC at the VS speed, decreasing to 24.27+14.83 percent GC at the VF speed. Whereas the
OG demonstrated max F2Pt angles at 37.83+£21.99 percent GC at the VS speed, increasing

to 38.32+17.06 percent GC at the VF speed.
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Significant differences in time to mean min F2Pt angle (p<.05) during stance phase
were found between YA and OA for the VS speed only (Figure 58, Table 27). The YG had
a longer time to mean min F2Pt angle (p<.05) for the VS WS. For the YG, the mean min
F2Pt occurred at 60.14+12.49 percent GC at the VS WS, whereas the OG demonstrated a
min F2Pt angle at 56.96+22.61 percent GC at the VS WS.

Table 28 presents the significant (p<.05) age-related differences in the range of
motion (ROM) data for the F2Pt planar angle. In addition, relative ROM data for the F2Pt
planar angle are provided in Table 28. The OG displayed the greatest F2Pt ROM (Figure
58) across all speeds during stance compared to the YG. Table 28 presents the between-
group differences found for the F2Pt ROM during stance phase. The YG exhibited a
significantly (p<.05) reduced F2Pt ROM during stance for the fast speed only (fast:
33.22°+17.41°) compared to the OG (fast: 67.68°+23.40°) as shown in Table 28.

Table 28. Significant F2Pt ROM data during stance phase across five walking speeds and
their respective significant p-values.

F2Pt Planar Angle ROM

Mean + Std P-value

Very Slow Young Stance 23.94° 8.01°

Very Slow Old Stance 32.24° 22.00°

Slow Young Stance 33.87° 12.97°

Slow Old Stance 35.17° 14.65°

Typical Young Stance 48.13° 5.24°

Typical Old Stance 50.20° 25.61°

Fast Young Stance 33.22° 17.41° <05
Fast Old Stance 67.68° 23.40° '
Very Fast Young Stance 55.09° 32.62°

Very Fast Old Stance 63.24° 16.03°

Note: Std: Standard deviation.; ‘-* indicates no significant difference.

137



4.1.9.2 Age-related Differences in the V2G Planar Angle of the Foot

The mean relative angle gait curve for the V2G planar angle is presented in Figure
60. This is the angle defined between the line segments of the fifth distal and proximal
metatarsal, and the ground. The following section focuses on between-group differences.
Table 29 presents the significant age-related differences in the mean max and min V2G

angles in stance phase as well as their respective time of occurrence as a percentage of GC.
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Figure 60. Mean V2G planar angle of the OG versus the YG at each walking speed.

Table 29. Significant p-values of the mean min and max V2G angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle across five walking speeds.

Walking Max V2G z Time to max Min V2G 2 Time to min

speed p-value V2G 2 p-value V2G 2
group p-value p-value
VS - - - <.0001
S - - - .01
T - - - <.01
F .03 - - .01
\iS - - - .02

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates
no significant difference.

The mean max V2G angle across WSs during stance, with error bars (95%

confidence interval), is presented in Figure 61. Descriptive results showed that the mean
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max V2G angle decreased as WS increased for both groups (Figure 61). In addition, the
OG demonstrated greater mean max V2G angles across speeds compared to the YG, with

a larger associated marginal error (Figure 61).
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Figure 61. Mean max V2G angle during stance phase for the YG and OG across
walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T: Typical,
F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max V2G angle during stance
phase for the fast WS (fast: -22.81+4.59°) compared to the OG (fast: -18.02°£8.12°), as
shown in Table 29.

Significant differences in time to mean min V2G angle (p<.05) during stance phase
were found between YA and OA as WS increased (Figure 60, Table 29). The YG had a
significantly shorter time to mean min V2G angle (p<.05) across all speeds. For the YG,
the min V2G occurred at 64.45+2.25 percent GC at the VS speed, decreasing to 58.49+2.31
percent GC at the VF speed. Whereas the OG demonstrated min V2G angles at 68.00+7.98

percent GC at the VS speed, decreasing to 59.84+2.35 percent GC at the VF speed.
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There were no significant (p<.05) age-related differences in the ROM for the V2G
planar angle during stance or swing between groups.
4.1.9.3 Age-related Differences in the F2G Planar Angle of the Foot

The mean relative angle gait curve for the F2G planar angle is presented in Figure
62. This is the angle defined between the line segments of the first distal and proximal
metatarsal, and the ground. The following section focuses on between-group differences.
Table 30 presents the significant age-related differences in the mean max and min F2G
angles in stance phase as well as their respective time of occurrence as a percentage of GC.
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Figure 62. Mean F2G planar angle of the OG versus the YG at each walking speed.

Table 30. Significant p-values of the mean min and max F2G angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle across five walking speeds.

Walking Min F2G « Time to min Max F2G 2 Time to max

speed group p-value F2G 2 p-value F2G 2
p-value p-value
VS - - <.0001

S - - .01

T - - <.01

F - - -
VF - - .02

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-* indicates

no significant difference.



Significant differences in time to mean max F2G angle (p<.05) during stance phase
were found between YA and OA as WS increased, except for the fast speed (Figure 62,
Table 30). The YG had a significantly shorter time to mean max F2G angle (p<.05) for the
VS, slow, typical, and very fast WSs. For the YG, the max F2G occurred at 64.09£2.77
percent GC at the VS WS, decreasing to 56.10+5.74 percent GC at the VF WS. Whereas
the OG showed max V2G angles at 68.11+6.93 percent GC at the VS WS, decreasing to
58.63+2.96 percent GC at the VF WS. There were no significant (p>0.05) age-related
differences in the ROM for the F2G angle during stance or swing between YA and OA.
4.1.9.4 Age-related Differences in the S2G Planar Angle of the Foot

The mean relative angle gait curve for the S2G planar angle is presented in Figure
63. This is the angle defined between the line segments of the second distal and proximal
metatarsal, and the ground. The following section focuses on between-group differences.
Table 31 presents the significant age-related differences in the mean max and min S2G

angles in stance phase as well as their respective time of occurrence as a percentage of GC.
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Figure 63. Mean S2G planar angle of the OG versus the YG at each walking speed.
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Table 31. Significant p-values of the mean min and max S2G angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle across five walking speeds.

Walking Min S2G « Time to min Max S2G « Time to max
speed group p-value S2G ¢« p-value S2G 2
p-value p-value
VS - - - <.0001
S . - - .01
T - - - <.01
F - - - -
VF

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates
no significant difference.

Significant differences in time to mean max S2G angle (p<.05) during stance phase
were found between YA and OA as WS increased from VS to typical speed (Figure 63,
Table 31). The YG had a significantly shorter time to mean max S2G angle (p<.05) for the
VS, slow, and typical WSs. For the YG, the max S2G occurred at 64.01+2.86 percent GC
at the VS speed, decreasing to 59.96+1.85 percent GC at the typical speed. Whereas the
OG demonstrated max S2G angles at 67.70+£8.14 percent GC at the VS speed, decreasing
to 60.93£3.45 percent GC at the typical speed.

There were no significant (p<.05) age-related differences in the ROM for the S2G
planar angle during stance or swing between YA and OA.
4.1.9.5 Age-related Differences in the F2Ps Planar Angle of the Foot

The mean relative angle gait curve for the F2Ps planar angle is presented in Figure
64. This is the angle defined between the line segments of the first distal and proximal
metatarsal, and the first distal metatarsal and the hallux, i.e., dorsiflexion of the first
metatarso-phalangeal joint. The following section focuses on between-group differences.
Table 32 presents the significant age-related differences in the mean max and min F2Ps

angles in stance phase as well as their respective time of occurrence as a percentage of GC.
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Figure 64. Mean F2Ps planar angle of the OG versus the YG at each walking speed.

Table 32. Significant p-values of the mean min and max F2Ps angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle across five walking speeds.

Walking Min F2Ps 2 Time to min Max F2Ps 2 Time to max

speed group p-value F2Ps 2 p-value F2Ps «
p-value p-value
VS - <.0001 - <.0001

S - .03 - .03

T - <.01 - <.01

F - - - .03

VF _ 03 - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; - indicates
no significant difference.

Significant differences in time to mean min F2Ps angle (p<.05) during stance phase
were found between YA and OA as WS increased, except for the fast speed (Figure 64,
Table 32). The YG had a significantly shorter time to mean min F2Ps angle (p<.05) for the
VS, slow, typical, and VF WSs. For the YG, the min F2Ps occurred at 27.74+11.66 percent
GC at the VS speed, decreasing to 22.56+9.68 percent GC at the VF speed. Whereas the
OG demonstrated min F2Ps angles at 42.25+7.19 percent GC at the VS speed, decreasing

to 28.27+9.81 percent GC at the VVF speed.
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Significant differences in time to mean max F2Ps angle (p<.05) during stance phase
were found between YA and OA as WS increased, except for the VF speed (Figure 64,
Table 32). The YG had a significantly shorter time to mean max F2Ps angle (p<.05) for the
VS, slow, typical, and fast WSs. For the YG, the max F2Ps occurred at 63.07+3.02 percent
GC at the VS speed, decreasing to 56.06+7.33 percent GC at the fast speed. Whereas the
OG demonstrated max F2Ps angles at 66.03+11.01 percent GC at the VS speed, decreasing
to 57.59+6.35 percent GC at the fast speed.

Table 33 presents the significant (p<.05) age-related differences in the range of
motion (ROM) data for the F2Ps planar angle. In addition, relative ROM data for the F2Ps
planar angle are provided in Table 33. The YG displayed the greatest F2Ps ROM (Figure
64) across all speeds during stance compared to the OG, except for the fast speed. Table
33 presents the between-group differences found for the F2Ps ROM during stance phase.
The YG exhibited a significantly (p<.05) reduced F2Ps ROM during stance for the fast
speed only (fast: 37.88°+£9.18°) compared to the OG (fast: 45.87°+2.68°).

Table 33. Significant F2Ps ROM data for the cal-met during stance phase across five walking
speeds.

F2Ps Planar Angle ROM

Mean + Std P-value

Very Slow Young Stance 37.78° 2.81°

Very Slow Old Stance 35.22° 4.06°

Slow Young Stance 40.12° 4.77°

Slow Old Stance 38.40° 3.27°

Typical Young Stance 43.68° 3.92°

Typical Old Stance 41.99° 3.29°

Fast Young Stance 37.88° 9.18° <05
Fast Old Stance 45.87° 2.68° '
Very Fast Young Stance 46.88° 9.50°

Very Fast Old Stance 41.60° 4.07°
Note: Std: Standard deviation.; ‘- indicates no significant difference.
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4.1.9.6 Age-related Differences in the MLA Planar Angle of the Foot

The mean relative angle gait curve for the Medial Longitudinal Arch (MLA) planar
angle is presented in Figure 65. This is the angle defined between the projections of the
line segments of the medial calcaneus and the heel, and the heel and the first distal
metatarsal. The following section focuses on between-group differences. Table 34 presents
the significant age-related differences in the mean max and min MLA angles in stance

phase as well as their respective time of occurrence as a percentage of GC.
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Figure 65. Mean MLA planar angle of the OG versus the YG at each walking speed.

Table 34. Significant p-values of the mean min and max MLA angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle across five walking speeds.

Walking Min MLA 2 Time to min Max MLA z Time to max

speed group p-value MLA « p-value MLA 2
p-value p-value
VS - <.01 - <.00001
S - <.001 - <01
T - <.001 - -
F - - - -
VFE - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates
no significant difference.
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Significant differences in time to mean min MLA angle (p<.05) during stance phase
were found between YA and OA as WS increased from VS to typical speed (Figure 65,
Table 34). The YG had a significantly shorter time to mean min MLA angle (p<.05) for
the VS, slow, and typical WSs. For the YG, the min MLA occurred at 57.35£17.75 percent
GC at the VS speed, increasing to 60.58+1.53 percent GC at the typical speed. Whereas
the OG demonstrated min MLA angles at 59.70+22.42 percent GC at the VS speed,
increasing to 62.64+4.06 percent GC at the typical speed.

Significant differences in time to mean max MLA angle (p<.05) during stance
phase were found between YA and OA as WS increased from VS to slow WS (Figure 65,
Table 34). The YG had a significantly shorter time to mean max MLA angle (p<.05) for
the VS and slow WSs. For the YG, the max MLA occurred at 46.01+14.36 percent GC at
the VS speed, decreasing to 42.78+15.51 percent GC at the slow speed. Whereas the OG
demonstrated max MLA angles at 55.04+7.16 percent GC at the VS speed, decreasing to
49.08+11.17 percent GC at the slow speed.

Table 35 presents the significant (p<.05) age-related differences in the range of
motion (ROM) data for the MLA planar angle during stance phase. In addition, relative
ROM data for the MLA planar angle are provided in Table 35. The YG displayed the
greatest MLA ROM (Figure 65) at the typical and VVF speeds during stance compared to
the OG. The YG exhibited a significantly (p<.05) greater MLA ROM during stance at the

VF WS only (VF: 21.18°+1.12°) compared to the OG (VF: 17.33°+2.17°).
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Table 35. Significant MLA ROM data for the cal-met during stance phase across five walking
speeds and their respective significant p-values.

MLA Planar Angle ROM

Mean + Std P-value
Very Slow Young Stance 14.92° 1.93°
Very Slow Old Stance 15.32° 2.26° )
Slow Young Stance 15.48° 1.28°
Slow Old Stance 15.71° 0.88° )
Typical Young Stance 18.73° 0.55°
Typical Old Stance 18.39° 1.90° )
Fast Young Stance 18.50° 0.30°
Fast Old Stance 19.17° 1.88° )
Very Fast Young Stance 21.18° 1.12° <05
Very Fast Old Stance 17.33° 2.17° '
Note: Std: Standard deviation.; ‘-* indicates no significant difference.

4.1.10 Summary of Planar Angles Results

When the speed effect is being considered, there are fewer significant differences
in planar angles between YA and OA. The key findings of the present study are as follows:
e Significant differences between YA and OA were found only for the F2Pt and
V2G planar angles as a function of speed. The mean max F2Pt angle was
significantly decreased for the YG for the VF speed only compared to the OG.
Similarly, the mean max V2G angle was significantly decreased for the YA for

the fast speed only compared to the OA.
e Planar angles, such as MLA, F2Ps, S2G and F2G, had significant differences
between YA and OA for the temporal variables only, such as time to min and time

to max mean angle.
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4.1.11 Age-related Differences in Ankle Kinetics
4.1.11.1 Age-related Differences in Ankle Moment

The mean moment for the foot-shank in the sagittal plane is presented in Figure 66.
This is the ankle dorsiflexion-plantarflexion (DF/PF) moment defined by the net muscle
forces acting to modify the angular rotation of the joint between the foot and the shank
(tibia) segments. The following section focuses on between-group differences. Table 36
presents the significant age-related differences in the mean max and min DF/PF moments

in stance and swing phase as well as their respective time of occurrence as a percentage of

GC.
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Figure 66. Mean dorsiflexion-plantarflexion moment for the ankle of the OG versus
the YG at each walking speed.
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Table 36. Significant p-values of the mean min and max DF/PF moments ((N-m)/kg) of the
ankle during stance and swing phase, as well as their respective time of occurrence in the gait
cycle across five walking speeds.

Walking MinDF  Timeto MinDF  Timeto MaxPF  Timeto MaxPF Timeto
speed moment  min DF moment minDF  moment maxPF moment max PF
group instance moment inswing moment instance moment inswing moment

p-value instance  p-value inswing p-value instance p-value inswing
p-value p-value p-value p-value
VS - - - - .03 <.0001 .03 -
S - - - - - <.001 - -
T - - - - .01 - .01 -
F - <.001 - - <.001 - - .01
VF - <.001 - <.01 <.001 - - .02

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean max PF moment across WSs during stance, with error bars (95%

confidence interval), is presented in Figure 67. Descriptive results for the YG showed that

the mean max PF moment during stance increased from VS to fast speed, after which point,

the mean max PF moment began to decrease. The OG showed that the mean max PF

moment increased from VS to slow speed, after which point, the mean max PF moment in

stance was relatively consistent. In addition, the YG demonstrated greater mean min PF

moment across speeds, except for the slow speed, compared to the YG. Both age groups

demonstrated similar associated marginal error (Figure 67). The YG had a significantly

(p<.05) increased mean max PF moment during stance phase (i.e. significantly higher peak

PF) as WS increased from VS to VF, except for the slow speed (VS: 1.11+0.30 1\,:—;1; VF:

1.53+0.33 ’f{'—;”) compared to the OG (VS: 1.04+0.18 ’f{—;” VF: 1.2240.28 ’j{'—;”).
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Figure 67. Mean max PF moment of the foot-shank during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max PF moment (p<.05) during stance
phase were found between YA and OA as WS increased from VS to slow WS (Figure 66,
Table 36). The YG had a significantly shorter time to mean max PF moment (p<.05) for
the VS and slow WSs. For the YG, the max PF moment occurred at 45.96+8.65 percent
GC at the VS speed, decreasing to 45.77+7.34 percent GC at the slow speed. Whereas the
OG demonstrated max PF moments at 51.96+3.74 percent GC at the VS speed, increasing
t0 49.84+4.26 percent GC at the slow speed.

The mean max PF moment across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 68. Descriptive results for the YG showed that
the mean max PF moment during swing decreased from VS to slow speed, after which
point, the mean max PF moment was relatively consistent. The OG showed that the mean
max PF moment during swing increased from VS to slow speed, after which point, the

mean max PF moment was relatively consistent. In addition, the YG demonstrated greater
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mean min PF moment at the VS, typical and VF speeds compared to the OG (Figure 68).

The YG had a significantly (p<.05) increased mean max PF moment during swing phase

(i.e. significantly higher peak PF) at the VS and typical WSs (VS: 0.03+0.03 ym, typical:
kg

0.02+0.01 ’f{'—;”) compared to the OG (VS: 0.01+0.01 % typical: 0.01+0.01 %), as shown

in Table 36.

0.05

0.04 1

Age.group
- 0
Y

o
[
i

0.011 -

Mean Maximum Moment (Nm/kg)

s T F VF
Walking Speed Group

Figure 68. Mean max PF moment of the foot-shank during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max PF moment (p<.05) during swing phase
were found between YA and OA as WS increased from fast to VF WS (Figure 66, Table
36). The YG had a significantly shorter time to mean max PF moment (p<.05) for the fast
and VF WSs. For the YG, the max PF moment occurred at 78.30£15.51 percent GC at the
fast speed, increasing to 80.91+17.00 percent GC at the VF speed. Whereas, the OG
demonstrated max PF moments at 87.32+13.71 percent GC at the fast speed, increasing to
89.17£13.74 percent GC at the VF speed.
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Significant differences in time to mean min PF moment (p<.05) during stance phase
were found between YA and OA as WS increased from fast to VF WS (Figure 66, Table
36). The YG had a significantly shorter time to mean min PF moment (p<.05) for the fast
and VF WSs. For the YG, the min PF moment occurred at 6.27+0.91 percent GC at the fast
speed, increasing to 7.69+6.09 percent GC at the VF speed. Whereas the OG demonstrated
min PF moments at 8.84+7.95 percent GC at the fast speed, increasing to 9.12+7.11 percent
GC at the VF speed.

Significant differences in time to mean min PF moment (p<.05) during swing phase
were found between YA and OA for the VF speed only (Figure 66, Table 36). The YG had
a shorter time to mean min PF moment (p<.05) for the VF speed. For the YG, the mean
min PF moment occurred at 61.48+4.71 percent GC at the VF WS, whereas the OG
demonstrated a min PF moment at 64.39+8.92 percent GC at the VF speed.
4.1.11.2 Age-related Differences in Ankle Power

The mean power for the foot-shank in the sagittal plane is presented in Figure 69.
This is the ankle concentric-eccentric power defined by the joint moment of force and joint
angular velocity between the foot and the shank (tibia) segments. The following section
focuses on between-group differences. Table 37 presents the significant age-related
differences in the mean max and min DF/PF powers in stance and swing phase as well as

their respective time of occurrence as a percentage of GC.
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Figure 69. Mean dorsiflexion-plantarflexion power for the ankle of the OG versus
the YG at each walking speed.

Table 37. Significant p-values of the mean max eccentric and concentric power (W/Kg) of the
ankle during stance and swing phase, as well as their respective time of occurrence in the gait
cycle across five walking speeds.

Walking Max Time to Max Time to Max Time to Max Time to
speed eccentric max eccentric max concentric max concentric max
group power in  eccentric power in eccentric  powerin  concentric  powerin  concentric

stance power in swing power in stance power in swing power in
p-value stance p-value swing p-value stance p-value swing

p-value p-value p-value p-value

VS - <.001 <.001 - - <.0001 <.01 <.0001

S - - <.01 <.01 - <.001 - -

T - - .01 <.01 - <.01 <.01 <.01
F - - .02 <.001 .01 - - <.001
VF - - - - .01 - - <.01

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-° indicates no significant difference.

The mean max eccentric (ECC) power of the foot-shank across WSs during swing,
with error bars (95% confidence interval), is presented in Figure 70. Descriptive results for
both groups displayed similar trends but at different magnitudes. Both groups showed that
the mean max ECC power during swing decreased from VS to typical speed, after which
point, the mean max ECC power began to increase. In addition, the OG demonstrated
greater mean max ECC power across speeds, with the smallest associated marginal error,

compared to the YG.
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Figure 70. Mean max ECC power of the foot-shank during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max ECC power during swing

phase as WS increased from VS to fast speed (VS: -0.03+0.03 %; fast: -0.07 £0.03 %)

compared to the OG (VS: -0.01+0.01 % ; fast: -0.04+0.02 %), as shown in Table 37.

Significant differences in time to mean max ECC power (p<.05) during swing
phase were found between YA and OA as WS increased from slow to fast WS (Figure 69,
Table 37). The YG had a significantly shorter time to mean max ECC power (p<.05) for
the slow, typical, and fast WSs. For the YG, the max ECC power occurred at 72.12+13.47
percent GC at the slow speed, increasing to 67.67+13.10 percent GC at the fast speed.
Whereas the OG demonstrated max ECC power at 81.77+£14.47 percent GC at the slow
speed, increasing to 81.85+15.78 percent GC at the fast speed.

The mean max concentric (CNC) power of the foot-shank across WSs during

stance, with error bars (95% confidence interval), is presented in Figure 71. Descriptive
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results for both groups showed that the mean max CNC power during stance increased as
WS increased. Both age groups displayed similar trends and very similar magnitudes. In
addition, the YG demonstrated greater mean max CNC power at the typical, fast, and VF

WSs, with the smallest associated marginal error, compared to the OG (Figure 71).
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Figure 71. Mean max CNC power of the foot-shank during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max CNC power during stance

phase as WS increased from fast to VVF speed (fast: 4.41+1.18 K—M;; VF: 5.10£1.61 K—”;)

compared to the OG (fast: 3.41+0.99 %; VF: 3.57+£1.17 %), as shown in Table 37.

Significant differences in time to mean max CNC power (p<.05) during stance
phase were found between YA and OA as WS increased from VS to typical WS (Figure
69, Table 37). The YG had a shorter time to mean max CNC power (p<.05) for the VS,
slow, and typical WSs. For the YG, the max CNC power occurred at 52.48+9.36 percent
GC at the VS WS, decreasing to 51.50+8.13 percent GC at the typical speed. Whereas the
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OG showed max CNC power at 60.43£3.69 percent GC at the VS WS, decreasing to
53.71+9.84 percent GC at the typical WS.

The mean max CNC power of the foot-shank across WSs during swing, with error
bars (95% confidence interval), is presented in Figure 72. Descriptive results for the OG
showed that the mean max CNC power during swing increased as WS increased. The mean
max CNC power showed an inconsistent pattern for the YG, as the angle decreased and
increased, in that order, as WS increased. In addition, the YG demonstrated greater mean

max CNC power across all speeds compared to the OG (Figure 72).
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Figure 72. Mean max CNC power of the foot-shank during swing phase for the YG

and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max CNC power during swing

phase as WS for the VS and typical WS (VS: 0.10£0.16 K—M;; typical: 0.11+0.08 K—M;)

compared to the OG (VS: 0.03+0.01 %; typical: 0.07+0.04 %).
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Significant differences in time to mean max CNC power (p<.05) during swing
phase were found between YA and OA as WS increased, except for the slow speed (Figure
69, Table 37). The YG had a significantly shorter time to mean max CNC power (p<.05)
for the VS, typical, fast, and VF WS. For the YG, the max CNC power occurred at
65.90+4.44 percent GC at the VS speed, decreasing to 63.39+2.70 percent GC at the VF
speed. Whereas the OG demonstrated max CNC power at 71.39+5.44 percent GC at the
VS speed, decreasing to 66.38+2.82 percent GC at the VF speed.

4.1.12 Summary of Ankle Kinetics Results

When the speed effect is being considered, there are significant differences in ankle
kinetics between YA and OA. The key findings of the present study are as follows:

e The mean max PF moment in stance was significantly increased for the YG across
all speeds except for the slow WS compared to the OG. Similarly, the mean max
PF moment in swing was significantly increased for the YG for the VS and typical
speeds compared to the OG.

e The mean min ECC power (i.e., ankle joint absorbed energy) in swing phase was
significantly increased for the YG across all speeds compared to the OG.
Similarly, the mean max CNC power (i.e., ankle joint generated energy) in stance
phase was significantly increased for the YA as speed increased from fast to VF
WS compared to the OA. The mean max CNC power in swing was also

significantly greater for the YG for the VS and typical WSs compared to the OG.
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4.1.13 Age-related Differences in Knee Kinetics and Kinematics
4.1.13.1 Age-related Differences in Knee Moment

The mean moment for the knee in the sagittal plane is presented in Figure 73. This
is the knee flexion-extension (FLEX/EXT) moment defined by the net muscle forces acting
to modify the angular rotation of the joint between the thigh and the shank (tibia) segments.
The following section focuses on between-group differences. Table 38 presents the
significant age-related differences in the mean max and min FLEX/EXT moments in stance
and swing phase as well as their respective time of occurrence as a percentage of GC.
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Figure 73. Mean flexion-extension moment for the knee of the OG versus the YG at
each walking speed.
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Table 38. Significant p-values of the mean min and max FLEX/EXT moments ((N-m)/kg) of
the knee during stance and swing phase, as well as their respective time of occurrence in the
gait cycle across five walking speeds.

Walking Min Time to Min Time to Max Timeto MaxEXT Timeto
speed FLEX min FLEX FLEX min FLEX EXT max EXT  moment max
group moment momentin  moment momentin moment instance  inswing EXT

in stance stance in swing swing instance  p-value p-value moment
p-value p-value p-value p-value p-value in swing
p-value
VS <.001 - - - .04 <.01 - -
S - - - <.01 - - - -
T - - - - - - .02 -
F - .02 - - - <.01 <.0001 .03
VF - <.01 - - - .01 <.01 .01

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean min flexion (FLEX) moment across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 74. Descriptive results for the YG showed
that the mean min FLEX moment during stance increased from VS to typical WS, after
which point, the mean min FLEX moment began to decrease. The OG showed that the
mean min FLEX moment decreased as WS increased. Overall, both age groups displayed
a relatively consistent pattern as speed increased from slow to fast WS, however the YG
displayed a larger associated marginal error. In addition, the OG showed greater mean min
FLEX moment across speeds, except for the VF speed, compared to the YG (Figure 74).

The YG had a significantly (p<.05) increased mean min FLEX moment during stance phase

at the VS WS only (VS: -0.29+0.18 ’f{'—;") compared to the OG (VS: -0.12+0.09 %), as

shown in Table 38.

159



0.1
2

=

zZ

= -0.21

k=

[0}]

£ I Age.group
é -0.31 l i - O

2 1 Y

| \T

c

(4]

Q

S -05

Vs VF

s T F
Walking Speed Group

Figure 74. Mean min FLEX moment of the knee during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min FLEX moment (p<.05) during stance
phase were found between YA and OA as WS increased from fast to VF WS (Figure 73,
Table 38). The YG had a significantly longer time to mean min FLEX moment (p<.05) for
the fast and VF WSs. For the YG, the min FLEX moment occurred at 26.88+20.14 percent
GC at the fast speed, decreasing to 21.74+20.67 percent GC at the VF speed. Whereas the
OG demonstrated min FLEX moments at 12.01+18.53 percent GC at the fast speed,
decreasing to 6.44+14.46 percent GC at the VF speed.

Significant differences in time to mean min FLEX moment (p<.05) during swing
phase were found between YA and OA at the slow speed only (Figure 73, Table 38). The
YG had a significantly shorter time to mean min PF moment (p<.05) for the slow WS. For
the YG, the min FLEX moment occurred at 95.17 £1.36 percent GC at the slow WS,
whereas the OG demonstrated min FLEX moments at 96.41+1.03 percent GC at the slow

WS.
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The mean max extension (EXT) moment across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 75. Descriptive results showed that the
mean max EXT moment (peak) during stance increased as WS increased for both groups
and at very similar magnitudes. However, the YG displayed a larger associated marginal
error. In addition, the OG demonstrated greater mean max EXT moment across speeds,
except for the fast and VF speeds, compared to the YG (Figure 75). The YG had a

significantly (p<.05) decreased mean max EXT moment during stance phase (i.e.,

significantly lower peak PF) at the VS speed only (VS: 0.25+0.13 IZ—Z) compared to the

OG (VS: 0.360.17 %), as shown in Table 38.
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Figure 75. Mean max EXT moment of the knee during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max EXT moment (p<.05) during stance
phase were found between YA and OA as WS increased, except for the slow and typical
WS (Figure 73, Table 38). The YG had a significantly shorter time to mean max EXT
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moment (p<.05) for the VS, fast, and VF WSs. For the YG, the max EXT moment occurred
at 21.86+18.85 percent GC at the VS speed, decreasing to 14.44+6.11 percent GC at the
VF speed. Whereas the OG demonstrated max EXT moments at 25.83+15.94 percent GC
at the V'S speed, decreasing to 14.83+5.56 percent GC at the VF speed.

The mean max EXT moment across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 76. Descriptive results showed that the mean
max EXT moment (peak) during swing increased as WS increased for both groups. In
addition, the OG demonstrated greater mean max EXT moment across speeds, except for
the VS speed, compared to the YG. The latter displayed a larger associated marginal error

(Figure 76).
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Figure 76. Mean max EXT moment of the knee during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max EXT moment during

swing phase (i.e. significantly lower peak PF) as WS increased from typical to VF speed
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(typical: 0.10+0.03 A}:—Zl; VF: 0.19+0.05 A}:—Z) compared to the OG (typical: 0.11+0.03 %;
VF: 0.24+0.03 %)’ as shown in Table 38.

Significant differences in time to mean max EXT moment (p<.05) during swing
phase were found between YA and OA at the fast and VF WSs (Figure 73, Table 38). The
Y G had a significantly shorter time to mean max EXT moment (p<.05) for the fast and VF
WSs. For the YG, the max EXT moment occurred at 62.61+2.59 percent GC at the fast
speed, decreasing to 61.37+3.09 percent GC at the VF speed. Whereas the OG
demonstrated max EXT moments at 64.41+2.63 percent GC at the fast speed, decreasing
to 64.12+2.30 percent GC at the VF speed.
4.1.13.2 Age-related Differences in Knee Power

The mean power for the knee in the sagittal plane is presented in Figure 77. This is
the knee concentric-eccentric flexion-extension (FLEX/EXT) power defined by the joint
moment of force and joint angular velocity between the thigh and the shank (tibia)
segments. The following section focuses on between-group differences. Table 39 presents
the significant age-related differences in the mean max and min flexion-extension powers
in stance and swing phase as well as their respective time of occurrence as a percentage of

GC.
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Figure 77. Mean dorsiflexion-plantarflexion power for the knee of the OG versus
the YG at each WS.

Table 39. Significant p-values of the mean max eccentric and concentric power (W/Kg) of the
knee during stance and swing phase, as well as their respective time of occurrence in the gait
cycle across five walking speeds.

Walking Max Time to Max Timeto MaxCNC Timeto Max CNC  Timeto

speed ECC max ECC max powerin  max CNC  powerin  max CNC
group power in ECC power in ECC stance power in swing power in
stance  powerin  swing power in p-value stance p-value swing
p-value stance p-value swing p-value p-value
p-value p-value
VS - <.01 - - <.01 - <.01 <.001
S - <.01 - .03 - - - <.001
T - .01 - - - - - -
F - <.01 - - - - - -
VF - - .01 - - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; *-* indicates no significant difference.
The mean max ECC power of the knee across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 78. Descriptive results for both groups
showed that the mean max ECC power during swing decreased as WS increased. Both age
groups displayed similar magnitudes for the mean max ECC power, except for the VF WS.
The OG showed a larger associated marginal error. In addition, the YG demonstrated
greater mean max ECC power across speeds, except for the typical speed, compared to the

OG. Additionally, at the VF speed, the OG exhibited a larger marginal error for the mean
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max eccentric knee power during swing (Figure 78). This is due to the variations in sample
size between YA and OA. As expected, the OG had a smaller sample size for the VF speed
group. A small sample size causes a larger standard deviation. Consequently, the larger the

standard deviation, the larger the confidence interval is. In this case, the marginal error.
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Figure 78. Mean max ECC power of the knee during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max ECC power during swing

phase at the V/F speed only (VF: -2.49+1.13 K—VZ) compared to the OG (VF: -3.23%1.49 K_M;)’

as shown in Table 39.

Significant differences in time to mean max ECC power (p<.05) during swing
phase were found between YA and OA at the slow speed only (Figure 77, Table 39). The
YG had a significantly shorter time to mean max ECC power (p<.05) for the slow speed.
For the YG, the max ECC power occurred at 88.83+7.11 percent GC at the slow speed,

whereas the OG demonstrated max ECC power at 90.83+7.21 percent GC at the slow WS.
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Significant differences in time to mean max ECC power (p<.05) during stance
phase were found between YA and OA as WS increased from VS to fast WS (Figure 77,
Table 39). The YG had a significantly shorter time to mean max ECC power (p<.05) for
the VS, slow, typical, and fast speeds. For the YG, the max ECC power occurred at
41.44+22.38 percent GC at the VS speed, decreasing to 29.49+23.09 percent GC at the fast
speed. Whereas the OG showed max ECC power at 55.57+17.11 percent GC at the VS
WS, decreasing to 39.46+22.49 percent GC at the fast speed.

The mean max CNC power of the knee across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 79. Descriptive results for both groups
showed that the mean max CNC power during stance increased as WS increased. In
addition, the YG demonstrated greater mean max CNC power at the typical, fast, and VF

WSs, with the smallest associated marginal error, compared to the OG (Figure 79).
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Figure 79. Mean max CNC power of the knee during stance phase for the YG and

OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) increased mean max CNC power during stance

phase at the VS speed only (VS: 0.35+0.15 %) compared to the OG (VS: 0.27+0.16 Kﬂg),

as shown in Table 39.

The mean max CNC power of the knee across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 80. Descriptive results for both groups
showed that the mean max CNC power during swing increased as WS increased. However,
the OG displayed a larger associated marginal error. In addition, the YG demonstrated
greater mean max CNC power as WS increased, except for the VF speed, compared to the
OG. Additionally, at the VF speed, the OG exhibited a larger marginal error for the mean
max concentric knee power during swing (Figure 80). This is due to the variations in
sample size between YA and OA. As expected, the OG had a smaller sample size for the

VF speed group and therefore a larger marginal error.
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Figure 80. Mean max CNC power of the knee during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) increased mean max CNC power during swing

phase (i.e., significantly higher peak power) at the VS speed only (VS: 0.19+0.14 %)

compared to the OG (VS: 0.12+£0.07 Izv—g), as shown in Table 39.

Significant differences in time to mean max CNC power (p<.05) during swing
phase were found between YA and OA as WS increased from VS to slow speed (Figure
77, Table 39). The YG had a significantly shorter time to mean max CNC power (p<.05)
for the VS and slow WSs. For the YG, the max CNC power occurred at 75.90+14.09
percent GC at the VS speed, increasing to 91.71+12.58 percent GC at the slow speed.
Whereas the OG demonstrated max CNC power at 87.51+12.11 percent GC at the VS
speed, increasing to 97.67+7.54 percent GC at the slow speed.
4.1.13.3 Age-related Differences in Knee Angles

The mean relative angle for the knee segment in the sagittal plane is presented in
Figure 81. This is the knee flexion-extension (FLEX/EXT) angle defined by the relative
orientation between the thigh and the shank (tibia) segments. The following section focuses
on between-group differences. Table 40 presents the significant age-related differences in
the mean max and min FLEXT/EXT angles in stance and swing phase as well as their

respective time of occurrence as a percentage of GC.
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Figure 81. Mean flexion-extension for the knee of the OG versus the YG at each
walking speed.

Table 40. Significant p-values of the mean min and max FLEX/EXT angles (£) of the knee
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Min Time to Min Time to Max Time to Max Time to
speed flexion 2 min flexion 2 min flexion 2 max flexion max
group instance  flexion« inswing flexion 2 instance flexion £ 2in flexion 2

p-value in stance p-value in swing p-value instance  swing in swing
p-value p-value p-value  p-value p-value
VS <.01 - .02 - .01 <.00001 - .04
S - - - - - <.0001 - -
T - - .04 - .01 <.01
F <.01 - <.001 - .02 <.01
VF - - - <.01 - <.001

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-* indicates no signiﬁcant- difference.-
The mean min FLEX angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 82. Descriptive results for the OG showed that
the mean min FLEX angle during stance decreased from VS to typical speed only, after
which point, the mean min FLEX angle increased for the fast speed, and then decreased

again for the VF speed. The mean min FLEX angle for the YG was relatively consistent
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across all speeds. In addition, the OG demonstrated greater mean min FLEX angles across

speeds compared to the YG, with a larger associated marginal error (Figure 82).
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Figure 82. Mean min FLEX angle of the knee during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min FLEX angle during stance
at the VS and fast WSs (VS: 0.93°+6.08°; fast: 0.54°+4.18°) compared to the OG (VS:
6.08°£6.40°; fast: 5.46°+5.66°), as shown in Table 40.

The mean min FLEX angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 83. Descriptive results for the OG showed that
the mean min FLEX angle during swing decreased from VS to typical speed only, after
which point, the mean min FLEX angle increased for the fast speed, and then decreased
again for the VF speed. The OG displayed a larger associated marginal error. The mean
min FLEX angle for the YG decreased from VS to typical speed, after which point, the
mean min FLEX angle began to increase. In addition, the OG demonstrated greater mean

min FLEX angles across speeds, except for the VF speed, compared to the YG.
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Additionally, at the VF WS, the OG exhibited a larger marginal error for the mean min
FLEX knee angle during swing (Figure 83). This is due to the variations in sample size
between YA and OA. As expected, the OG had a smaller sample size for the VF speed

group and therefore a larger marginal error.
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Figure 83. Mean min FLEX angle of the knee during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min FLEX angle during swing
as WS increased from VS to fast WSs, except for the slow WS (VS: -0.63°+5.59°; fast: -
1.68°+4.25°) compared to the OG (VS: 4.66°+7.73°; fast: 3.85°+6.04°).

Significant differences in time to mean min FLEX angle (p<.05) during swing
phase were found between YA and OA at the VF speed only (Figure 80, Table 40). The
YG had a significantly shorter time to mean min FLEX angle (p<.05) for the VF WS. For
the YG, the mean min FLEX angle occurred at 96.76+1.33 percent GC at the VF speed,
whereas the OG demonstrated mean min FLEX angle at 97.36x2.73 percent GC at the VF

speed (Figure 80).
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The mean max FLEX angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 84. Descriptive results for the OG showed that
the mean max FLEX angle (peak) during stance was relatively consistent at each WS.
However, the OG displayed a larger associated marginal error. The mean max FLEX angle
for the YG increased as WS increased. In addition, the OG showed greater mean max
FLEX angles across speeds compared to the YG (Figure 84). The YG had a significantly
(p<.05) decreased mean max FLEX angle during stance as WS increased from VS to fast
WS, except for the slow WS (VS: 36.14°+5.24°; fast: 38.96°+4.32°) compared to the OG

(VS: 43.31°£10.50°; fast: 43.56°+6.49°), as shown in Table 40.
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Figure 84. Mean max FLEX angle of the knee during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max FLEX angle (p<.05) during stance
phase were found between YA and OA as WS increased (Figure 81, Table 40). The YG
had a significantly shorter time to mean max FLEX angle (p<.05) across all speeds. For

the YG, the mean max FLEX occurred at 62.06+£7.07 percent GC at the VS speed,
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decreasing to 52.63+15.74 percent GC at the VF speed. Whereas the OG demonstrated
mean max FLEX at 69.32+4.81 percent GC at the VS speed, decreasing to 60.47+1.77
percent GC at the VF speed.

Significant differences in time to mean max FLEX angle (p<.05) during swing
phase were found between YA and OA at the VS speed only (Figure 81, Table 40). The
YG had a significantly shorter time to mean max FLEX angle (p<.05) for the VS WS. For
the YG, the mean max FLEX angle occurred at 70.79+1.65 percent GC at the VF speed,
whereas the OG demonstrated mean max FLEX angle at 75.32+4.04 percent GC at the VS
speed (Figure 81).

Table 41 presents the significant (p<.05) age-related differences in the FLEX/EXT
range of motion (ROM) data for the knee. In addition, relative FLEX/EXT ROM data for
the knee are provided in Table 41. The OG showed the greatest FLEX/EXT ROM (Figure
81) across all speeds during stance compared to the YG, except for the fast WS during
stance. However, the YG displayed the greatest FLEX/EXT ROM (Figure 81) across all
speeds during swing compared to the OG, except for the VF WS during swing. Table 41
presents the between-group differences found for the FLEX/EXT ROM during stance and
swing phase. There were no significant (p<.05) age-related differences in the FLEX/EXT
ROM for the knee during stance. However, during typical speed walking, the FLEX/EXT
ROM for the YA and OA increased most in the knee in stance. During swing phase, the
Y G exhibited a significantly (p<.05) greater FLEX/EXT ROM for the VS, typical, and fast
WSs (VS: 54.70°+0.34°; typical: 63.26°+0.42°; fast: 63.00°+0.24°) compared to the OG

(VS: 48.84°£1.49°; typical: 58.67°+0.33°; fast: 57.69°+1.01°).
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Table 41. Significant FLEX/EXT ROM data for the knee during stance and swing phase
across five walking speeds.

FLEX/EXT ROM Knee

Mean + Std P-value
Very Slow Young Stance 35.20° 0.83°
Very Slow Old Stance 37.22° 4.09° )
Slow Young Stance 37.84° 1.08°
Slow Old Stance 39.92° 2.82° )
Typical Young Stance 38.96° 0.62°
Typical Old Stance 40.17° 2.13° )
Fast Young Stance 38.41° 0.13°
Fast Old Stance 38.09° 0.83° )
Very Fast Young Stance 37.61° 2.23°
Very Fast Old Stance 39.24° 2.38° )
Very Slow Young Swing 54.70° 0.34° <05
Very Slow Old Swing 48.84° 1.49°
Slow Young Swing 58.97° 0.58°
Slow Old Swing 55.69° 1.81° )
Typical Young Swing 63.26° 0.42° <01
Typical Old Swing 58.67° 0.33° '
Fast Young §wing 63.00° 0.24° <01
Fast Old Swing 57.69° 1.01°
Very Fast Young Swing 59.97° 0.34°
Very Fast Old Swing 60.76° 3.82°
Note: Std: Standard deviation.; ‘- indicates no significant difference.

The mean relative angle for the knee segment in the transverse plane is presented
in Figure 85. This is the knee internal-external rotation (INT/EXTL) angle defined by the
relative orientation between the thigh and the shank (tibia) segments. The following section
focuses on between-group differences. Table 42 presents the significant age-related
differences in the mean max and min INT/EXTL angles in stance and swing phase as well

as their respective time of occurrence as a percentage of GC.
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Figure 85. Mean internal-external rotation for the knee of the OG versus the YG at
each walking speed.

Table 42. Significant p-values of the mean min and max INT/EXTL rotation angles (£) of the
knee during stance and swing phase, as well as their respective time of occurrence in the gait
cycle across five walking speeds.

Walking Max Time to Max Time to Min Time to Min Time to
speed  external max external max external min external min
group rotation external rotation external rotation external rotation external

2in rotation £ 2in rotation 2in rotation 2 2in rotation 2
stance in stance swing in swing stance in stance swing in swing
p-value p-value p-value p-value p-value p-value p-value p-value

VS - - - - .03 - - <.001
S - .01 - - - - - <.001
T - - - .04 - - - <.01
F - .04 - <.01 - - - <.01

VF - - - - - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-° indicates no significant difference.

The mean min external rotation (ER) angle across WSs during stance, with error

bars (95% confidence interval), is presented in Figure 86. Descriptive results for the OG

showed that the mean min ER angle showed a consistent pattern for the OG at each speed,

whereas the mean min ER angle for the YG increased as WS increased. In addition, the

OG demonstrated greater mean min flexion angles across speeds compared to the YG. The

latter displayed a larger associated marginal error (Figure 86). The YG had a significantly
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(p<.05) increased mean min ER angle during stance at the VS speed only (VS: -

10.42°+10.17°) compared to the OG (VS: -3.65°+9.70°), as shown in Table 42.

Age.group
- 0
Y

Mean Minimum External Rotation Angle (degrees)

) Walking S;;eed Group '

Figure 86. Mean min ER angle of the knee during stance phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean min ER angle (p<.05) during swing phase
were found between YA and OA as WS increased from VS to fast speed (Figure 85, Table
42). The YG had a significantly shorter time to mean min ER angle (p<.05) for the VS,
slow, typical, and fast WS. For the YG, the mean min ER occurred at 72.34+6.17 percent
GC at the VS speed, decreasing to 70.99+1.52 percent GC at the fast speed. Whereas the
OG demonstrated mean min ER at 75.32+6.17 percent GC at the VS speed, decreasing to
71.00+1.65 percent GC at the fast speed.

Significant differences in time to mean max ER angle (p<.05) during stance phase
were found between YA and OA at the slow and fast speed (Figure 85, Table 42). The YG
had a significantly greater time to mean max ER angle (p<.05) for the slow WS. However,

the YG had a significantly shorter time to mean max ER angle (p<.05) for the fast WS. For
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the YG, the mean max ER occurred at 14.07£17.31 percent GC at the slow speed,
increasing to 17.29+19.05 percent GC at the fast speed. Whereas the OG demonstrated
mean max ER at 10.14+16.65 percent GC at the slow speed, increasing to 18.52+19.75
percent GC at the fast speed.

Significant differences in time to mean max ER angle (p<.05) during swing phase
were found between YA and OA as WS increased from typical to fast WS (Figure 85,
Table 42). The YG had a significantly shorter time to mean max ER angle (p<.05) for the
typical and fast WS. For the YG, the mean max ER occurred at 96.73+1.21 percent GC at
the typical speed, decreasing to 96.66+1.48 percent GC at the fast WS. Whereas the OG
showed mean max ER at 96.88+1.40 percent GC at the typical WS, decreasing to
96.82+1.76 percent GC at the fast WS.

Table 43 presents the significant (p<.05) age-related differences in the internal/ER
range of motion (ROM) data for the knee. In addition, relative internal/ER ROM data for
the knee are provided in Table 43. The YG displayed the greatest internal/ER ROM (Figure
85) across all speeds during stance and swing compared to the OG, except for the VS and
typical speeds during stance and the VF WS during swing. Table 43 presents the between-
group differences found for the internal/ER ROM during stance and swing phase. The YG
exhibited a significantly (p<.05) greater internal/ER ROM during stance for the VF WS
only (VF: 19.23°+0.39°) compared to the OG (VF: 14.65°+0.24°) as shown in Table 43.
During swing phase, the YG exhibited a significantly (p<.05) greater internal/ER ROM as
WS increased from typical to fast WS (typical: 15.34°+0.48°; fast: 20.52°+2.54°)

compared to the OG (typical: 12.53°+0.32°; fast: 12.66°+0.83°).
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Table 43. Significant internal/ER ROM data for the knee during stance and swing phase
across five walking speeds.

Internal/External Rotation ROM Knee

Mean + Std P-value

Very Slow Young Stance 10.78° 0.79°
Very Slow Old Stance 11.64° 1.02° )
Slow Young Stance 13.40° 0.57°
Slow Old Stance 13.21° 0.32° )
Typical Young Stance 14.70° 0.17°
Typical Old Stance 16.78° 1.65° )
Fast Young Stance 16.98° 0.36°
Fast Old Stance 14.79° 1.28° )
Very Fast Young Stance 19.23° 0.39° <01
Very Fast Old Stance 14.65° 0.24° '
Very Slow Young Swing 14.30° 1.12°
Very Slow Old Swing 12.56° 1.45° )
Slow Young Swing 13.37° 1.18°
Slow Old Swing 13.18° 0.60° )
Typical Young Swing 15.34° 0.48° <01
Typical Old Swing 12.53° 0.32° '
Fast Young §wing 20.52° 2.54° <001
Fast Old Swing 12.66° 0.83°
Very Fast Young Swing 16.58° 0.22°
Very Fast Old Swing 20.19° 3.78°

Note: Std: Standard deviation.; ‘- indicates no significant difference.

4.1.14 Summary of Knee Kinetics and Kinematics Results

When the speed effect is being considered, there are significant differences in knee

kinetics and kinematics between YA and OA. The key findings of the present study are as

follows:

The mean min flexion moment in stance was significantly increased for the YG
for the VS speed only compared to the OG. Conversely, the mean max EXT
moment in stance and swing were significantly decreased for the YG as WS
increased from typical to VVF speed compared to the OG.

The mean max ECC power of the knee in swing phase was significantly decreased

for the YA for the VF speed compared to the OA. Conversely, the mean max CNC
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power of the knee (i.e., the knee joint generated energy) in stance and swing phase
were significantly increased for the YG for the VS speed only compared to the
OG.

e Significant differences for the knee joint angle between age groups as a function
of speed were found only in the sagittal and transverse plane.

e In the sagittal plane, the mean min FLEX angle of the knee in stance was
significantly increased for the YG for the VS and fast WSs compared to the OG.
Further, the mean min FLEX of the knee in swing, and the mean max FLEX of
the knee in stance were significantly decreased for the YG for the VS, typical, and
fast WSs compared to the OG.

¢ In the transverse plane, the mean max ER of the knee in swing was significantly

increased for the YG for the VS speed only compared to the OG.

4.1.15 Age-related Differences in Hip Kinetics and Kinematics
4.1.15.1 Age-related Differences in Hip Moment

The mean moment for the hip in the sagittal plane is presented in Figure 87. This is
the hip flexion-extension (FLEX/EXT) moment defined by the net muscle forces acting to
modify the angular rotation of the hip joint. The following section focuses on between-
group differences. Table 44 presents the significant age-related differences in the mean
max and min FLEX/EXT moments in stance and swing phase as well as their respective

time of occurrence as a percentage of GC.

179



1.0

. 04
<
i
L
T
= -0.1
>
(1]
- ] Y Old
0.7 Very Fast oung —_—
Fast = sssses —_
Typical ~ sevess —
Slow EE —
Very SIow  ssrsss  ——
-1.2 T ’ 1
0.0 25.0 100.0

Normalized (% Stance)

Figure 87. Mean flexion-extension moment for the hip of the OG versus the YG at
each WS.

Table 44. Significant p-values of the mean max FLEX/EXT moments ((N-m)/kg) of the hip
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Max Time to Max Time to Max Time to Max Time to
speed flexion max flexion max extension max extension max
group moment flexion moment flexion moment  extension moment  extension

instance moment inswing momentin instance momentin  in swing moment
p-value instance  p-value swing p-value stance p-value in swing
p-value p-value p-value p-value
VS .02 <.001 - - - - - <.01
S .01 <.0001 - .01 .04 .03 - .04
T - <.00001 - <.001 - .01 - -
F - <.01 <.01 <.001 - - - .03
VF - .02 <.01 <.001 - - <.01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.
The mean max flexion (FLEX) moment across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 88. Descriptive results for both groups
showed similar trends but at different magnitudes, where the mean max FLEX moment
during stance decreased as WS increased. In addition, the OG demonstrated lower mean
max FLEX moments across speeds, with the smallest associated marginal error, compared
to the YG (Figure 88). Additionally, at the slow speed, the YG exhibited a similar mean as

the OG for the mean max ER angle of the hip (Figure 103). This is due to the pattern
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showed in Figure 102, which exhibited a smaller offset between YA and OA for the VF

speed at heel strike. The YG had a significantly (p<.05) increased mean max FLEX

moment during stance phase as WS increased from VS to slow speed (VS: -0.39 £0.17 A;—;";

slow: -0.71+0.85 A}:—;") compared to the OG (VS: -0.30+0.13 A}:—;n; slow: -0.45+0.13 1\;—;), as

shown in Table 44.
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Figure 88. Mean max FLEX moment of the hip during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max FLEX moment (p<.05) during stance
phase were found between YA and OA as WS increased (Figure 87, Table 44). The YG
had a significantly shorter time to mean max FLEX moment (p<.05) across all WSs. For
the YG, the max FLEX moment occurred at 47.03+£12.16 percent GC at the VS speed,
increasing to 50.09+3.28 percent GC at the VF speed. Whereas the OG demonstrated max
FLEX moments at 57.83+6.76 percent GC at the VS speed, decreasing to 52.19+3.18

percent GC at the VF speed.
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The mean max FLEX (FLEX) moment across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 89. Descriptive results for the OG showed
that the mean max FLEX moment during swing decreased as WS increased, with a larger
associated marginal error. The mean max FLEX moment during swing for the YG
increased from VS to slow WS, after which point, the angle began to decrease. In addition,
the OG showed greater mean max FLEX moments across speeds, except for the VS WS,
compared to the YG. Additionally, at the VF speed, the OG showed a larger marginal error
for the mean max hip FLEX moment during swing. Similarly, at the VS speed, the YG
showed a larger marginal error for the mean max hip FLEX moment during swing (Figure
89). This is due to the variations in sample size between YA and OA. As expected, the OG
had a smaller sample size for the VF speed group and the YG had a smaller sample size for

the VS speed group. In both cases, a small sample size caused a larger marginal error.
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Figure 89. Mean max FLEX moment of the hip during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) reduced mean max FLEX moment during swing

phase as WS increased from fast to VF speed (fast: -0.41 +0.12 I\;—Z; VF: -0.61+0.19 A}'c'—;n)

compared to the OG (fast: -0.52+0.13 A}:—;n; VF: -0.82+0.55 A}:—;"), as shown in Table 44,

Significant differences in time to mean max FLEX moment (p<.05) during swing
phase were found between YA and OA at the slow speed only (Figure 87, Table 44). The
YG had a significantly shorter time to mean max FLEX moment (p<.05) as WS increased
from slow to VF speed. For the YG, the max FLEX moment occurred at 66.02+4.84 percent
GC at the slow speed, decreasing to 60.18+2.04 percent GC at the VF speed. Whereas the
OG demonstrated max FLEX moments at 67.76x4.81 percent GC at the slow speed,
decreasing to 62.46+1.80 percent GC at the VF speed.

The mean max EXT moment across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 90. Descriptive results for both groups showed
the mean max EXT moment during stance increased as WS increased. In addition, the OG
demonstrated greater mean max EXT moments across speeds compared to the YG. Both
groups displayed similar trends with a small associated marginal error (Figure 90). The YG

had a significantly (p<.05) decreased mean max EXT moment during stance phase at the

slow speed only (slow: 0.34+0.21 A}:—;") compared to the OG (slow: 0.39+0.13 %), as

shown in Table 44.
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Figure 90. Mean max EXT moment of the hip during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max EXT moment (p<.05) during stance
phase were found between YA and OA as WS increased from slow to typical WS (Figure
87, Table 44). The YG had a longer time to mean max EXT moment (p<.05) for the slow
WS. However, the YG had a significantly shorter time to mean max EXT moment (p<.05)
for the typical WS. For the YG, the max EXT moment occurred at 7.72+9.15 percent GC
at the slow WS, decreasing to 4.56+1.56 percent GC at the typical WS. Whereas the OG
demonstrated max EXT moments at 5.38+1.88 percent GC at the slow WS, increasing to
6.26+4.83 percent GC at the typical WS.

The mean max EXT moment across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 91. Descriptive results showed that the mean
max EXT moment (peak) during swing increased as WS increased for both groups.

However, the OG displayed a larger associated marginal error. In addition, the OG
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demonstrated greater mean max EXT moment for the fast and VVF speeds compared to the
YG (Figure 91). Additionally, at the VF speed, the OG exhibited a larger marginal error
for the mean max hip EXT moment during swing (Figure 91). Similarly, at the VS speed,
the YG exhibited a larger marginal error for the mean max hip EXT moment during swing
(Figure 91). This is due to the variations in sample size between YA and OA. As expected,
the OG had a smaller sample size for the VF speed group and the YG had a smaller sample
size for the VS speed group. In both cases, a small sample size caused a larger marginal

error.
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Figure 91. Mean max EXT moment of the hip during swing phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max EXT moment during

swing phase (i.e., significantly lower peak PF) at the VF WS only (VF: 0.75£0.25 %)

compared to the OG (VF: 1.15+1.38 X2,
kg
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Significant differences in time to mean max EXT moment (p<.05) during swing
phase were found between YA and OA as WS increased from VS to fast speed, except for
the typical speed (Figure 87, Table 44). The YG had a significantly shorter time to mean
max EXT moment (p<.05) for the VS, slow, and fast WSs. For the YG, the max EXT
moment occurred at 89.31+£11.00 percent GC at the VS speed, increasing to 93.18+4.34
percent GC at the fast speed. Whereas the OG showed max EXT moments at 94.62+4.54
percent GC at the VS speed, increasing to 95.28+2.84 percent GC at the fast WS.
4.1.15.2 Age-related Differences in Hip Power

The mean power for the hip in the sagittal plane is presented in Figure 92. This is
the hip concentric-eccentric flexion-extension (FLEX/EXT) power by the joint moment of
force and joint angular velocity acting at the hip joint. The following section focuses on
between-group differences. Table 45 presents the significant age-related differences in the
mean max and min flexion-extension powers in stance and swing phase as well as their

respective time of occurrence as a percentage of GC.
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Figure 92. Mean flexion-extension power for the hip of the OG versus the YG at
each walking speed.
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Table 45. Significant p-values of the mean min and max eccentric and concentric power
(W/Kg) of the hip during stance and swing phase, as well as their respective time of
occurrence in the gait cycle across five walking speeds.

Walking Min Time to Min Timeto MaxCNC  Timeto Max CNC  Time to

speed ECC min ECC min ECC  powerin  max CNC  powerin  max CNC
group power in ECC power in  power in stance power in swing power in
stance  powerin  swing swing p-value stance p-value swing
p-value stance p-value p-value p-value p-value
p-value
VS .01 - - <.01 - - - .01
S - - - .03 - - - -
T - - - - - - - -
F - - - - - .04 - <.01
VF - - - - - <.001 - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-* indicates no significant difference.

The mean min ECC power of the hip across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 93. Descriptive results for both groups
showed that the mean min ECC power during stance decreased as WS increased. In
addition, the OG showed greater mean min ECC power across speeds compared to the OG.

Both groups displayed a similar trend of variability with a small associated marginal error.
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Figure 93. Mean min ECC power of the hip during stance phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) increased mean min ECC power during stance

phase at the VS speed only (VS: -0.50+0.39 Izv—g) compared to the OG (VS: -0.34+0.20 K—M;),

as shown in Table 45.

Significant differences in time to mean min ECC power (p<.05) during swing phase
were found between YA and OA as WS increased from VS to slow speed (Figure 92, Table
45). The YG had a significantly shorter time to mean min ECC power (p<.05) for the VS
and slow speed. For the YG, the min ECC power occurred at 84.37+12.15 percent GC at
the VS speed, increasing to 87.05+10.56 percent GC at the slow speed. Whereas the OG
demonstrated min ECC power at 93.60+6.79 percent GC at the VS speed, decreasing to
92.12+8.37 percent GC at the slow speed.
4.1.15.3 Age-related Differences in Hip Angles

The mean relative angle for the hip segment in the sagittal plane is presented in
Figure 94. This is the hip flexion-extension (FLEX/EXT) angle defined by the relative
orientation of the pelvic coordinate system. The following section focuses on between-
group differences. Table 46 presents the significant age-related differences in the mean
max and min FLEXT/EXT angles in stance and swing phase as well as their respective

time of occurrence as a percentage of GC.
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Figure 94. Mean flexion-extension for the hip of the OG versus the YG at each

walking speed.

Table 46. Significant p-values of the mean min and max FLEX/EXT angles (£) of the hip
during stance and swing phase, as well as their respective time of occurrence in the gait cycle

across five walking speeds.

Walking Max Time to Min Time to Max Time to Max Time to
speed extension max flexion min flexion max flexion max
group 2in extension 2in flexion £ 2in flexion 2 2in flexion 2

stance <instance  swing in swing stance in stance swing in swing
p-value p-value p-value p-value p-value p-value p-value p-value
VS - <.01 .03 <.00001 - - - -
S .01 - <.01 <.001 .01 .02 .04 -
T - - .03 <.01 - - - <.001
F .03 - .01 <.01 - - - -
VF - - - <.01 - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-° indicates no significant difference.

The mean max EXT angle across WSs during stance, with error bars (95%

confidence interval), is presented in Figure 95. Descriptive results showed that the mean

max EXT angle during stance decreased as WS increased for both groups, except for the

VF speed for the YG. In addition, the OG demonstrated greater mean max EXT angles

across speeds, with a larger associated marginal error, compared to the YG (Figure 95).

The YG had a significantly (p<.05) increased mean max EXT angle during stance at the
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slow and fast WSs (slow: -5.75°+6.26°; fast: -11.78°+5.39°) compared to the OG (slow:

2.29°+9.55°; fast: -4.27°+8.00°), as shown in Table 46.
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Figure 95. Mean max EXT angle of the hip during stance phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max EXT angle (p<.05) during stance phase
were found between YA and OA at the VS speed only (Figure 94, Table 46). The YG had
a significantly shorter time to mean max EXT angle (p<.05) for the VS WS. For the YG,
the mean max EXT angle occurred at 53.61+6.48 percent GC at the VS speed, whereas the
OG demonstrated mean max EXT angle at 58.36+5.24 percent GC at the VS speed.

The mean min FLEX angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 96. Descriptive results showed that the mean
min FLEX angle during swing decreased as WS increased for both groups, except for the
VF speed for the YG. In addition, the OG demonstrated greater mean min FLEX angles

across speeds, with a larger associated marginal error, compared to the YG (Figure 96).
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Figure 96. Mean min FLEX angle of the hip during swing phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min FLEX angle during swing
as WS increased from VS to fast WSs (VS: 5.48°+5.74°; fast: -3.13°+6.87°) compared to
the OG (VS: 12.16°£11.34°; fast: 4.33°+6.38°), as shown in Table 46.

Significant differences in time to mean min FLEX angle (p<.05) during swing
phase were found between YA and OA across all speeds (Figure 94, Table 46). The YG
had a significantly shorter time to mean min FLEX angle (p<.05) for the VS, slow, typical,
fast, and VF WS. For the YG, the mean min FLEX occurred at 64.67+2.76 percent GC at
the VS speed, decreasing to 59.15+1.51 percent GC at the VF speed. Whereas the OG
demonstrated mean min FLEX at 69.32+4.81 percent GC at the VS speed, decreasing to
60.47£1.77 percent GC at the VF speed.

The mean max FLEX angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 97. Descriptive results for the OG showed that
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the mean max FLEX angle (peak) during stance increased as WS increased. The mean max
FLEX angle for the YG decreased from VS to slow speed, after which point, the mean max
FLEX angle began to increase. Overall, both age groups displayed similar trends and
similar associated marginal error. In addition, the OG demonstrated greater mean max
FLEX angles across speeds, except for the VF speed, compared to the YG (Figure 97). The
YG had a significantly (p<.05) decreased mean max FLEX angle during stance at the slow
speed only (slow: 25.05°+6.92°) compared to the OG (slow: 32.32°£7.05°), as shown in

Table 46.
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Figure 97. Mean max FLEX angle of the hip during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max FLEX angle (p<.05) during stance
phase were found between YA and OA at the slow WS only (Figure 94, Table 46). The
YG had a significantly shorter time to mean max FLEX angle (p<.05) for the slow WS.
For the YG, the mean max FLEX angle occurred at 1.52+3.73 percent GC at the slow WS,

whereas the OG showed mean max FLEX angle at 2.93+3.26 percent GC at the slow WS.
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The mean max FLEX angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 98. Descriptive results for the OG showed that
the mean max FLEX angle (peak) during stance increased as WS increased. The mean max
FLEX angle for the YG decreased from VS to slow speed, after which point, the mean max
FLEX angle began to increase. Overall, both age groups displayed similar trends and
similar associated marginal error. In addition, the OG demonstrated greater mean max

FLEX angles across speeds, except for the VF speed, compared to the YG (Figure 98).
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Figure 98. Mean max FLEX angle of the hip during swing phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max FLEX angle during swing
at the slow speed only (slow: 27.58°+6.40°) compared to the OG (slow: 34.01°£7.55°), as
shown in Table 46.

Significant differences in time to mean max FLEX angle (p<.05) during swing

phase were found between Y A and OA at the typical speed only (Figure 94, Table 46). The
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YG had a significantly shorter time to mean max FLEX angle (p<.05) for the typical WS.
For the YG, the mean max FLEX angle occurred at 88.36+5.38 percent GC at the typical
speed, whereas the OG demonstrated mean max FLEX angle at 91.79+5.68 percent GC at
the typical speed (Figure 94).

Table 47 presents the significant (p<.05) age-related differences in the FLEX/EXT
range of motion (ROM) data for the hip. Relative FLEX/EXT ROM data for the hip are
provided in Table 47. The YG displayed the greatest FLEX/EXT ROM (Figure 89) across
all speeds during stance and swing compared to the OG. Table 47 presents the between-
group differences found for the FLEX/EXT ROM during stance and swing phase.

Table 47. Significant FLEX/EXT ROM data for the hip during stance and swing phase across
five walking speeds.

FLEX/EXT ROM Hip

Mean + Std P-value
Very Slow Young Stance 28.62° 1.19°
Very Slow Old Stance 25.65° 4.53° )
Slow Young Stance 30.81° 0.66°
Slow Old Stance 30.03° 2.49° )
Typical Young Stance 36.83° 0.06°
Typical Old Stance 36.91° 2.28° )
Fast Young Stance 43.47° 1.27°
Fast Old Stance 40.96° 1.09° )
Very Fast Young Stance 50.10° 2.05° <05
Very Fast Old Stance 46.38° 0.48° '
Very Slow Young Swing 23.82° 1.40° <001
Very Slow Old Swing 17.93° 3.59°
Slow Young Swing 26.21° 1.04° <05
Slow Old Swing 22.95° 1.45° '
Typical Young Swing 31.95° 0.57° <01
Typical Old Swing 28.94° 1.53° '
Fast Young _Swing 35.94° 0.89° <05
Fast Old Swing 32.47° 0.31°
Very Fast Young Swing 42.56° 1.88°
Very Fast Old Swing 42.02° 7.18°
Note: Std: Standard deviation.; ‘- indicates no significant difference.
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The YG exhibited a significantly (p<.05) greater FLEX/EXT ROM during stance
for the VF speed only (VF: 50.10°+2.05°) compared to the OG (VF: 46.38°+0.48°) as
shown in Table 47. During swing phase, the YG exhibited a significantly (p<.05) greater
FLEX/EXT ROM as WS increased speed from VS to fast WS (VS: 23.82°+1.40°; fast:
35.94°+0.89°) compared to the OG (VS: 17.93°+3.59°; fast: 32.47°+0.31°) as shown in
Table 47. During VF speed walking, the FLEX/EXT ROM for the YA and OA increased
most in the hip during stance and swing.

The mean relative angle for the hip segment in the frontal plane is presented in
Figure 99. This is the hip adduction-abduction (ADD/ABD) angle defined by the relative
orientation of the pelvic coordinate system. The following section focuses on between-
group differences. Table 48 presents the significant age-related differences in the mean
max and min ADD/ABD angles in stance and swing phase as well as their respective time

of occurrence as a percentage of GC.
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Figure 99. Mean adduction-abduction for the hip of the OG versus the YG at each
walking speed.
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Table 48. Significant p-values of the mean max ADD/ABD angles (£) of the hip during stance
and swing phase, as well as their respective time of occurrence in the gait cycle across five
walking speeds.

Walking Max Time to Max Time to Max Time to Max Time to
speed ABD z max ABD z max ADD z« max ADD ¢« max
group instance ABD <« inswing ABDczin instance ADD<z inswing ADD2z

p-value instance p-value swing p-value instance  p-value in swing

p-value p-value p-value p-value
VS - <.01 .03 <.01 - - - -
S .01 .04 <.001 .01 - - - -
T .02 - <.001 <.001 - .01 - -
F <.01 - <.01 .01 - .02 - -
VF .01 - <.01 <.0001 - .03 - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean max ABD angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 100. Descriptive results showed that the mean
max ABD angle during stance decreased as WS increased for the YG. The mean max ABD
angle for the OG increased from VS to slow WS, after which point, began to decrease.
Overall, both age groups displayed similar trends and similar associated marginal error.

Further, the OG showed greater mean max ABD angles across speeds compared to the YG.
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Figure 100. Mean max ABD angle of the hip during stance phase for the YG and
OG across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow,
T: Typical, F: Fast, VF: Very Fast).
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The YG had a significantly (p<.05) increased mean max ABD angle during stance
as WS increased from slow to VF speed (slow: -5.01°+3.94°; VF: -7.47°+4.32°) compared
to the OG (slow: -2.09°£3.68°; VF: -4.29°£3.98°), as shown in Table 48.

Significant differences in time to mean max ABD angle (p<.05) during stance phase
were found between YA and OA as WS increased form VS to slow speed (Figure 99, Table
48). The YG had a significantly longer time to mean max ABD angle (p<.05) for the slow
and VS WS. For the YG, the mean max ABD occurred at 56.48+19.27 percent GC at the
VS speed, increasing to 57.72+14.64 percent GC at the slow speed. Whereas the OG
demonstrated mean max ABD at 54.62+27.86 percent GC at the VS speed, decreasing to
52.99+23.91 percent GC at the slow speed (Figure 99).

The mean max ABD angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 101. Descriptive results showed that the mean
max ABD angle during swing decreased as WS increased for the YG. The mean max ABD
angle for the OG increased from VS to slow speed, after which point, began to decrease.
Overall, both age groups displayed similar trends as WS increased from slow to VF speed
and showed similar associated marginal error. In addition, the OG demonstrated greater
mean max ABD angles across speeds compared to the YG (Figure 101). The YG had a
significantly (p<.05) increased mean max ABD angle during swing as WS increased (VS:
-6.67°£3.94°; VF. -9.76°+3.50°) compared to the OG (VS: -4.26°+3.71°; VF:. -

6.41°+£3.80°), as shown in Table 48.
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Figure 101. Mean max ABD angle of the hip during swing phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max ABD angle (p<.05) during swing phase
were found between YA and OA across all speeds (Figure 99, Table 48). The YG had a
significantly shorter time to mean max ABD angle (p<.05) for the VS, slow, typical, fast,
and VF WS. For the YG, the mean max ABD occurred at 69.20+7.55 percent GC at the
VS speed, decreasing to 67.58+8.05 percent GC at the VF speed. Whereas the OG
demonstrated mean max ABD at 76.31+9.18 percent GC at the VS speed, decreasing to
76.00+11.86 percent GC at the VF speed (Figure 99).

Table 49 presents the significant (p<.05) age-related differences in the ADD/ABD
range of motion (ROM) data for the hip. In addition, relative ADD/ABD ROM data for the
hip are provided in Table 49. The YG displayed the greatest ADD/ABD ROM (Figure 101)
across all speeds during stance and swing compared to the OG. Table 49 presents the

between-group differences found for the ADD/ABD ROM during stance and swing phase.
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The YG exhibited a significantly (p<.05) greater ADD/ABD ROM during stance as WS
increased from VS to fast WS (VS: 9.92°+£0.89°; fast: 13.42°+£1.02°) compared to the OG
(VS: 7.89°+0.12°; fast: 10.29°+0.01°) as shown in Table 49. During swing phase, the YG
exhibited a significantly (p<.05) greater ADD/ABD ROM as WS increased from VS to fast
WS (VS: 7.36°+0.69°; fast: 8.70°+0.96°) compared to the OG (VS: 4.21°+0.51°; fast:
6.76°+0.07°) as shown in Table 49. During VF speed walking, the ADD/ABD ROM for
the YA and OA increased most in the hip during stance and swing.

Table 49. Significant ADD/ABD ROM data for the hip during stance and swing phase across
five walking speeds and their respective significant p-values.

ADD/ABD ROM Hip

Mean + Std P-value

Very Slow Young Stance 9.92° 0.89° <01
Very Slow Old Stance 7.89° 0.12°
Slow Young Stance 10.54° 0.46° <001
Slow Old Stance 7.37° 0.33° '
Typical Young Stance 13.10° 0.58° <01
Typical Old Stance 9.70° 0.38° '
Fast Young Stance 13.42° 1.02° <0l
Fast Old Stance 10.29° 0.01° '
Very Fast Young Stance 14.78° 1.01°
Very Fast Old Stance 13.31° 0.41° )
Very Slow Young Swing 7.36° 0.69° <001
Very Slow Old Swing 4.21° 0.51°
Slow Young Swing 7.16° 0.06°

- <.001
Slow Old Swing 4.68° 0.24°
Typical Young Swing 8.41° 0.27° <001
Typical Old Swing 5.55° 0.12° '
Fast Young Swing 8.70° 0.96° <05
Fast Old Swing 6.76° 0.07° '
Very Fast Young Swing 10.51° 0.12°
Very Fast Old Swing 9.14° 3.04° i

Note: Std: Standard deviation.; ‘- indicates no significant difference.

The mean relative angle for the hip segment in the transverse plane is presented in
Figure 102. This is the hip internal-ER (INT/EXTL) angle defined by the relative

orientation of the pelvic coordinate system. The following section focuses on between-
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group differences. Table 50 presents the significant age-related differences in the mean
max and min INT/EXTL rotation angles in stance and swing phase as well as their

respective time of occurrence as a percentage of GC.
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Figure 102. Mean internal-external rotation for the hip of the OG versus the YG at
each walking speed.

Table 50. Significant p-values of the mean max INT/EXTL rotation angles (£) of the hip
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Max Time to Max Time to Max Time to Max Time to
speed external max external max internal max internal max
group rotation  external rotation external  rotation «  internal rotation internal

2 in rotation <2in rotation 2  instance  rotation £ 2in rotation 2
stance in stance swing in swing p-value in stance swing in swing
p-value p-value p-value p-value p-value p-value p-value

VS .01 - - - <.01 - - -
S - - - <.001 .04 - - -
T .02 - - <.00001 .02 - - .02
F - .04 - <.01 <.01 - - -

VF - - - - .03 - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean max ER angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 103. Descriptive results showed that the mean
max ER angle during stance decreased as WS increased for the YG. The mean max ER

angle for the OG increased from VS to slow speed, after which point, began to decrease.
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Overall, the OG demonstrated relatively consistent patterns of variability for the mean max
ER angle. In addition, the YG demonstrated greater mean max ER angles across speeds
compared to the OG. Both age groups showed a similar associated marginal error (Figure
103). Additionally, at the VF speed, the YG exhibited a similar mean as the OG for the
mean max ER angle of the hip (Figure 103). This is due to the pattern showed in Figure

104, which exhibited a smaller offset between YA and OA for the VF speed at heel strike.
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Figure 103. Mean max ER angle of the hip during stance phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max ER angle during stance as
WS at the VS and typical WSs (VS: -4.74°+8.06°; typical: -6.41°+8.56°) compared to the
OG (VS: -11.79°+9.14°; typical: -11.80°+8.85°), as shown in Table 50.

Significant differences in time to mean max ER angle (p<.05) during stance phase
were found between YA and OA at the fast speed only (Figure 102, Table 50). The YG

had a significantly shorter time to mean max ER angle (p<.05) for fast WS. For the YG,
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the mean max ER occurred at 8.65+12.47 percent GC at the fast WS, whereas the OG
demonstrated mean max ER at 13.71+14.75 percent GC at the fast WS (Figure 102).

The mean max internal rotation (IR) angle across WSs during stance, with error
bars (95% confidence interval), is presented in Figure 104. Descriptive results showed that
the mean max IR angle during stance for the YG increased from VS to fast speed, after
which point, the angle began to decrease. The mean max IR angle for the OG increased
from VS to typical speed, after which point, the angle began to decrease. Overall, both age
groups demonstrated relatively consistent patterns of variability for the max IR angles at
each speed. In addition, the YG demonstrated greater mean max IR angles across speeds,

with a larger associated marginal error, compared to the OG (Figure 104).
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Figure 104. Mean max IR angle of the hip during stance phase for the YG and OG
across walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T:
Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max IR angle during stance as
WS increased from VS to fast speed (slow: 6.04°+£10.04°; fast: 8.76°+£10.04°) compared to

the OG (slow: -0.74°£6.43°; fast: 0.53°+5.68°), as shown in Table 50.
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Significant differences in time to mean max IR angle (p<.05) during swing phase
were found between YA and OA at the typical speed only (Figure 102, Table 50). The YG
had a significantly longer time to mean max IR angle (p<.05) for the typical WS. For the
YG, the mean max IR occurred at 83.73+11.50 percent GC at the typical speed, whereas
the OG demonstrated mean max IR at 77.10+11.94 percent GC at the typical speed (Figure
102).

Table 51 presents the significant (p<.05) age-related differences in the internal/ER
range of motion (ROM) data for the hip. Relative internal/external ROM data for the hip
are provided in Table 51. The YG displayed the greatest internal/ER ROM (Figure 102)
across all speeds during stance compared to the OG. However, the OG displayed the
greatest internal/ER ROM across all speeds during swing compared to the YG, except for
the slow speed (Figure 102). Table 51 presents the between-group differences found for
the internal/ER ROM during stance and swing phase. The YG exhibited a significantly
(p<.05) greater internal/ER ROM during stance as WS increased from fast to VF speed
(fast: 15.74°+£2.16°; VF: 16.83°+0.24°) compared to the OG (fast: 13.11°+1.75°; VF:
13.30°+0.81°) as shown in Table 51. There were no significant (p<.05) age-related
differences in the internal/ER ROM for the hip during swing (Table 51). During VF speed
walking, the internal/external ROM for the YA and OA increased most in the hip during

stance.
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Table 51. Significant internal/ER ROM data for the hip during stance and swing phase across
five walking speeds and their respective significant p-values.

INT/EXTL Rotation ROM Hip

Mean + Std P-value
Very Slow Young Stance 10.46° 0.63°
Very Slow Old Stance 9.92° 1.22° )
Slow Young Stance 11.61° 0.74°
Slow Old Stance 10.17° 2.13° )
Typical Young Stance 13.38° 1.56°
Typical Old Stance 12.64° 2.48° )
Fast Young Stance 15.74° 2.16° <05
Fast Old Stance 13.11° 1.75° '
Very Fast Young Stance 16.83° 0.24° <01
Very Fast Old Stance 13.30° 0.81° '
Very Slow Young Swing 8.34° 1.03°
Very Slow Old Swing 8.54° 0.17° )
Slow Young Swing 9.61° 0.31°
Slow Old Swing 9.30° 0.04° )
Typical Young Swing 8.92° 0.23°
Typical Old Swing 10.06° 0.32° i
Fast Young Swing 10.10° 1.88°
Fast Old Swing 10.35° 0.19° i
Very Fast Young Swing 9.72° 0.08°
Very Fast Old Swing 17.47° 1.09°
Note: Std: Standard deviation.; ‘- indicates no significant difference.

4.1.16 Summary of Hip Kinetics and Kinematics Results

When the speed effect is being considered, there are significant differences in the
hip kinetics and kinematics between YA and OA. The key findings of the present study are
as follows:

e The mean min FLEX moment in stance was significantly increased for the YG
for the slow and VS speed compared to the OG. Similarly, the mean max EXT
moment in stance was significantly increased for the YA for the slow speed only
compared to the OA.

e The mean min FLEX moment in swing was significantly decreased for the YG

for the fast and VF speed compared to the OG. Similarly, the mean max EXT
204



moment in swing was significantly decreased for the YA for the VF speed only
compared to the OA.

The mean min ECC power of the hip in stance phase was significantly decreased
for the YG for the VS speed only compared to the OG.

Significant differences for the hip joint angle in the sagittal, frontal, and transverse
plane were found between age groups as a function of speed.

In the sagittal plane, the mean max EXT angle of the hip in stance phase was
significantly increased for the YG for the slow and fast WSs compared to the OG.
Similarly, the mean max FLEX angle in stance was significantly increased for the
YG for the slow speed only compared to the OA. Conversely, the mean min FLEX
angle in swing phase was significantly decreased for the YG as WS decreased
from VS to fast WS compared to the OG. Similarly, the mean max FLEX angle
in swing was significantly decreased for the YG for the slow speed only compared
to the OG.

In the frontal plane, the mean max ABD angle of the hip in stance phase was
significantly increased for the YG as WS increased from slow to VF WSs
compared to the OG. Similarly, the mean max ABD angle of the hip in swing
phase was significantly increased for the YA across all speeds compared to the
OA.

In the transverse plane, the mean max ER of the hip in stance phase was
significantly decreased for the YG for the VS and typical WSs compared to the
OG. Conversely, the mean max IR of the hip in stance phase was significantly

increased for the YG across all WSs compared to the OG.
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4.1.17 Age-related Differences in Pelvic Kinematics

The mean relative angle for the pelvic segment in the sagittal plane is presented in

Figure 105. This is the pelvic anterior-posterior (ANT/POST) tilt angle defined by the

relative orientation of the sacrum and the left and right anterior superior iliac spine. The

following section focuses on between-group differences. Table 52 presents the significant

age-related differences in the mean max and min ANT/POST tilt angles in stance and swing

phase as well as their respective time of occurrence as a percentage of GC.

ANT(+)/POST(-) TILT

Normalized (% Stance)
Figure 105. Mean anterior-posterior tilt for the pelvis of the OG versus the YG at
each walking speed.
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Table 52. Significant p-values of the mean min and max ANT/POST tilt angles (£) of the
pelvis during stance and swing phase, as well as their respective time of occurrence in the gait

cycle across five walking speeds.

Walking Min Time to Min Time to Max Time to Max Time to
speed anterior min anterior min anterior max anterior max
group  tiltzin anteriortilt  tiltzin  anteriortilt tilt zin anteriortilt tilt zin anterior tilt

stance  zinstance swingp- zinswing  stance  zinstance swing £ inswing
p-value p-value value p-value p-value p-value p-value p-value
VS - - - - - .04 - -
S <.001 - <.01 - .02 - .03 -
T .02 - .01 - .01 - .02 -
E - - - - - - - -
VF - - - - - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.
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The mean min anterior (ANT) tilt angle across WSs during stance, with error bars
(95% confidence interval), is presented in Figure 106. Descriptive results showed that the
mean min ANT tilt angle during stance decreased from VS to slow speed, after which point,
the mean min ANT tilt angle was relatively consistent until the fast speed, where it
increased again. The mean min ANT tilt angle for the OG increased from VS to slow speed,
after which point, the mean min ANT tilt angle was relatively consistent. In addition, the
OG demonstrated greater mean min ANT tilt angles across speeds, except for the VS speed,
compared to the YG. Both age groups showed a similar associated marginal error (Figure

106).
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Figure 106. Mean min ANT tilt angle of the pelvis during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min ANT tilt angle during
stance as WS increased from slow to typical WS (slow: 5.67°+5.01°; typical: 5.89°+5.40°)

compared to the OG (slow: 10.70°+4.38°; typical: 9.27°+5.05°), as shown in Table 52.
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The mean min ANT tilt angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 107. Descriptive results showed that the mean
min ANT tilt angle during stance decreased from VS to slow speed, after which point, the
mean min ANT tilt angle was relatively consistent until the fast speed, where it increased
again. The mean min ANT tilt angle for the OG increased from VS to slow speed, after
which point, the mean min ANT tilt angle was relatively consistent. Both age groups
demonstrated similar associated marginal error. In addition, the OG demonstrated greater

mean min ANT tilt angles across speeds compared to the YG (Figure 107).
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Figure 107. Mean min ANT tilt angle of the pelvis during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean min ANT tilt angle during
swing as WS increased from slow to typical WS (slow: 6.04°£4.96°; typical: 6.30°+5.24°)

compared to the OG (slow: 10.95°+4.39°; typical: 9.70°£4.69°), as shown in Table 52.
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The mean max ANT tilt angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 108. Descriptive results showed that the mean
max ANT tilt angle (peak) during stance decreased from VS to slow speed, after which
point, the mean max ANT tilt angle was relatively consistent until the fast speed, where it
increased again. The mean max ANT tilt angle for the OG increased from VS to slow
speed, after which point, the mean max ANT tilt angle was relatively consistent. Both age
groups demonstrated similar associated marginal error. In addition, the OG demonstrated
greater mean max ANT tilt angles across speeds, except for the VS and VF speeds,

compared to the YG (Figure 108).
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Figure 108. Mean max ANT tilt angle of the pelvis during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max ANT tilt angle during
stance as WS increased from slow to typical speed (slow: 8.78°+5.62°; typical:
9.10°+5.67°) compared to the OG (slow: 13.26°+4.26°; typical: 12.58°+4.65°), as shown

in Table 52.
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Significant differences in time to mean max ANT tilt angle (p<.05) during stance
phase were found between YA and OA at the VS speed only (Figure 105, Table 52). The
YG had a significantly longer time to mean max ANT tilt angle (p<.05) for the VS WS.
For the YG, the mean max ANT tilt angle occurred at 30.08+23.20 percent GC at the VS
speed, whereas the OG demonstrated mean max ANT tilt angle at 22.80+25.09 percent GC
at the V'S speed (Figure 105).

The mean max ANT tilt angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 109. Descriptive results showed that the mean
max ANT tilt angle (peak) during swing decreased from VS to slow speed, after which
point, the mean max ANT tilt angle was relatively consistent until the fast speed, where it
increased again. The mean max ANT tilt angle for the OG increased from VS to slow
speed, after which point, the mean max ANT tilt angle was relatively consistent. Both age
groups demonstrated similar associated marginal error. In addition, the OG demonstrated
greater mean max ANT tilt angles across speeds, except for the VS and VF speeds,
compared to the YG (Figure 109). The YG had a significantly (p<.05) decreased mean max
ANT tilt angle during swing as WS increased from slow to typical speed (slow:
8.56°+5.47°; typical: 8.91°£5.44°) compared to the OG (slow: 12.88°+4.33°; typical:

11.88°+4.80°), as shown in Table 54.
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Figure 109. Mean max ANT tilt angle of the pelvis during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

Table 53 presents the significant (p<.05) age-related differences in the
anterior/posterior tilt range of motion (ROM) data for the pelvis. In addition, relative
anterior/posterior tilt ROM data for the pelvis are provided in Table 53. The YG displayed
the greatest anterior/posterior tilt ROM (Figure 105) across all speeds during stance and
swing compared to the OG, except for the typical speed during stance. Table 53 presents
the between-group differences found for the anterior/posterior tilt ROM during stance and
swing phase. There were no significant (p<.05) age-related differences in the
anterior/posterior tilt ROM for the pelvis during stance (Table 53). During swing phase,
the YG exhibited a significantly (p<.05) greater anterior/posterior tilt ROM for the slow
and VF WSs (slow: 2.52°+0.50°; VF:. 4.54°+0.27°) compared to the OG (slow:
1.93°+0.05°; VF: 3.42°£0.60°) as shown in Table 53. During VF speed walking, the
anterior/posterior tilt ROM for the YA and OA increased most in the pelvis during stance

and swing.
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Table 53. Significant anterior/posterior tilt ROM data for the pelvis during stance and swing
phase across five walking speeds and their respective significant p-values.

ANT/POST Tilt ROM Hip

Mean + Std P-value

Very Slow Young Stance 3.08° 0.27°

Very Slow Old Stance 2.86° 0.54° )
Slow Young Stance 3.10° 0.61°

Slow Old Stance 2.55° 0.11° )
Typical Young Stance 3.20° 0.26°

Typical Old Stance 3.30° 0.39° )
Fast Young Stance 3.84° 0.27°

Fast Old Stance 3.15° 0.15° )
Very Fast Young Stance 4.79° 0.18°

Very Fast Old Stance 4.27° 0.71° )
Very Slow Young Swing 2.45° 0.21°

Very Slow Old Swing 2.07° 0.26° )
Slow Young Swing 2.52° 0.50° <05
Slow Old Swing 1.93° 0.05° '
Typical Young Swing 2.61° 0.20° i
Typical Old Swing 2.18° 0.11°

Fast Young Swing 2.98° 0.21°

Fast Old Swing 2.49° 0.16° i
Very Fast Young Swing 4.54° 0.27° <0l
Very Fast Old Swing 3.42° 0.60° '

Note: Std: Standard deviation.; ‘-* indicates no significant difference.

The mean relative angle for the pelvic segment in the frontal plane is presented in
Figure 110. This is the pelvic upward-downward obliquity (UP/DOWN) angle defined by
the relative orientation of the sacrum and the left and right anterior superior iliac spine. The
following section focuses on between-group differences. Table 54 presents the significant
age-related differences in the mean max and min UP/DOWN tilt angles in stance and swing

phase as well as their respective time of occurrence as a percentage of GC.
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Figure 110. Mean upward-downward obliquity for the pelvis of the OG versus the

YG at each walking speed.

Table 54. Significant p-values of the mean max UP/DOWN obliquity angles (£) of the pelvis
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Max Time to Max Time to Time to Time to
speed DOWN max DOWN max max UP max UP
group obliquity DOWN obliquity DOWN obliquity obliquity

2in obliquity 2in obliquity 2 in 2in
stance <2in swing 2in stance swing
p-value stance p-value swing p-value p-value
p-value p-value
VS .03 - <.01 <.001 - -
S .01 - <.01 <.01 - .03
T <.01 - <.01 <.001 - .04
F .02 - .01 <.01 <.01 -
VF <.01 - - <.00001 <.00001

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates no significant difference.

The mean max downward (DOWN) obliquity angle across WSs during stance, with

error bars (95% confidence interval), is presented in Figure 111. Descriptive results showed

that the mean max DOWN obliquity angle during stance increased from VS to slow speed,

after which point, the mean max DOWN obliquity angle decreased for both groups, except

for the VF speed for the OG. Overall, both age groups demonstrated similar trends and

similar associated marginal error. In addition, the OG demonstrated greater mean max

DOWN obliquity angles across speeds compared to the YG (Figure 111).
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Figure 111. Mean max DOWN obliquity angle of the pelvis during stance phase for
the YG and OG across walking speeds at the 95% confidence interval (VS: Very
Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max DOWN obliquity angle
during stance as WS increased (VS: -4.07°+2.37°; VF: -6.44°+2.67°) compared to the OG
(VS: -2.73°£2.31°; VF: -3.53°%£3.24°), as shown in Table 54.

The mean max DOWN obliquity angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 112. Descriptive results showed that the
mean max DOWN obliquity angle during swing decreased as WS increased for both
groups. Overall, both age groups displayed similar trends but at different magnitudes. In
addition, the OG demonstrated greater mean max DOWN obliquity angles across speeds
compared to the YG. Both age groups showed similar associated marginal error (Figure
112). The YG had a significantly (p<.05) increased mean max DOWN obliquity angle
during swing as WS increased from VS to fast speed (VS: -3.79°£2.59°; fast: -6.61°+2.80°)

compared to the OG (VS: -1.23°+2.87°; fast: -4.48°£2.76°), as shown in Table 54.
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Figure 112. Mean max DOWN obliquity angle of the pelvis during swing phase for
the YG and OG across walking speeds at the 95% confidence interval (VS: Very
Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max DOWN obliquity angle (p<.05) during
swing phase were found between YA and OA across all speeds (Figure 110, Table 54). The
YG had a significantly shorter time to mean max DOWN obliquity angle (p<.05) for the
VS, slow, typical, fast, and VF WSs. For the YG, the mean max DOWN obliquity angle
occurred at 66.40+3.42 percent GC at the VS speed, decreasing to 64.26+2.16 percent GC
at the VF speed. Whereas the OG demonstrated mean max DOWN obliquity angle at
72.86+9.73 percent GC at the VS speed, decreasing to 68.78+2.90 percent GC at the VF
speed (Figure 110).

The mean max upward (UP) obliquity angle across WSs during stance, with error
bars (95% confidence interval), is presented in Figure 113. Descriptive results for the YG
showed that the mean max UP obliquity angle (peak) during stance increased as WS

increased. The mean max UP obliquity angle for the OG increased as speed increased from
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VS to typical speed, where the angle began to decrease for the fast speed and then increased
for the VF speed. Further, the OG showed a larger associated marginal error. Overall, both
age groups displayed similar trends but at different magnitudes. In addition, the YG
demonstrated greater mean max UP obliquity angles across speeds compared to the YG.
Moreover, at typical speed, both groups show less variability between them for the mean
max UP obliquity angle. However, when speed changed to a slower or faster speed, the

variability between groups increased (Figure 113).
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Figure 113. Mean max UP obliquity angle of the pelvis during stance phase for the
YG and OG across walking speeds at the 95% confidence interval (VS: Very Slow,
S: Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max UP obliquity angle during
stance as WS increased from slow to fast speed (slow: 4.29°+2.14°; fast: 6.94°+2.80°)
compared to the OG (slow: 2.57°£1.93°; fast: 4.60°£2.65°), as shown in Table 54.

Significant differences in time to mean max UP obliquity angle (p<.05) during

stance phase were found between YA and OA as WS increased from fast to VF (Figure
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110, Table 54). The YG had a significantly shorter time to mean max UP obliquity angle
(p<.05) for the fast and VF WSs. For the YG, the mean max UP obliquity angle occurred
at 13.94+1.62 percent GC at the fast speed, decreasing to 13.77+3.14 percent GC at the VF
speed. Whereas the OG demonstrated mean max UP obliquity angle at 15.72+7.89 percent
GC at the fast speed, increasing to 19.25+3.46 percent GC at the VF speed (Figure 110).
The mean max UP obliquity angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 114. Descriptive results showed that the mean
max UP obliquity (peak) during swing for the OG decreased from VS to slow speed, after
which point, the mean max UP obliquity angle was relatively consistent until the fast speed,
where it decreased again. The mean max UP obliquity angle for the OG decreased from
VS to slow speed, after which point, the mean max UP obliquity angle increased. Overall,
both age groups demonstrated relatively consistent patterns of variability for the mean max
UP obliquity angle as speed increased from VS to fast WS. In addition, the YG
demonstrated greater mean max UP obliquity angles across speeds compared to the OG.
The latter displayed a larger associated marginal error (Figure 114). Additionally, at the
VF speed, the YG exhibited a spike in the mean max UP obliquity pelvic angle, whereas
the mean max UP obliquity pelvic angle decreased for the OG. This is due to the pattern
showed in Figure 110, which exhibited an offset between YA and OA for the VF speed at
terminal swing, whereas the WSs from VS to fast have a decreased offset between them.
More specifically, at terminal swing, the younger group’s pattern shows a spike at the end
toward a more positive angle, whereas the older group’s pattern showed a decline at

terminal swing towards a more negative angle value.
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Figure 114. Mean max UP obliquity angle of the pelvis during swing phase for the
YG and OG across walking speeds at the 95% confidence interval (VS: Very Slow,
S: Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max UP obliquity angle during
swing at the VF speed only (VF: 2.75°£1.97°) compared to the OG (VF: 0.56°+£2.44°), as
shown in Table 56.

Significant differences in time to mean max UP obliquity angle (p<.05) during
stance phase were found between YA and OA as WS increased from slow to typical speed
(Figure 110, Table 54). The YG had a significantly longer time to mean max UP obliquity
angle (p<.05) for the slow and typical WSs. For the YG, the mean max UP obliquity angle
occurred at 93.59+6.39 percent GC at the slow speed, decreasing to 94.43+5.81 percent
GC at the typical speed. Whereas the OG demonstrated mean max UP obliquity angle at
88.87+6.97 percent GC at the slow speed, increasing to 91.10+7.23 percent GC at the

typical speed (Figure 110).
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Table 55 presents the significant (p<.05) age-related differences in the UP/DOWN
obliquity range of motion (ROM) data for the pelvis. In addition, relative UP/DOWN
obliquity ROM data for the pelvis are provided in Table 55. The YG displayed the greatest
UP/DOWN obliquity ROM (Figure 110) across all speeds during stance and swing
compared to the OG. Table 55 presents the between-group differences found for the
UP/DOWN obliquity ROM during stance and swing phase.

Table 55. Significant UP/DOWN obliquity ROM data for the pelvis during stance and swing
phase across five walking speeds and their respective significant p-values.

UP/DOWN Obliquity ROM Pelvis

Mean + Std P-value
Very Slow Young Stance 8.13° 0.01° <001
Very Slow Old Stance 5.30° 0.23°
Slow Young Stance 8.30° 0.05° <001
Slow Old Stance 5.18° 0.03° '
Typical Young Stance 11.28° 0.05° <05
Typical Old Stance 8.22° 3.97° '
Fast Young Stance 12.78° 0.01° <001
Fast Old Stance 8.36° 0.32°
Very Fast Young Stance 14.43° 0.31° <001
Very Fast Old Stance 10.07° 0.19°
Very Slow Young Swing 5.64° 0.71° <001
Very Slow Old Swing 2.92° 0.39°
Slow Young Swing 5.73° 0.72° <001
Slow Old Swing 3.49° 0.19° '
Typical Young Swing 7.73° 0.58° <001
Typical Old Swing 4.95° 0.26°
Fast Young §wing 8.36° 0.42° <01
Fast Old Swing 5.81° 0.05°
Very Fast Young Swing 10.43° 0.43° <001
Very Fast Old Swing 6.92° 0.50° '
Note: Std: Standard deviation.; ‘- indicates no significant difference.

The YG exhibited a significantly (p<.05) greater UP/DOWN obliquity ROM during
stance as WS increased (VS: 8.13°+0.01°; VF: 14.43°+0.31°) compared to the OG (VS:
5.30°£0.23°; VF: 10.07°£0.19°) as shown in Table 55. During swing phase, the YG

exhibited a significantly (p<.05) greater UP/DOWN obliquity ROM as WS increased (VS:
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5.64°+0.71°; VF: 10.43°+0.43°) compared to the OG (VS: 2.92°+0.39°; VF: 6.92°+0.50°)

as shown in Table 55. During VF speed walking, the UP/DOWN obliquity ROM for the

YA and OA increased most in the pelvis during stance and swing.

4.1.18 Summary of Pelvic Kinematics Results

When the speed effect is being considered, there are significant differences in the

pelvic kinematics between YA and OA . The key findings of the present study are as

follows:

Significant differences for the hip joint angle in the sagittal and frontal plane were
found between age groups as a function of speed.

In the sagittal plane, the mean min ANT tilt of the pelvis in stance and swing
phase, as well as the mean max ANT tilt of the pelvis in stance and swing phase,
were significantly decreased for the YG for the slow and typical WSs compared
to the OG.

In the frontal plane, the mean max DOWN obliquity angle of the pelvis in stance
phase was significantly increased for the YG across all speeds compared to the
OG. Similarly, the mean max DOWN obliquity of the pelvis in swing and the
mean max UP obliquity of the pelvis in stance were significantly increased for the
YG as WS increased from VS to fast WS compared to the OG. Further, the mean
max UP obliquity of the pelvis in swing phase was significantly increased for the

VF speed only compared to the OG.

4.1.19 Age-related Differences in Torso Kinematics

Figure

The mean relative angle for the torso segment in the sagittal plane is presented in

115. This is the torso anterior-posterior tilt (ANT/POST) angle defined by the
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relative orientation of the shoulders and C7 vertebra. The following section focuses on

between-group differences. Table 56 presents the significant age-related differences in the

mean max and min ANT/POST tilt angles in stance and swing phase as well as their

respective time of occurrence as a percentage of GC.
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Figure 115. Mean anterior-posterior tilt for the torso of the OG versus the YG at
each walking speed.

Table 56. Significant p-values of the mean min and max ANT/POST tilt angles (£) of the torso
during stance and swing phase, as well as their respective time of occurrence in the gait cycle

across five walking speeds.

Walking Max Time to Max Time to Min Time to Min Time to
speed POST maxPOST POST maxPOST POST minPOST POSTtilt minPOST
group tilt 2 in tilt 2 in tilt 2 in tilt 2 in tilt 2 in tilt 2 in 2in tilt 2 in

stance stance swing swing stance stance swing swing

p-value p-value p-value p-value p-value p-value p-value p-value
VS .02 - .01 <.0001 <.0001 - <.0001 -
S - - - <.01 - - - -
T - - - - - - - -
E - - - - - - - -
VF - - - <.01 - - - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; - indicates no significant difference.

The mean max posterior (POST) tilt angle across WSs during stance, with error

bars (95% confidence interval), is presented in Figure 116. Descriptive results for the OG

showed that the mean max POST tilt angle during stance decreased from VS to typical
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speed, after which point, the mean max POST tilt angle began to increase. Overall, the OG
demonstrated relatively consistent patterns of variability for the mean max POST tilt angle.
The mean max POST tilt angle for the YG increased from VS to slow speed, after which
point, the mean max POST tilt angle was relatively consistent, except for the VF speed.
Both age groups showed similar associated marginal error. In addition, the OG

demonstrated greater mean max POST tilt angles across speeds compared to the YG.
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Figure 116. Mean max POST tilt angle of the torso during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max POST tilt angle during
stance at the VS speed only (VS: -15.08°+7.18°) compared to the OG (VS: -6.78°+6.01°),
as shown in Table 56.

The mean max POST tilt angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 117. Descriptive results for the OG showed that

the mean max POST tilt angle during swing decreased from VS to typical speed, after
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which point, the mean max POST tilt angle began to increase. Overall, the OG
demonstrated relatively consistent patterns of variability for the mean max POST tilt angle.
The mean max POST tilt angle for the YG increased from VS to slow speed, after which
point, the mean max POST tilt angle was relatively consistent, except for the VF speed. In
addition, the OG demonstrated greater mean max POST tilt angles across speeds compared

to the YG (Figure 117).
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Figure 117. Mean max POST tilt angle of the torso during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max POST tilt angle during
swing at the VS speed only (VS: -14.65°+7.27°) compared to the OG (VS: -6.20°£5.48°),
as shown in Table 56.

Significant differences in time to mean max POST tilt angle (p<.05) during swing
phase were found between YA and OA at the VS, slow, and VF WSs (Figure 115, Table

56). The YG had a significantly shorter time to mean max POST tilt angle (p<.05) for the
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VS, slow, and VF WS. For the YG, the mean max POST tilt angle occurred at 69.87+9.84
percent GC at the VS speed, increasing to 79.61+11.43 percent GC at the VF WS. Whereas
the OG demonstrated mean max POST tilt angle at 81.93+14.04 percent GC at the VS
speed, increasing to 88.92+13.02 percent GC at the VF WS (Figure 115).

The mean min POST tilt angle across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 118. Descriptive results for the OG showed that
the mean min POST tilt angle during stance decreased from VS to typical speed, after
which point, the mean min POST tilt angle began to increase. Overall, the OG
demonstrated relatively consistent patterns of variability for the mean min POST tilt angle.
The mean min POST tilt angle for the YG increased from VS to slow speed, after which
point, the mean min POST tilt angle was relatively consistent, except for the VF speed.
Both age groups showed similar associated marginal error. In addition, the OG
demonstrated greater mean min POST tilt angles across speeds compared to the YG (Figure
118). The YG had a significantly (p<.05) increased mean min POST tilt angle during stance
at the VS speed only (VS: -11.05°+6.36°) compared to the OG (VS: -4.55°+5.80°), as
shown in Table 56. No significant differences in time to mean min POST tilt angle during

stance were found between YA and OA (Table 56).
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Figure 118. Mean min POST tilt angle of the torso during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The mean min POST tilt angle across WSs during swing, with error bars (95%
confidence interval), is presented in Figure 119. Descriptive results for the OG showed that
the mean min POST tilt angle during swing decreased from VS to typical speed, after which
point, the mean min POST tilt angle began to increase. Overall, the OG demonstrated
relatively consistent patterns of variability for the mean min POST tilt angle. The mean
min POST tilt angle for the YG increased from VS to slow speed, after which point, the
mean min POST tilt angle was relatively consistent, except for the VF speed. Both age
groups showed a similar associated marginal error. In addition, the OG demonstrated

greater mean min POST tilt angles across speeds compared to the YG (Figure 119).
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Figure 119. Mean min POST tilt angle of the torso during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean min POST tilt angle during
swing at the VS speed only (VS: -11.23°+6.44°) compared to the OG (VS: -4.61°£5.86°),
as shown in Table 56.

Table 57 presents the significant (p<.05) age-related differences in the
anterior/POST tilt range of motion (ROM) data for the torso. Relative anterior/POST tilt
ROM data for the torso are provided in Table 57. The YG displayed the greatest
UP/DOWN obliquity ROM (Figure 117) across all speeds during stance and swing
compared to the OG. Table 57 presents the between-group differences found for the
anterior/POST tilt ROM during stance and swing phase. The YG exhibited a significantly
(p<.05) greater anterior/POST tilt ROM during stance as WS increased from VS to slow
WSs (VS: 4.02°+0.81°; slow: 3.68°+£0.49°) compared to the OG (VS: 2.23°+0.21°; slow:
2.35°+0.29°) as shown in Table 57. During swing phase, the YG exhibited a significantly

(p<.05) greater anterior/POST tilt ROM for the VS, slow, and VF WSs (VS: 3.42°+0.82°;
226



slow: 2.95°+0.55°; VF: 3.81°+0.40°) compared to the OG (VS: 1.58°+0.02°; slow:
1.67°+£0.22°; VF: 2.83°£0.41°) as shown in Table 57. During VF speed walking, the
anterior/POST tilt ROM for the YA and OA increased most in the torso during stance and
swing.

Table 57. Significant anterior/POST tilt ROM data for the torso during stance and swing
phase across five walking speeds and their respective significant p-values.

ANT/POST Tilt ROM Torso

Mean + Std P-value
Very Slow Young Stance 4.02° 0.81° <001
Very Slow Old Stance 2.23° 0.21°
Slow Young Stance 3.68° 0.49° <01
Slow Old Stance 2.35° 0.29° '
Typical Young Stance 3.07° 0.32°
Typical Old Stance 2.92° 0.20° )
Fast Young Stance 3.562° 0.17°
Fast Old Stance 2.96° 0.25° )
Very Fast Young Stance 4.03° 0.53°
Very Fast Old Stance 3.52° 0.52° )
Very Slow Young Swing 3.42° 0.82° <001
Very Slow Old Swing 1.58° 0.02°
Slow Young Swing 2.95° 0.55° <01
Slow Old Swing 1.67° 0.22° '
Typical Young Swing 2.34° 0.24°
Typical Old Swing 1.94° 0.05° i
Fast Young Swing 2.46° 0.12°
Fast Old Swing 2.11° 0.07° i
Very Fast Young Swing 3.81° 0.40° <05
Very Fast Old Swing 2.83° 0.41° '
Note: Std: Standard deviation.; ‘- indicates no significant difference.

The mean relative angle for the torso segment in the frontal plane is presented in
Figure 120. This is the torso ipsilateral-contralateral lean (IPSI/CONTRA) angle defined
by the relative orientation of the shoulders and C7 vertebra. The following section focuses
on between-group differences. Table 58 presents the significant age-related differences in
the mean max and min IPSI/CONTRA lean angles in stance and swing phase as well as

their respective time of occurrence as a percentage of GC.
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Figure 120. Mean ipsilateral-contralateral lean for the torso of the OG versus the
YG at each walking speed.

Table 58. Significant p-values of the mean max IPSI/CONTRA lean angles (£) of the torso
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
across five walking speeds.

Walking Max Time to Max Time to Max Time to Max Time to
speed CONTRA max CONTRA max IPSI max IPSI IPSI max IPSI
group torsolean  CONTRA  torsolean  CONTRA torso torso lean torso torso lean

zinstance torsolean zinswing  torso lean lean 2 2in lean 2 2in
p-value < in stance p-value £ inswing instance stance in swing swing
p-value p-value p-value p-value p-value p-value
VS - - .02 .02 - - - .02
S <.01 - <.01 .03 <.01 - - .01
T .02 - <.01 <.01 - - - -
F .03 .01 .01 <.01 .03 <.01 - -
VF .01 - - <.001 .04 <.0001 <.01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘-¢ indicates no significant difference.

The mean max contralateral (CONTRA) lean angle across WSs during stance, with

error bars (95% confidence interval), is presented in Figure 121. Descriptive results showed

that the mean max CONTRA lean angle for the OG during stance increased from VS to

slow speed, after which point, the mean max CONTRA lean angle began to decrease.

Whereas the mean max CONTRA lean angle for the YG decreased as WS increased.

Overall, both age groups displayed a similar trend but at different magnitudes. The OG
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showed a larger associated marginal error. In addition, the OG demonstrated greater mean

max CONTRA lean angles across speeds compared to the YG (Figure 121).
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Figure 121. Mean max CONTRA lean angle of the torso during stance phase for the
YG and OG across walking speeds at the 95% confidence interval (VS: Very Slow,
S: Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max CONTRA lean angle
during stance as WS increased from slow to VF speed (slow: -3.96°+3.47°; VF: -
6.13°+2.71°) compared to the OG (slow: -2.69°+£2.94°; VF: -3.90°£3.47°), as shown in
Table 58.

Significant differences in time to mean max CONTRA lean angle (p<.05) during
stance phase were found between YA and OA at the fast speed only (Figure 120, Table
58). The YG had a significantly longer time to mean max CONTRA lean angle (p<.05) for
the fast WS. For the YG, the mean max CONTRA lean angle occurred at 52.64+18.65
percent GC at the fast speed, whereas the OG demonstrated mean max CONTRA lean

angle at 52.04+19.32 percent GC at the fast speed (Figure 120).
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The mean max CONTRA lean angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 122. Descriptive results showed that the
mean max CONTRA lean angle during swing decreased as WS increased for the YA and
OA. Overall, both age groups displayed a similar trend but at different magnitudes. In
addition, the OG demonstrated greater mean max CONTRA lean angles across speeds
compared to the YG. The OG showed a larger associated marginal error (Figure 122). The
YG had a significantly (p<.05) increased mean max CONTRA lean angle during swing as
WS increased from VS to fast speed (VS: -2.82° +1.87°; fast: -6.96°+2.58°) compared to

the OG (VS: -1.85°£2.13°; fast: -5.18 °+3.42°).
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Figure 122. Mean max CONTRA lean angle of the torso during swing phase for the
YG and OG across walking speeds at the 95% confidence interval (VS: Very Slow,
S: Slow, T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max CONTRA lean angle (p<.05) during
swing phase were found between YA and OA as WS increased (Figure 120, Table 58). The

YG had a significantly shorter time to mean max CONTRA lean angle (p<.05) for the VS,
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slow, typical, fast, and VF WSs. For the YG, the mean max CONTRA lean angle occurred
at 69.61+10.39 percent GC at the VS speed, decreasing to 65.25+6.20 percent GC at the
VF speed. Whereas the OG showed mean max CONTRA lean angle at 73.79+9.75 percent
GC at the VS speed, decreasing to 68.45+4.64 percent GC at the VF speed (Figure 120).
The mean max ipsilateral (IPSI) lean angle across WSs during stance, with error
bars (95% confidence interval), is presented in Figure 123. Descriptive results showed that
the mean max IPSI lean angle (peak) during stance increased as WS increased for both
groups. Overall, both age groups displayed a similar trend, with the OG showing a larger
associated marginal error. In addition, the YG demonstrated greater mean max IPSI lean

angles across speeds compared to the OG (Figure 123).
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Figure 123. Mean max IPSI lean angle of the torso during stance phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max IPSI lean angle during

stance as WS increased from slow to VF speed, except for the typical speed (slow:
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4.29°+2.13°; VF: 7.87°£2.38°) compared to the OG (slow: 2.86°+2.97°; VF: 6.70°£3.31°),
as shown in Table 58.

Significant differences in time to mean max IPSI lean angle (p<.05) during stance
phase were found between YA and OA as WS increased from fast to VF (Figure 120, Table
58). The YG had a significantly shorter time to mean max IPSI lean angle (p<.05) for the
fast and VF WSs. For the YG, the mean max IPSI lean angle occurred at 14.05+1.51
percent GC at the fast WS, increasing to 14.43+2.36 percent GC at the VF WS. Whereas
the OG demonstrated mean max IPSI lean angle at 15.36+3.99 percent GC at the fast WS,
increasing to 18.02+3.61 percent GC at the VVF speed (Figure 120).

The mean max IPSI (IPSI) lean angle across WSs during swing, with error bars
(95% confidence interval), is presented in Figure 124. Descriptive results for the YG
showed that the mean max IPSI lean angle during swing decreased as WS increased, except
for the VF speed. Whereas the mean max IPSI lean angle during swing decreased as WS
increased, except for the fast speed. The OG displayed a larger associated marginal error.
In addition, the YG demonstrated greater mean max IPSI lean angles as WS increased,
except for the fast speed, compared to the OG (Figure 124). Additionally, at the VF speed,
the Y G exhibited a spike in the mean max IPSI lean angle. This is due to the pattern showed
in Figure 120 at terminal swing, where the younger group’s pattern shows a spike at the
end, whereas the older group’s pattern showed a decline at terminal swing. The YG had a
significantly (p<.05) increased mean max IPSI lean angle during swing at the VF speed

only (VF: 1.45°£1.64°) compared to the OG (VF: -0.05°£3.07°), as shown in Table 58.
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Figure 124. Mean max IPSI lean angle of the pelvis during swing phase for the YG
and OG across walking speeds at the 95% confidence interval (VS: Very Slow, S:
Slow, T: Typical, F: Fast, VF: Very Fast).

Significant differences in time to mean max IPSI lean angle (p<.05) during swing
phase were found between YA and OA as WS increased from VS to slow speed (Figure
120, Table 58). The YG had a significantly shorter time to mean max IPSI lean angle
(p<.05) for the VS and slow WSs. For the YG, the mean max IPSI lean angle occurred at
88.59+8.83 percent GC at the VS speed, increasing to 92.76+6.82 percent GC at the slow
speed. Whereas the OG demonstrated mean max IPSI lean angle at 93.03+7.31 percent GC
at the VS speed, decreasing to 86.98+8.92 percent GC at the slow speed (Figure 120).

Table 59 presents the significant (p<.05) age-related differences in the
IPSI/CONTRA lean range of motion (ROM) data for the torso. In addition, relative
IPSI/CONTRA lean ROM data for the torso are provided in Table 59. The YG displayed
the greatest UP/DOWN obliquity ROM (Figure 120) across all speeds during stance and

swing compared to the OG. Table 59 presents the between-group differences found for the
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IPSI/CONTRA lean ROM during stance and swing phase. The YG exhibited a significantly
(p<.05) greater IPSI/CONTRA lean ROM during stance for the slow, fast, and VF WSs
(slow: 8.25°+0.12°; fast: 12.68°+0.02°; VF: 14.00°+0.33°) compared to the OG (slow:
5.56°+0.03°; fast: 9.18°+0.15°; VF: 10.60°+0.15°) as shown in Table 59. During swing
phase, the YG exhibited a significantly (p<.05) greater IPSI/CONTRA lean ROM as WS
increased (VS: 4.13°+0.01°; VF: 9.16°+0.72°) compared to the OG (VS: 2.96°+0.23°; VF:
6.53°+0.23°), except for the fast WS, as shown in Table 59. During VF speed walking, the
IPSI/CONTRA lean ROM for the YA and OA increased most in the torso during stance
and swing.

Table 59. Significant IPSI/CONTRA lean ROM data for the torso during stance and swing
phase across five walking speeds and their respective significant p-values.

IPSI/CONTRA Lean ROM Torso

Mean + Std P-value
Very Slow Young Stance 6.24° 0.03°
Very Slow Old Stance 5.47° 0.04° )
Slow Young Stance 8.25° 0.12° <001
Slow Old Stance 5.56° 0.03° '
Typical Young Stance 10.87° 0.06°
Typical Old Stance 8.91° 3.98° )
Fast Young Stance 12.68° 0.02° <0l
Fast Old Stance 9.18° 0.15° '
Very Fast Young Stance 14.00° 0.33° <01
Very Fast Old Stance 10.60° 0.15° '
Very Slow Young Swing 4.13° 0.01° <01
Very Slow Old Swing 2.96° 0.23°
Slow Young Swing 5.14° 0.50° <01
Slow Old Swing 3.43° 0.20° '
Typical Young Swing 6.68° 0.02° <01
Typical Old Swing 4.80° 0.44° '
Fast Young Swing 7.18° 0.46°
Fast Old Swing 5.96° 0.02° i
Very Fast Young Swing 9.16° 0.72° <001
Very Fast Old Swing 6.53° 0.23° '
Note: Std: Standard deviation.; ‘- indicates no significant difference.
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4.1.20 Summary of Torso Kinematics Results

When the speed effect is being considered, there are significant differences in torso

kinematics between YA and OA . The key findings of the present study are as follows:

Significant differences for the torso joint angle in the sagittal and frontal plane
were found between age groups as a function of speed.

In the sagittal plane, the mean min POST tilt of the torso in stance and swing, as
well as the mean max POST tilt of the torso in stance and swing, were significantly
increased for the YG for the VS speed only compared to the OG.

In the frontal plane, the mean max CONTRA lean angle of the torso in stance
phase was significantly increased for the YG as WS increased from slow to VF
WS compared to the OG. Similarly, the mean max CONTRA lean angle of the
torso in swing phase was significantly increased for the YA as WS increased from
VS to fast WS compared to the OA. Likewise, the mean max IPSI lean angle of
the torso in stance phase was significantly increased for the YG for the slow, fast,
and VF WSs. Further, the mean max IPSI lean angle of the torso in swing phase
was significantly greater for the YG for the VF WS only compared to the OG.
The OG had similar results as the pelvic angles, with an overall decreased motion

of the torso.

4.1.21 Age-related Differences in Ground Reaction Forces

The mean ground reaction force (GRF) in the sagittal plane is presented in Figure

125. This is the antero-posterior (A/P) force defined by the shear force exerted from the

ground in the X-axis direction. The following section focuses on between-group

differences. Table 60 presents the significant age-related differences in the mean max and
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min A/P forces in stance and swing phase as well as their respective time of occurrence as

a percentage of GC.

Young Old
Very Fast  «saees
Fast -
Typical
Slow  seeees
Very Slow  =sssss

50.0 75.0 100.0

Normalized (% Gait Cycle)

Figure 125. Mean antero-posterior ground reaction force of the OG versus the YG
at each walking speed.

Table 60. Significant p-values of the mean min and max antero-posterior ground reaction
forces (%Body Weight) during stance and swing phase, as well as their respective time of
occurrence in the gait cycle across five walking speeds.

Walking Min A/P GRF  Time to min Max A/P GRF Time to max

speed p-value A/P GRF p-value A/P GRF
group p-value p-value
VS - .01 - -
S - .03 - -
T - - - -
F - - .02 -
VF - - .01 -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; ‘- indicates
no significant difference.

The mean max A/P GRF across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 126. Descriptive results showed that the mean
max A/P GRF (peak) during stance increased from VS to fast speed, after which point, the
mean max A/P GRF began to decrease for both groups. Overall, both age groups
demonstrated relatively consistent patterns of variability for the mean max A/P GRF as
WS increased from VS to fast speed. In addition, the OG demonstrated greater mean max

A/P GREF across speeds compared to the YG (Figure 126).
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Figure 126. Mean max A/P GRF during stance phase for the YG and OG across
walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T: Typical,
F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) decreased mean max A/P GRF during stance
as WS increased from fast to VF speed (fast: 0.02+0.01 %BW; VF: 0.01+0.01 %BW)
compared to the OG (fast: 0.03+0.01 %BW; VF: 0.03£0.02 %BW), as shown in Table 60.

Significant differences in time to mean min A/P GRF (p<.05) during stance phase
were found between YA and OA as WS increased from VS to slow speed (Figure 125,
Table 60). The YG had a significantly shorter time to mean min A/P GRF (p<.05) for the
VS and slow WS. For the YG, the mean min A/P GRF occurred at 33.08+16.02 percent
GC at the VS speed, decreasing to 30.25+13.58 percent GC at the slow speed. Whereas the
OG demonstrated mean min A/P GRF at 43.47+12.07 percent GC at the VS speed,
increasing to 36.75+13.17 percent GC at the slow speed (Figure 125).

The mean ground reaction force (GRF) in the transverse plane is presented in Figure
127. This is the vertical force defined by the vertical force exerted from the ground in the

Z-axis direction. The following section focuses on between-group differences. Table 64
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presents the significant age-related differences in the mean max and min vertical forces in
stance and swing phase as well as their respective time of occurrence as a percentage of

GC.

Young Old
Very Fast  «zeeas —

Fast AR —

Normalized (% Gait Cycle)

Figure 127. Mean vertical ground reaction force of the OG versus the YG at each
walking speed.

Table 61. Significant p-values of the mean min and max vertical ground reaction forces
(%Body Weight) during stance and swing phase, as well as their respective time of occurrence
in the gait cycle across five walking speeds.

Walking Min Vertical Time to min Max Time to max
speed group GRF Vertical GRF Vertical Vertical GRF
p-value p-value GRF p-value
p-value
VS .03 <.0001 - .04
S - - - .03
T - .02 <.01 -
F .01 - .02 -
VF .04 .02 - -

Note: VS: Very Slow, S: Slow, T: Typical, F: Fast, VF: Very Fast.; - indicates
no significant difference.

The mean min vertical GRF across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 128. Descriptive results showed that the mean
min vertical GRF during stance increased as WS increased for the YG and OG. Overall,
both age groups displayed a similar trend but at different magnitudes. In addition, the YG
demonstrated greater mean min vertical GRF across speeds compared to the YG (Figure

128). Both groups showed similar trends at different magnitudes, however, the OG had the
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smallest associated marginal error (Figure 128). The YG had a significantly (p<.05)
increased mean min vertical GRF during stance at the VS, fast and VF WSs (VS: 0.05+0.02
%BWi; fast: 0.05+0.01 %BW; VF: 0.06+0.02 %BW) compared to the OG (VS: 0.03+0.01

%BW fast: 0.04+£0.01 %BW; VF: 0.04+0.02 %BW), as shown in Table 64.
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Figure 128. Mean min vertical GRF during stance phase for the YG and OG across
walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T: Typical,
F: Fast, VF: Very Fast).

Significant differences in time to mean min vertical GRF (p<.05) during stance
phase were found between YA and OA at the VS, typical, and VF speed (Figure 127, Table
64). The YG had a significantly shorter time to mean min vertical GRF (p<.05) for the VS,
typical, and VF WS. For the YG, the mean min vertical GRF occurred at 40.74+28.93
percent GC at the VS WS, increasing to 41.36+25.64 percent GC at the VF WS. Whereas
the OG demonstrated mean min vertical GRF at 57.05+27.13 percent GC at the VS speed,

decreasing to 45.01+26.52 percent GC at the VF WS (Figure 127).
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The mean max vertical GRF across WSs during stance, with error bars (95%
confidence interval), is presented in Figure 129. Descriptive results showed that the mean
max vertical GRF during stance increased as WS increased for both groups. Further, the
YG showed a greater mean min vertical GRF as WS increased, except for the VS and slow
speeds, compared to the OG (Figure 129). Both groups showed similar trends at different

magnitudes, however, the YG had the smallest associated marginal error (Figure 129).
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Figure 129. Mean max vertical GRF during stance phase for the YG and OG across
walking speeds at the 95% confidence interval (VS: Very Slow, S: Slow, T: Typical,
F: Fast, VF: Very Fast).

The YG had a significantly (p<.05) increased mean max vertical GRF during stance
as WS increased from typical to fast WS (typical: 1.10+0.19 %BW; fast: 1.28+0.10 %BW)
compared to the OG (typical: 1.03+0.23 %BW fast: 1.18+0.21 %BW), as shown in Table
64.

Significant differences in time to mean max vertical GRF (p<.05) during stance
phase were found between YA and OA as WS increased from VS to slow speed (Figure

127, Table 64). The YG had a significantly shorter time to mean max vertical GRF (p<.05)
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for the VS and slow WS. For the YG, the mean max vertical GRF occurred at 26.89+13.33
percent GC at the VS speed, increasing to 35.68+13.95 percent GC at the slow WS.
Whereas the OG demonstrated mean max vertical GRF at 30.55+11.22 percent GC at the
VS speed, increasing to 40.16+13.03 percent GC at the slow WS (Figure 127).
4.1.22 Summary of Ground Reaction Forces Results

When the WS effect is being considered, there are significant differences in the
GRFs between YA and OA. The key findings of the present study are as follows:

e Significant differences for the GRFs in the antero-posterior (A/P) and vertical
directions were found between age groups as a function of speed.

e The mean max A/P force was significantly decreased for the YG for the fast and
VF WSs compared to the OG.

e The mean min vertical force was significantly increased for the YG for the VS,
fast, and VF speeds compared to the OG. Similarly, the mean max vertical force
was significantly increased for the YA for the typical and fast WSs compared to
the OA.

4.2 Age-related Differences in MSF and Lower Extremity Kinematic and Kinetic
Variables Independent of Speed

The second purpose of the study was to investigate differences in MSF kinematics
and lower extremity kinematics and kinetics between young and OA during walking
independent of WS. Therefore, it was hypothesized that, independent of WS, there would
be significant differences in MSF and lower limb kinematic and kinetic variables (e.g., max
foot-tibia angle, calcaneus-tibia, mid-cal, and planar angles of the foot, as well as time to

max angle, ankle plantarflexor moment, etc.) between the YA and OA.
241



4.2.1 Age-related Differences in Temporospatial Variables Independent of Speed

Table 62 presents the significant age-related differences in the mean temporospatial
variables independent of WS. The following section focuses on between-group differences.
Table 63 presents the significant age-related differences in the temporospatial variables
independent of WS that were found in comparison to the findings in the first hypothesis,
where the speed effect was tested. A different finding means that the same result was not
found when both groups were walking at different speeds.

Table 62. Significant p-values of the mean temporospatial variables independent of WS.

Cadence Stride Single Leg Double Time to Cycle Step Speed
p-value Length Support Leg Toe-off Time Length p-value
p-value Time Support p-value p-value p-value

p-value Time
p-value
<.001 <.001 <.001 <.01 <.001 <.01 <.01 -

Table 63. Temporospatial variables, independent of WS, found similar/different to the first
hypothesis.

Similar Different

Cadence

Stride Length

Single Leg Support Time
Double Leg Support Time
Time to Toe-off

Cycle Time

Step Length

AN N N N NN

4.2.2 Summary of Temporospatial Results

The present study found significant differences for the mean temporospatial
variables between YA and OA independent of WS, including the cadence, stride length,
singe leg support time, double leg support time, time to toe off, cycle time and step length.
Thus, when the speed effect is being controlled, there are still significant differences in

temporospatial variables between YA and OA.

242



4.2.3 Age-related Differences in Relative Angles Between the Foot and Shank
Independent of Speed

The mean relative angle for the foot-shank segment in the sagittal plane was
presented in Figure 1 (see Section 4.1.3). The following section focuses on between-group
differences. Table 64 presents the significant age-related differences in the mean max
DF/PF angles in stance and swing phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 65 presents the significant age-related
differences in the foot-shank DF/PF angles independent of WS that were found in
comparison to the findings in the first hypothesis, where the speed effect was tested.

Table 64. Significant p-values of the mean max DF/PF angles (£) of the foot-shank during
stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Max PF 2 Time to Max PF Time to Max DF Time to Max DF Time to

instance  maxPF zin 2 in max PF 2 2 in max DF 2 2in max DF 2
p-value stance swing in swing stance in stance swing in swing
p-value p-value p-value p-value p-value p-value p-value
<.001 <.001 <.001 <.001 <.001 <.001 <.001 <.01

Table 65. Foot-shank DF/PF angles, independent of WS, found similar/different to the first
hypothesis.

Similar Different
Max PF in stance v X
Time to max PF in stance
Max PF in swing
Time to max PF in swing
Max DF in stance
Time to max DF in stance
Max DF in swing
Time to max DF in swing

ASANENANENRN

Significant differences in time to mean max PF (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 1, Table 64). The YG had a
significantly longer time to mean max PF angle (p<.05) compared to the OG. For the YG,

the max PF occurred at 57.67+£1.36 percent GC, whereas the OG demonstrated max PF
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angles at 56.44+1.30 percent GC. This result was found different as the previous
hypothesis, where the speed effect was tested (Table 65), since the YG had exhibited a
shorter time to mean max PF across speeds.

Significant differences for the mean relative angle for the foot-shank in the frontal
plane were found between YA and OA independent of WS. This is the ankle eversion-
inversion (EVE/INV) angle defined by the relative orientation between the foot and the
shank (tibia) segments, which will be hereon referred to as the foot-shank. It should be
noted that for the previous hypothesis, where the speed effect was tested, there were no
significant differences found for the mean relative angles for the foot-shank in the frontal
plane. The following section focuses on between-group differences. Table 66 presents the
significant age-related differences in the mean max EVE/INV angles in stance and swing
phase as well as their respective time of occurrence as a percentage of GC, independent of
WS. Table 67 presents the significant age-related differences in the foot-shank EVE/INV
angles independent of WS that were found in comparison to the findings in the first
hypothesis, where the speed effect was tested.

Table 66. Significant p-values of the mean min and max EVE/INV angles (£) of the foot-shank
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min EVE « Time to Min EVE Time to Max EVE Time to Max EVE Time to max

in stance min EVE 2in min EVE z 2in max EVE 2 2in EVE zin
p-value £ in stance swing in swing stance in stance swing swing
p-value p-value p-value p-value p-value p-value p-value
<.01 <.001 <.05 <.05 <.05
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Table 67. Foot-shank EVE/INV angles, independent of WS, found similar/different to the first
hypothesis.

Similar Different

Max EVE in stance v

Time to max EVE in stance v

Max EVE in swing X
Time to max EVE in swing X
Max EVE in stance X
Time to max EVE in stance X
Max EVE in swing X
Time to max EVE in swing v X

Independent of speed, the YG had a significantly (p<.05) decreased mean min EVE
angle during swing (-0.18° £0.41°) compared to the OG (2.30°+0.43°), as shown in Table
66. Significant differences in time to mean min EVE (p<.05) during swing phase were
found between YA and OA independent of WS (Table 66). The YG had a significantly
shorter time to mean min EVE angle (p<.05) compared to the OG. For the YG, the min
EVE occurred at 65.63+0.61 percent GC, whereas the OG demonstrated min EVE angles
at 70.81+0.64 percent GC.

Independent of speed, the YG had a significantly (p<.05) increased mean max EVE
angle during stance (12.74°+0.33°) compared to the OG (12.04°+0.34°), as shown in Table
66. Significant differences in time to mean max EVE (p<.05) during stance phase were
found between YA and OA independent of WS (Table 66). The YG had a significantly
shorter time to mean max EVE angle (p<.05) compared to the OG. For the YG, the max
EVE occurred at 33.47+2.01 percent GC, whereas the OG demonstrated max EVE angles
at 38.02+2.10 percent GC.

Independent of WS, the YG had a significantly (p<.05) increased mean max EVE
angle during swing (11.93°+£0.33°) compared to the OG (10.98°+0.35°), as shown in Table

66.
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The mean relative angle for the foot-shank segment in the transverse plane was
presented in Figure 6 (see Section 4.1.3). The following section focuses on between-group
differences. Table 68 presents the significant age-related differences in the mean max
ADD/ABD angles in stance and swing phase as well as their respective time of occurrence
as a percentage of GC, independent of WS. Table 69 presents the significant age-related
differences in the foot-shank ADD/ABD angles independent of WS that were found in
comparison to the findings in the first hypothesis, where the WS effect was tested.

Table 68. Significant p-values of the mean min and max ADD/ABD angles (2) of the foot-
shank during stance and swing phase, as well as their respective time of occurrence in the gait
cycle independent of WS.

Min ADD Time to Min Time to Max Time to Max Time to
2in min ADD ADD « min ADD ADD 2« max ADD ADD 2« max ADD
stance cinstance inswing <inswing instance zinstance inswing £ inswing
p-value p-value p-value p-value p-value p-value p-value p-value
<.001 <.05 <.001 - <.001 <.001 <.001 <.001

Table 69. Foot-shank ADD/ABD angles, independent of WS, found similar/different to the
first hypothesis.

Similar Different

Min ADD in stance
Time to min ADD in stance
Min ADD in swing
Time to min ADD in swing
Max ADD in stance
Time to max ADD in stance
Max ADD in swing
Time to max ADD in swing

ANANENENEN
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Significant differences in time to mean max ADD (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 6, Table 68). The YG had a
significantly shorter time to mean max ADD angle (p<.05) compared to the OG. For the
YG, the max ADD occurred at 55.14+1.30 percent GC, whereas the OG demonstrated max

ADD angles at 56.96+1.37 percent GC. This result was found different as the previous
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hypothesis, where the speed effect was tested (Table 69), since the YG had exhibited a
longer time to mean max ADD for the VS speed.
4.2.4 Age-related Differences in Relative Angles Between the Midfoot and Calcaneus
Independent of Speed

The mean relative angle gait curve for the mid-cal segment in the sagittal plane was
presented in Figure 11 (see Section 4.1.4). The following section focuses on between-group
differences. Table 70 presents the significant age-related differences in the mean max and
min DF/PF angles in stance and swing phase as well as their respective time of occurrence
as a percentage of GC, independent of WS. Table 71 presents the significant age-related
differences in the mid-cal DF/PF angles independent of WS that were found in comparison
to the findings in the first hypothesis, where the speed effect was tested.

Table 70. Significant p-values of the mean min and max DF/PF angles (£) of the mid-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min DF Time to Min DF Time to Max DF  Timeto Max DF  Timeto
<in min DF 2 ¢in min DF z 2in max DF 2 ¢ in max DF 2

stance in stance swing in swing stance in stance swing in swing

p-value p-value p-value p-value p-value p-value p-value p-value

- <.01 - <.001 <.05 <.001 <.05 <.01

Table 71. Midfoot-calcaneus DF/PF angles, independent of WS, found similar/different to the
first hypothesis.

Similar Different

Min DF in stance
Time to min DF in stance
Min DF in swing
Time to min DF in swing
Max DF in stance
Time to max DF in stance
Max DF in swing
Time to max DF in swing

ANENENEN
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Independent of speed, the YG had a significantly (p<.05) increased mean max DF
angle during stance (35.23°+0.56°) compared to the OG (33.53°+0.58°), as shown in Table
70. When the WS effect was tested, there were no significant differences (p<.05) for the
mean max DF angle during stance between YA and OA (Table 71).

The mean relative angle gait curve for the mid-cal segment in the frontal plane was
presented in Figure 13 (see Section 4.1.4). The following section focuses on between-group
differences. Table 72 presents the significant age-related differences in the mean max and
min EVE/INV angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 73 presents the significant
age-related differences in the mid-cal EVE/INV angles independent of WS that were found
in comparison to the findings in the first hypothesis, where the speed effect was tested.

Table 72. Significant p-values of the mean min and max EVE/INV angles (£) of the mid-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min EVE Time to Min EVE Time to Max EVE Time to Max EVE Time to

2in min EVE zinswing minEVE zinstance maxEVE zinswing max EVE
stance 2in p-value Zin p-value 2in p-value £ in swing
p-value stance swing stance p-value
p-value p-value p-value
<.001 <.001 <.001 - <.001 <.05 <.001 <.001

Table 73. Midfoot-calcaneus EVE/INV angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different

Min EVE in stance
Time to min EVE in stance
Min EVE in swing
Time to min EVE in swing
Max EVE in stance
Time to max EVE in stance
Max EVE in swing
Time to max EVE in swing

AN N NN
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Significant differences in time to mean max EVE (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 13, Table 72). The YG had a
significantly longer time to mean max EVE angle (p<.05) compared to the OG. For the
YG, the max EVE occurred at 39.76+2.16 percent GC, whereas the OG demonstrated max
EVE angles at 23.58+2.26 percent GC. In the previous hypothesis, where the speed effect
was tested, there were no significant differences (p<.05) for the time to mean max EVE
angle during stance between YA and OA (Table 73).

The mean relative angle gait curve for the mid-cal segment in the transverse plane
was presented in Figure 18 (see Section 4.1.4). The following section focuses on between-
group differences. Table 74 presents the significant age-related differences in the mean
max and min ADD/ABD angles in stance and swing phase as well as their respective time
of occurrence as a percentage of GC, independent of WS. Table 75 presents the significant
age-related differences in the mid-cal ADD/ABD angles independent of WS that were
found in comparison to the findings in the first hypothesis, where the WS effect was tested.
Table 74. Significant p-values of the mean min and max ADD/ABD angles () of the mid-cal

during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min Time to Min Time to Max Time to Max Time to
ADD 2« minADD ADD:«z min ADD 2« maxADD ADD<z max ADD
in stance 2in inswing ADD <z  instance 2in inswing  zinswing
p-value stance p-value inswing  p-value stance p-value p-value

p-value p-value p-value
<.001 - <.001 <.05 <.001 <.001 <.001 <.001
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Table 75. Midfoot-calcaneus ADD/ABD angles, independent of WS, found similar/different
to the first hypothesis.

Similar Different

Min ADD in stance
Time to min ADD in stance
Min ADD in swing
Time to min ADD in swing
Max ADD in stance
Time to max ADD in stance
Max ADD in swing
Time to max ADD in swing

ASANENENEN

AN

Significant differences in time to mean max ADD (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 18, Table 74). The YG had a
significantly longer time to mean max ADD angle (p<.05) compared to the OG. For the
YG, the max ADD occurred at 58.20+1.08 percent GC, whereas the OG demonstrated max
ADD angles at 57.97+1.13 percent GC. This result was found different as the previous
hypothesis, since the YG had showed a shorter time to mean max ADD angle as WS
increased from VS to typical WS.
4.2.5 Age-related Differences in Relative Angles Between the Shank and Calcaneus
Independent of Speed

The mean relative angle gait curve for the sha-cal segment in the sagittal plane was
presented in Figure 23 (see Section 4.1.5). The following section focuses on between-group
differences. Table 76 presents the significant age-related differences in the mean max and
min DF/PF angles in stance and swing phase as well as their respective time of occurrence
as a percentage of GC, independent of WS. Table 77 presents the significant age-related
differences in the sha-cal DF/PF angles independent of WS that were found in comparison

to the findings in the first hypothesis, where the speed effect was tested.
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Table 76. Significant p-values of the mean min and max DF/PF angles (£) of the sha-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

MinPF  Time to Min PF Timeto Max DF 2 Time to Max DF Time to

2in min PF 2 2in min PF 2 instance max DF z 2in max DF 2
stance  in stance swing in swing p-value in stance swing in swing
p-value  p-value p-value p-value p-value p-value p-value
<.001 <.01 <.001 <.001 <.001 <.01 <.001 <.01

Table 77. Shank-calcaneus DF/PF angles, independent of WS, found similar/different to the
first hypothesis.

Similar Different
Min PF in stance v
Time to min PF in stance
Min PF in swing
Time to min PF in swing
Max DF in stance
Time to max DF in stance
Max DF in swing
Time to max DF in swing

X

ANANANANANA

Significant differences in time to mean min PF (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 23, Table 76). The YG had a
significantly longer time to mean min PF angle (p<.05) compared to the OG. For the YG,
the min PF occurred at 54.94+1.53 percent GC, whereas the OG demonstrated min PF
angles at 53.08+1.60 percent GC. This result was found different as the previous
hypothesis, where the speed effect was tested (Table 77).

Significant differences for the mean relative angle for the sha-cal in the frontal
plane were found between YA and OA independent of WS. This is the sha-cal eversion-
inversion (EVE/INV) angle defined by the relative orientation between the shank (tibia)
and the calcaneus segments. It should be noted that for the previous hypothesis, where the
speed effect was tested, there were no significant differences found for the mean relative
angles for the sha-cal in the frontal plane. The following section focuses on between-group

differences. Table 78 presents the significant age-related differences in the mean max and
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min EVE/INV angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 79 presents the significant
age-related differences in the sha-cal EVE/INV angles independent of WS that were found
in comparison to the findings in the first hypothesis, where the speed effect was tested.

Table 78. Significant p-values of the mean min and max EVE/INV angles (£) of the sha-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min EVE Time to Min EVE Time to Max EVE Time to Max EVE Time to

2in min EVE 2in min EVE zinstance maxEVE zinswing max EVE
stance 2in swing 2in p-value 2in p-value  2inswing
p-value stance p-value swing stance p-value
p-value p-value p-value
- - <.01 <.001 - <.001 - -

Table 79. Shank-calcaneus EVE/INV angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different
Min EVE in stance 4
Time to min EVE in stance 4
Min EVE in swing X
Time to min EVE in swing X
Max EVE in stance 4
Time to max EVE in stance X
Max EVE in swing v
Time to max EVE in swing v

Independent of speed, the YG had a significantly (p<.05) decreased mean min EVE
angle during swing (4.01°+0.35°) compared to the OG (5.75°+0.37°), as shown in Table
78. Significant differences in time to mean min EVE (p<.05) during swing phase were
found between YA and OA independent of WS (Table 78). The YG had a significantly
shorter time to mean min EVE angle (p<.05) compared to the OG. For the YG, the min
EVE occurred at 71.62+0.85 percent GC, whereas the OG demonstrated min EVE angles

at 77.80+0.89 percent GC.
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Significant differences in time to mean max EVE (p<.05) during stance phase were
found between YA and OA independent of WS (Table 78). The YG had a significantly
shorter time to mean max EVE angle (p<.05) compared to the OG. For the YG, the max
EVE occurred at 41.83+1.91 percent GC, whereas the OG demonstrated max EVE angles
at 50.13+1.82 percent GC.

The mean relative angle gait curve for the sha-cal segment in the transverse plane
was presented in Figure 28 (see Section 4.1.5). The following section focuses on between-
group differences. Table 80 presents the significant age-related differences in the mean
max and min ADD/ABD angles in stance and swing phase as well as their respective time
of occurrence as a percentage of GC, independent of WS. Table 81 presents the significant
age-related differences in the sha-cal ADD/ABD angles independent of WS that were
found in comparison to the findings in the first hypothesis, where the speed effect was
tested.

Table 80. Significant p-values of the mean min and max ADD/ABD angles (£) of the sha-cal
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min Time to Min Time to Max Time to Max Time to
ADD z minADD ADD« minADD ADD:z max ADD ADD z max ADD
instance zinstance inswing <inswing instance <instance inswing £ inswing
p-value p-value p-value p-value p-value p-value p-value p-value

<.001 - <.001 - <.001 - <.001 <.001

Table 81. Shank-calcaneus ADD/ABD angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different

Min ADD in stance

Time to min ADD in stance

Min ADD in swing

Time to min ADD in swing v
Max ADD in stance

Time to max ADD in stance

Max ADD in swing

Time to max ADD in swing v
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Independent of speed, the YG had a significantly (p<.05) increased mean min ADD
angle during stance (4.68°+£0.43°) compared to the OG (1.43°£0.45°), as shown in Table
80. This result was found different as the previous hypothesis, where the speed effect was
tested (Table 81), since the YG had exhibited a decreased mean min ADD angle during
stance at the V'S speed.

Similar to the results of the stance phase, independent of WS, the YG had a
significantly (p<.05) increased mean min ADD angle during swing (7.30°+0.43°)
compared to the OG (2.99°+0.45°), as shown in Table 80. This result was found different
as the previous hypothesis, where the speed effect was tested (Table 81), since the YG had
exhibited a decreased mean min ADD angle during swing across all speeds.

Independent of speed, the YG had a significantly (p<.05) increased mean max ADD
angle during stance (17.56°+0.41°) compared to the OG (12.25°+0.43°), as shown in Table
80. This result was found different as the previous hypothesis, where the speed effect was
tested (Table 81), since the YG had exhibited an increased mean max ADD angle during
stance at the VS and fast speeds.

Similar to the results of the stance phase, independent of WS, the YG had a
significantly (p<.05) increased mean max ADD angle during swing (17.77°+0.44°)
compared to the OG (12.27°+0.47°), as shown in Table 80. This result was found different
as the previous hypothesis, since the YG had exhibited a decreased mean max ADD angle

during swing as WS increased from VS to fast WS.
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4.2.6 Age-related Differences in Relative Angles Between the Midfoot and Forefoot
Independent of Speed

The mean relative angle gait curve for the mid-met segment in the sagittal plane
was presented in Figure 33 (see Section 4.1.6). The following section focuses on between-
group differences. Table 82 presents the significant age-related differences in the mean
max and min DF/PF angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 83 presents the significant
age-related differences in the mid-met DF/PF angles independent of WS that were found
in comparison to the findings in the first hypothesis, where the speed effect was tested. It
should be noted that the significant results for the mean max and min mid-met DF/PF
angles angle as well as their respective time of occurrence in the gait cycle as a function of
speed were also found when controlling for speed (Table 83).

Table 82. Significant p-values of the mean min and max DF/PF angles (£) of the mid-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

MinPF«2  Timeto Min PF Timeto MaxPF 2 Time to Max PF Time to

instance  min PF 2 2in min PF 2 instance  max PF 2 in max PF 2
p-value in stance swing in swing p-value in stance swing in swing
p-value p-value p-value p-value p-value p-value
<.001 - <.001 <.001 <.001 <.001 <.001 -

Table 83. Midfoot-forefoot DF/PF angles, independent of WS, found similar/different to the
first hypothesis.

Similar Different

Min PF in stance
Time to min PF in stance
Min PF in swing
Time to min PF in swing
Max PF in stance
Time to max PF in stance
Max PF in swing
Time to max PF in swing

AN N N N N YR
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Significant differences for the mean relative angle for the mid-met in the frontal
plane were found between YA and OA independent of WS. This is the mid-met eversion-
inversion (EVE/INV) angle defined by the relative orientation between the midfoot and the
forefoot (metatarsus) segments. It should be noted that for the previous hypothesis, where
the speed effect was tested, there were no significant differences found for the mean
relative angles for the mid-met in the frontal plane. The following section focuses on
between-group differences. Table 84 presents the significant age-related differences in the
mean max and min EVE/INV angles in stance and swing phase as well as their respective
time of occurrence as a percentage of GC, independent of WS. Table 85 presents the
significant age-related differences in the mid-met EVE/INV angles independent of WS that
were found in comparison to the findings in the first hypothesis, where the WS effect was
tested.

Table 84. Significant p-values of the mean min and max EVE/INV angles (£) of the mid-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

MinEVE Timeto MinEVE Timeto Max Time to Max Time to max
2in min EVE 2in minEVE EVEzin maxEVE EVEzin EVE 2zin
stance <in swing £ in swing stance < in stance swing swing
p-value stance p-value p-value p-value p-value p-value p-value
p-value
<.01 <.001 <.01 <.01 <.05 - - <.01

Table 85. Midfoot-forefoot EVE/INV angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different

Min EVE in stance

Time to min EVE in stance

Min EVE in swing

Time to min EVE in swing

Max EVE in stance

Time to max EVE in stance 4
Max EVE in swing v
Time to max EVE in swing

X X X X X

X
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Independent of speed, the YG had a significantly (p<.05) decreased mean min EVE
angle during stance (8.79°£0.49°) compared to the OG (9.47°£0.52°), as shown in Table
84. Significant differences in time to mean min EVE (p<.05) during stance phase were
found between YA and OA independent of WS (Table 84). The YG had a significantly
shorter time to mean min EVE angle (p<.05) compared to the OG. For the YG, the min
EVE occurred at 55.62+0.91 percent GC, whereas the OG demonstrated min EVE angles
at 58.94+0.95 percent GC.

Similar to the results of the stance phase, independent of WS, the YG had a
significantly (p<.05) decreased mean min EVE angle during swing (9.07°£0.50°)
compared to the OG (9.78°+£0.53°), as shown in Table 84. Significant differences in time
to mean min EVE (p<.05) during swing phase were found between YA and OA
independent of WS (Table 84). The YG had a shorter time to mean min EVE angle (p<.05)
compared to the OG. For the YG, the min EVE occurred at 64.60+0.61 percent GC,
whereas the OG demonstrated min EVE angles at 66.17+0.64 percent GC.

Independent of WS, the YG had a significantly (p<.05) decreased mean max EVE
angle during stance (13.31°+0.48°) compared to the OG (14.04°+0.51°), as shown in Table
84.

Significant differences in time to mean max EVE (p<.05) during swing phase were
found between YA and OA independent of WS (Table 84). The YG had a significantly
shorter time to mean max EVE angle (p<.05) compared to the OG. For the YG, the max
EVE occurred at 90.70+0.72 percent GC, whereas the OG demonstrated max EVE angles

at 93.39+0.76 percent GC.
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The mean relative angle gait curve for the mid-met segment in the transverse plane
was presented in Figure 38 (see Section 4.1.6). The following section focuses on between-
group differences. Table 86 presents the significant age-related differences in the mean
max and min ADD/ABD angles in stance and swing phase as well as their respective time
of occurrence as a percentage of GC, independent of WS. Table 87 presents the significant
age-related differences in the mid-met ADD/ABD angles independent of WS that were
found in comparison to the findings in the first hypothesis, where the speed effect was
tested.

Table 86. Significant p-values of the mean min and max ADD/ABD angles (£) of the mid-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Max Time to Max Time to Min Time to Min Time to
ABD ¢« max ABD ABD« maxABD ABD:«z min ABD ABD ¢« min ABD
instance «instance inswing <«inswing instance <instance inswing £ inswing
p-value p-value p-value p-value p-value p-value p-value p-value

<.001 <.01 <.001 - <.001 <.001 <.001 -

Table 87. Midfoot-forefoot ADD/ABD angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different

Max ABD in stance v

Time to max ABD in stance X
Max ABD in swing

Time to max ABD in swing
Min ABD in stance

Time to min ABD in stance
Min ABD in swing

Time to min ABD in swing

ASENENENENEN

Significant differences in time to mean max ABD (p<.05) during stance phase were
found between YA and OA independent of WS (Table 86). The YG had a significantly
shorter time to mean max ABD angle (p<.05) compared to the OG. For the YG, the max
ABD occurred at 33.75+2.26 percent GC, whereas the OG demonstrated max ABD angles

at 38.23+2.37 percent GC. In the previous hypothesis, where the speed effect was tested,
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there were no significant differences (p<.05) for the time to mean max ABD during stance
between YA and OA (Table 87).
4.2.7 Age-related Differences in Relative Angles Between the Calcaneus and Forefoot
Independent of Speed

The mean relative angle gait curve for the cal-met segment in the sagittal plane was
presented in Figure 43 (see Section 4.1.7). The following section focuses on between-group
differences. Table 88 presents the significant age-related differences in the mean max and
min DF/PF angles in stance and swing phase as well as their respective time of occurrence
as a percentage of GC, independent of WS. Table 89 presents the significant age-related
differences in the cal-met DF/PF angles independent of WS that were found in comparison
to the findings in the first hypothesis, where the speed effect was tested.

Table 88. Significant p-values of the mean max DF/PF angles (£) of the cal-met during stance
and swing phase, as well as their respective time of occurrence in the gait cycle independent
of WS.

Max PF Time to Max PF Time to Max PF Time to Max PF Time to

2in max PF 2 2in max PF 2 ¢2in max PF 2 ¢2in max PF 2
stance in stance swing in swing stance in stance swing in swing
p-value p-value p-value p-value p-value p-value p-value p-value
<.001 <.01 <.001 <.001 <.001 <.001 <.001 -

Table 89. Calcaneus-forefoot DF/PF angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different
Max PF in stance v
Time to max PF in stance X
Max PF in swing
Time to max PF in swing
Min PF in stance
Time to min PF in stance
Min PF in swing
Time to min PF in swing X

AN NANEN

Significant differences in time to mean max PF (p<.05) during stance phase were

found between YA and OA independent of WS (Figure 43, Table 88). The YG had a
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significantly longer time to mean max PF angle (p<.05) compared to the OG. For the YG,
the max PF occurred at 57.54+1.35 percent GC, whereas the OG demonstrated max PF
angles at 54.15+1.42 percent GC. These results were found different as the previous
hypothesis (Table 89), since the YG had exhibited a shorter time to mean max PF angle as
WS increased from typical to fast WS.

Opposite to the previous hypothesis, where the speed was tested, no significant
differences in time to mean min PF (p<.05) during swing phase were found between YA
and OA independent of WS (Table 88).

The mean relative angle gait curve for the cal-met segment in the frontal plane was
presented in Figure 48 (see Section 4.1.7). The following section focuses on between-group
differences. Table 90 presents the significant age-related differences in the mean max and
min EVE/INV angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 91 presents the significant
age-related differences in the cal-met EVE/INV angles independent of WS that were found
in comparison to the findings in the first hypothesis, where the speed effect was tested.
Table 90. Significant p-values of the mean min and max EVE/INV angles (£) of the cal-met

during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min EVE Time to Min EVE Time to Max Time to Max Time to
<4in min EVE « <4in minEVE« EVEzin maxEVE EVE«in maxEVE
stance in stance swing in swing stance < in stance swing £ in swing
p-value p-value p-value p-value p-value p-value p-value p-value
<.001 <.001 <.001 <.001 <.001 - <.001
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Table 91. Calcaneus-forefoot EVE/INV angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different

Min EVE in stance
Time to min EVE in stance
Min EVE in swing
Time to min EVE in swing
Max EVE in stance
Time to max EVE in stance X
Max EVE in swing
Time to max EVE in swing X

ANENENENEN
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No significant differences in time to mean max EVE (p<.05) during stance phase
were found between YA and OA independent of WS (Table 90). No significant differences
in time to mean max EVE (p<.05) during swing phase were found between YA and OA
independent of WS (Table 90). These results were found different as the previous
hypothesis, where the speed effect was tested (Table 91), since there were significant
differences between age groups in the time to mean max EVE angle during stance and
swing.

The mean relative angle gait curve for the cal-met segment in the transverse plane
was presented in Figure 53 (see Section 4.1.7). The following section focuses on between-
group differences. Table 92 presents the significant age-related differences in the mean
max and min ADD/ABD angles in stance and swing phase as well as their respective time
of occurrence as a percentage of GC, independent of WS. Table 93 presents the significant
age-related differences in the cal-met ADD/ABD angles independent of WS that were

found in comparison to the findings in the first hypothesis, where the WS effect was tested.
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Table 92. Significant p-values of the mean min and max ADD/ABD angles (£) of the cal-met
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min Time to Min Time to Max Time to Max Time to max
ADD ¢« min ADD ADD ¢« minADD ADD« maxADD ADD« ADDzin
instance zinstance inswing «inswing instance «instance inswing swing
p-value p-value p-value p-value p-value p-value p-value p-value

<.001 <.05 <.001 - <.001 - <.001 <.001

Table 93. Calcaneus-forefoot ADD/ABD angles, independent of WS, found similar/different
to the first hypothesis.

Similar Different

Min ADD in stance
Time to min ADD in stance
Min ADD in swing
Time to min ADD in swing
Max ADD in stance
Time to max ADD in stance
Max ADD in swing
Time to max ADD in swing
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4.2.8 Summary of MSF Kinematics Results

The present study found significant differences for MSF angles between YA and
OA independent of WS. The results found for this second hypothesis, where the speed
effect was being controlled, slightly varied compared to when analyses examined the age-
related differences between YA and OA as a function of speed (Section 4.1). In the sagittal
plane, the mean max shank-foot PF and DF angle in stance and swing were found
significantly different between YA and OA independent of WS. The mean max mid-cal
DF angle in stance and swing was significantly different between age groups when the
speed was controlled. The mean min and max PF sha-cal angle in both stance and swing
were found significantly different between YA and OA independent of WS. These latter
results were similar to the shank-foot angles in the sagittal plane. The mean min and max
mid-met PF angle in stance and swing were found significantly different between YA and

OA independent of WS. Further, the mean min and max cal-met DF angle in stance and
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swing were found significantly different between age groups when speed was controlled.
Further, in this comparison where the speed effect was controlled, there were more findings
for the MSF angles in the frontal plane. In the frontal plane, the mean min EVE angle in
swing and the max shank-foot EVE angles in both stance and swing were found
significantly different between YA and OA independent of WS. The mean min and max
EVE mid-cal angle in stance and swing were found significantly different between YA and
OA when speed was controlled. The mean min sha-cal EVE angle in swing phase was also
found significantly different between age groups independent of WS. In addition, the mean
min mid-met EVE angle in stance and swing phase, and the mean max mid-met EVE angle
in stance were found significantly different between YA and OA independent of WS.
Further, the mean min and max EVE cal-met angle in stance and swing phase were found
significantly different between age groups independent of WS. In the transverse plane, the
mean min and max shank-foot ADD angles in stance and swing were found significantly
different between YA and OA independent of WS. The mean min and max mid-cal ADD
angles in stance and swing phase were found significantly different between age groups
when controlling for speed. Further, the mean min and max mid-met ABD angles in stance
and swing were also found significantly different between YA and OA independent of WS.
The mean min and max cal-met ADD angles in stance and swing were found significantly
different between age groups independent of WS. Thus, when the speed effect is being

controlled, there are significant differences in MSF kinematics between YA and OA.
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4.2.9 Age-related Differences in Planar Angles of the Foot Independent of Speed
4.2.9.1 Age-related Differences in the F2Pt Planar Angle of the Foot Independent of
Speed

The mean relative angle gait curve for the F2Pt planar angle was presented in Figure
58 (see Section 4.1.9.1). The following section focuses on between-group differences.
Table 94 presents the significant age-related differences in the mean max and min F2Pt
angles in stance phase as well as their respective time of occurrence as a percentage of GC,
independent of WS. Table 95 presents the significant age-related differences in the F2Pt
planar angle independent of WS that were found in comparison to the findings in the first
hypothesis, where the speed effect was tested.

Table 94. Significant p-values of the mean min and max F2Pt angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle independent of WS.

Min F2Pt 2 Time to min Max F2Pt 2 Time to max
p-value F2Pt 2 p-value F2Pt 2
p-value p-value
<.01 <.001

Table 95. F2Pt angles, independent of WS, found similar/different to the first hypothesis.

Similar Different
Min F2Pt in stance v
Time to min F2Pt in stance X
Max F2Pt in stance 4
Time to max F2Pt in stance v

Significant differences in time to mean max F2Pt (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 58, Table 94). The YG had a
significantly shorter time to mean max F2Pt angle (p<.05) compared to the OG. For the
YG, the max F2Pt occurred at 25.43+1.35 percent GC, whereas the OG demonstrated max

F2Pt angles at 36.40+1.42 percent GC. This result was found different as the previous
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hypothesis, where the speed effect was tested (Table 95), as the YG had exhibited a longer
time to mean max F2Pt angle as WS increased.
4.2.9.2 Age-related Differences in the V2G Planar Angle of the Foot Independent of
Speed

The mean relative angle gait curve for the V2G planar angle was presented in
Figure 60 (see Section 4.1.9.2). The following section focuses on between-group
differences. Table 96 presents the significant age-related differences in the mean max and
min V2G angles in stance phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 97 presents the significant age-related
differences in the V2G planar angle independent of WS that were found in comparison to
the findings in the first hypothesis, where the speed effect was tested.

Table 96. Significant p-values of the mean min and max V2G angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle independent of WS.

Max V2G 2z Time to max Min V2G « Time to min

p-value V2G ¢« p-value V2G 2
p-value p-value
<.001 - - <.001

Table 97. V2G angles, independent of WS, found similar/different to the first
hypothesis.

Similar Different
Max V2G in stance X
Time to max V2G in stance v
Min V2G in stance 4
Time to min V2G in stance v

Independent of speed, the YG had a significantly (p<.05) increased mean max V2G
angle during stance (-18.80°+0.69°) compared to the OG (-16.29°£0.72°), as shown in
Table 96. It should be noted that there were no significant differences between age groups

for the mean max V2G angle during stance as a function of WS.
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4.2.9.3 Age-related Differences in the S2F Planar Angle of the Foot Independent of
Speed

The mean relative angle gait curve for the S2F planar angle was presented in Figure
62 (see Section 4.1.9.3). The following section focuses on between-group differences.
Table 98 presents the significant age-related differences in the mean max and min S2F
angles in stance phase as well as their respective time of occurrence as a percentage of GC,
independent of WS. Table 99 presents the significant age-related differences in the mean
S2F planar angles independent of WS that were found in comparison to the findings in the
first hypothesis, where the speed effect was tested. It should be noted that the significant
results for the mean max and min S2F planar angle as well as their respective time of
occurrence in the gait cycle as a function of speed were also found when controlling for
speed (Table 98).

Table 98. Significant p-values of the mean min and max S2F angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle independent of WS.

Min S2F « Time to min Max S2F 2 Time to max

p-value S2F 2 p-value S2F 2
p-value p-value
<.05

Table 99. S2F angles, independent of WS, found similar/different to the first hypothesis.

Similar  Different

Min S2F in stance v
Time to min S2F in stance v
Max S2F in stance v
Time to max S2F in stance v
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4.2.9.4 Age-related Differences in the S2V Planar Angle of the Foot Independent of
Speed

The mean relative angle gait curve for the S2V planar angle was presented in Figure
63 (see Section 4.1.9.4). The following section focuses on between-group differences.
Table 100 presents the significant age-related differences in the mean max and min S2V
angles in stance phase as well as their respective time of occurrence as a percentage of GC,
independent of WS. Table 101 presents the significant age-related differences in the S2V
planar angle independent of WS that were found in comparison to the findings in the first
hypothesis, where the speed effect was tested.

Table 100. Significant p-values of the mean min and max S2V angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle independent of WS.
MinS2V 2«  Timetomin  Max S2V 2«  Time to max

p-value S2V 2 p-value S2V 2
p-value p-value
<.01 -

Table 101. S2V angles, independent of WS, found similar/different to the first hypothesis.

Similar  Different

Min S2V in stance v
Time to min S2V in stance X
Max S2V in stance v
Time to max S2V in stance v

Significant differences in time to mean min S2V (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 63, Table 100). The YG had a
significantly shorter time to mean min S2V angle (p<.05) compared to the OG. For the YG,
the min S2V occurred at 3.21+1.23 percent GC, whereas the OG demonstrated min S2V
angles at 9.82+1.28 percent GC. Similarly, significant differences in time to mean max
S2V (p<.05) during stance phase were found between YA and OA independent of WS

(Figure 63, Table 100). This result was found different as the previous hypothesis (Table
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101), as there were no significant differences between age groups for the time to mean min
S2V angle as a function of speed.
4.2.9.5 Age-related Differences in the F2G Planar Angle of the Foot Independent of
Speed

The mean relative angle gait curve for the F2G planar angle was presented in Figure
64 (see Section 4.1.9.5). The following section focuses on between-group differences.
Table 102 presents the significant age-related differences in the mean max and min F2G
angles in stance phase as well as their respective time of occurrence as a percentage of GC,
independent of WS. Table 103 presents the significant age-related differences in the F2G
planar angle independent of WS that were found in comparison to the findings in the first
hypothesis, where the speed effect was tested.

Table 102. Significant p-values of the mean min and max F2G angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle independent of WS.
Min F2G 2«  Timetomin  MaxF2G 2  Time to max

p-value F2G ¢z p-value F2G ¢«
p-value p-value
<.01 <.01 - <.001

Table 103. F2G angles, independent of WS, found similar/different to the first hypothesis.

Similar  Different

Min F2G in stance X
Time to min F2G in stance X
Max F2G in stance v

Time to max F2G in stance v

Independent of speed, the YG had a significantly (p<.05) increased mean min F2G
angle during stance (2.77°£0.22°) compared to the OG (2.07°£0.23°), as shown in Table
102. Significant differences in time to mean min F2G (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 64, Table 102). The YG had a

significantly shorter time to mean min F2G angle (p<.05) compared to the OG. For the YG,
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the min F2G occurred at 1.21+0.25 percent GC, whereas the OG demonstrated min F2G
angles at 2.19+0.26 percent GC. In the previous hypothesis, where the speed effect was
tested, there were no significant differences (p<.05) for the mean min F2G angle nor the
time to mean min F2G angle during stance between YA and OA (Table 103).
4.2.9.6 Age-related Differences in the S2G Planar Angle of the Foot Independent of
Speed

The mean relative angle gait curve for the S2G planar angle was presented in Figure
65 (see Section 4.1.9.6). The following section focuses on between-group differences.
Table 104 presents the significant age-related differences in the mean max and min S2G
angles in stance phase as well as their respective time of occurrence as a percentage of GC,
independent of WS. Table 105 presents the significant age-related differences in the mean
S2G planar angle independent of WS that were found in comparison to the findings in the
first hypothesis, where the speed effect was tested. It should be noted that the significant
results for the mean max and min S2G planar angle as well as their respective time of
occurrence in the gait cycle as a function of speed were also found when controlling for
speed (Table 104).

Table 104. Significant p-values of the mean min and max S2G angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle independent of WS.
Min S2G « Time to min Max S2G 2 Time to max

p-value S2G ¢« p-value S2G ¢«
p-value p-value
<.001

Table 105. S2G angles, independent of WS, found similar/different to the first hypothesis.

Similar  Different

Min S2G in stance 4
Time to min S2G in stance 4
Max S2G in stance 4
Time to max S2G in stance 4
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4.2.9.7 Age-related Differences in the F2Ps Planar Angle of the Foot Independent of
Speed

The mean relative angle gait curve for the F2Ps planar angle was presented in
Figure 66 (see Section 4.1.9.7). The following section focuses on between-group
differences. Table 106 presents the significant age-related differences in the mean max and
min F2Ps angles in stance phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 107 presents the significant age-related
differences in the mean F2Ps planar angle independent of WS that were found in
comparison to the findings in the first hypothesis, where the speed effect was tested. It
should be noted that the significant results for the mean max and min F2Ps planar angle as
well as their respective time of occurrence in the gait cycle as a function of speed were also

found when controlling for speed (Table 107).

Table 106. Significant p-values of the mean min and max F2Ps angles (£) during stance phase,
as well as their respective time of occurrence in the gait cycle independent of WS.
Min F2Ps «  Timetomin Max F2Ps«  Time to max

p-value F2Ps 2 p-value F2Ps 2
p-value p-value
<.001 - <.001

Table 107. F2Ps angles, independent of WS, found similar/different to the first hypothesis.
Similar  Different

Min F2Ps in stance v
Time to min F2Ps in stance v
Max F2Ps in stance v
Time to max F2Ps in stance v

4.2.9.8 Age-related Differences in the MLA Planar Angle of the Foot Independent of
Speed
The mean relative angle gait curve for the MLA planar angle was presented in

Figure 67 (see Section 4.1.9.8). The following section focuses on between-group
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differences. Table 108 presents the significant age-related differences in the mean max and
min MLA angles in stance phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 109 presents the significant age-related
differences in the MLA planar angle independent of WS that were found in comparison to
the findings in the first hypothesis, where the WS effect was tested.

Table 108. Significant p-values of the mean min and max MLA angles (£) during stance
phase, as well as their respective time of occurrence in the gait cycle independent of WS.
Min MLA « Time to min Max MLA 2 Time to max

p-value MLA 2 p-value MLA 2
p-value p-value
<.01 <.001 <.01 <.01

Table 109. MLA angles, independent of WS, found similar/different to the first hypothesis.
Similar  Different

Min MLA in stance X
Time to min MLA in stance v
Max MLA in stance X
Time to max MLA in stance v

Independent of speed, the YG had a significantly (p<.05) decreased mean min MLA
angle during stance (169.89°+0.66°) compared to the OG (173.05°+0.70°). Similarly,
independent of WS, the YG had a significantly (p<.05) decreased mean max MLA angle
during stance (187.68°+£0.57°) compared to the OG (190.28°+0.59°), as shown in Table
108. In the previous hypothesis, where the WS effect was tested, there were no significant
differences (p<.05) for the mean max and min MLA angles during stance between YA and
OA.

4.2.10 Summary of Planar Angles Results

The present study found significant differences for the mean planar angles between

YA and OA independent of WS. Differences in F2Pt and V2G angles were also found

between age-groups, as in the previous hypothesis where the speed effect was tested.

271



However, when controlling for speed, significant differences for the mean min and max
Medial Longitudinal Arch (MLA) angles were also found between YA and OA. It should
be noted that this angle was not found significantly different between age groups as a
function of speed. In addition, the mean min F2G angle was found significantly different
between YA and OA, independent of WS. Thus, when the speed effect is being controlled,
there are more significant differences in planar angles between YA and OA.
4.2.11 Age-related Differences in Ankle Kinetics Independent of Speed
4.2.11.1 Age-related Differences in Ankle Moment Independent of Speed

The mean moment for the foot-shank in the sagittal plane was presented in Figure
68 (see Section 4.1.11.1). The following section focuses on between-group differences.
Table 110 presents the significant age-related differences in the mean max and min DF/PF
moments in stance and swing phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 111 presents the significant age-related
differences in the mean ankle moment independent of WS that were found in comparison
to the findings in the first hypothesis, where the speed effect was tested. It should be noted
that the significant results for the mean max and min DF/PF ankle moments as well as their
respective time of occurrence in the gait cycle as a function of speed were also found when

controlling for speed (Table 111).

Table 110. Significant p-values of the mean min and max DF/PF ankle moments ((N-m)/kg)
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Min DF Time to Min DF Time to Max PF Time to Max PF Time to
moment in min DF moment in min DF moment in max PF moment in max PF
stance moment in swing moment in stance moment in swing moment in
p-value stance p-value swing p-value stance p-value swing
p-value p-value p-value p-value
<.001 - - <.001 <.01 <.001 <.01
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Table 111. Ankle moment, independent of WS, found similar/different to the first hypothesis.
Similar Different

Min DF moment in stance
Time to min DF moment in stance
Min DF moment in swing
Time to min DF moment in swing
Max PF moment in stance
Time to max PF moment in stance
Max PF moment in swing
Time to max PF moment in swing

AN N N N NN

4.2.11.2 Age-related Differences in Ankle Power Independent of Speed

The mean power for the foot-shank in the sagittal plane was presented in Figure 71
(see Section 4.1.11.2). The following section focuses on between-group differences. Table
112 presents the significant age-related differences in the mean max and min DF/PF powers
in stance and swing phase as well as their respective time of occurrence as a percentage of
GC, independent of WS. Table 113 presents the significant age-related differences in the
mean ankle power independent of WS that were found in comparison to the findings in the
first hypothesis, where the WS effect was tested. It should be noted that the significant
results for the mean max and min concentric-eccentric DF/PF ankle power as well as their
respective time of occurrence in the gait cycle as a function of speed were also found when
controlling for speed (Table 113).

Table 112. Significant p-values of the mean max eccentric and concentric power (W/Kg) of
the ankle during stance and swing phase, as well as their respective time of occurrence in the
gait cycle independent of WS.

Max Time to Max Timeto MaxCNC  Timeto MaxCNC  Timeto
ECC max ECC ECC max ECC  powerin  maxCNC  powerin max CNC
power in power in  power in  power in stance power in swing power in
stance stance swing swing p-value stance p-value swing
p-value p-value p-value p-value p-value p-value
- - <.001 <.001 <.05 <.001 <.001 <.001
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Table 113. Ankle power, independent of WS, found similar/different to the first hypothesis.

Similar Different

Max ECC power in stance
Time to max ECC power in stance
Max ECC power in swing
Time to max ECC power in swing
Max CNC power in stance
Time to max CNC power in stance
Max CNC power in swing
Time to max CNC power in swing

AN N N N N NN

4.2.12 Summary of Ankle Kinetics Results

The present study found significant differences for ankle moment and ankle power
between YA and OA independent of WS. The results found for this second hypothesis,
where the speed effect was being controlled, did not vary compared to when analyses
examined the age-related differences between YA and OA as a function of speed (Section
4.1). Independent of speed, the mean max PF moment in stance and swing phase were still
found significantly different between YA and OA. The mean min ECC power in swing
phase was also found significantly different between age groups when controlling for
speed. Further, the mean max CNC power in stance and swing phase were also found
significantly different between YA and OA independent of WS. Thus, when the speed
effect is being controlled, significant differences in ankle Kinetics are still being found
between YA and OA.
4.2.13 Age-related Differences in Knee Kinetics and Kinematics Independent of Speed
4.2.13.1 Age-related Differences in Knee Moment Independent of Speed

The mean moment for the knee in the sagittal plane was presented in Figure 75 (see
Section 4.1.13.1). The following section focuses on between-group differences. Table 114

presents the significant age-related differences in the mean max and min FLEX/EXT
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moments in stance and swing phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 115 presents the significant age-related
differences in the knee moment independent of WS that were found in comparison to the
findings in the first hypothesis, where the WS effect was tested.

Table 114. Significant p-values of the mean min and max FLEX/EXT moments ((N-m)/kg) of
the knee during stance and swing phase, as well as their respective time of occurrence in the
gait cycle independent of WS.

Min Time to Min Time to Max Time to Max EXT Time to
FLEX min FLEX FLEX  min FLEX EXT max EXT momentin max EXT
moment momentin moment momentin  moment in stance swing moment in
in stance stance in swing swing in stance p-value p-value swing
p-value p-value p-value p-value p-value p-value
<.01 <.001 <.05 <.01 <.05 <.001 <.001 <.001
Table 115. Knee moment, independent of WS, found similar/different to the first hypothesis.
Similar Different
Min FLEX moment in stance v
Time to min FLEX moment in stance 4
Min FLEX moment in swing X
Time to min FLEX moment in swing v
Max EXT moment in stance X
Time to max EXT moment in stance X
Max EXT moment in swing v
v

Time to max EXT moment in swing

Independent of speed, the YG had a significantly (p<.05) decreased mean min

FLEX moment during swing (-0.31+0.01 A}:—;n) compared to the OG (-0.32 10.01%"), as

shown in Table 114. In the previous hypothesis, where the speed effect was tested, there
were no significant differences (p<.05) for the min FLEX moment during swing between
YA and OA (Table 115).

Independent of speed, the YG had a significantly (p<.05) greater mean max EXT

moment during stance (0.75+0.02 A}:—;") compared to the OG (0.7210.02%), as shown in
Table 114. Significant differences in time to mean max EXT moment (p<.05) during stance
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phase were found between YA and OA independent of WS (Figure 75, Table 114). The
YG had a significantly longer time to mean max EXT moment (p<.05) compared to the
OG. For the YG, the max EXT moment occurred at 19.26+1.02 percent GC, whereas the
OG demonstrated max EXT moment at 17.94+1.07 percent GC.
4.2.13.2 Age-related Differences in Knee Power Independent of Speed

The mean power for the knee in the sagittal plane was presented in Figure 79 (see
Section 4.1.13.2). The following section focuses on between-group differences. Table 116
presents the significant age-related differences in the mean max and min flexion-extension
powers in stance and swing phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 117 presents the significant age-related
differences in the knee power independent of WS that were found in comparison to the
findings in the first hypothesis, where the speed effect was tested.
Table 116. Significant p-values of the mean max eccentric and concentric power (W/Kg) of

the knee during stance and swing phase, as well as their respective time of occurrence in the
gait cycle independent of WS.

Max Time to Max Timeto  Max CNC Time to Max CNC  Time to max
ECC max ECC ECC max ECC  power in max CNC power in  CNC power
power in  powerin  powerin  power in stance power in swing in swing
stance stance swing swing p-value stance p-value p-value
p-value p-value p-value p-value p-value
- <.001 - <.05 <.05 - - <.001

Table 117. Knee power, independent of WS, found similar/different to the first hypothesis.

Similar Different
Max ECC power in stance v
Time to max ECC power in stance v
Max ECC power in swing v
Time to max ECC power in swing v
Max CNC power in stance v
Time to max CNC power in stance v

Max CNC power in swing X
Time to max CNC power in swing

(\
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There were no significant differences found for the mean max concentric knee
power in stance between YA and OA independent of WS. It should be noted that in the
previous hypothesis, there were significant differences for the mean max concentric knee
power in stance between age groups (Table 117).
4.2.13.3 Age-related Differences in Knee Angles Independent of Speed

The mean relative angle for the knee segment in the sagittal plane was presented in
Figure 83 (see Section 4.1.13.3). The following section focuses on between-group
differences. Table 118 presents the significant age-related differences in the mean max and
min FLEXT/EXT angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 119 presents the significant
age-related differences in the knee FLEX/EXT angles independent of WS that were found
in comparison to the findings in the first hypothesis, where the speed effect was tested.

Table 118. Significant p-values of the mean min and max FLEX/EXT angles () of the knee
during stance and swing phase, as well as their respective time of occurrence in the gait cycle

independent of WS.

Min Time to Min Time to Max Time to Max Time to
flexion 2 min flexion £ min flexion flexion 2 max flexion 2 max
instance  flexion~ inswing zinswing instance flexion « inswing flexion £ in

p-value in stance p-value p-value p-value in stance p-value swing
p-value p-value p-value
<.001 <.05 <.001 <.001 <.001 <.001 - <.05

Table 119. Knee FLEX/EXT angles, independent of WS, found similar/different to the first
hypothesis.

Similar Different

Min flexion in stance v

Time to min flexion in stance X
Min flexion in swing

Time to min flexion in swing
Max flexion in stance

Time to max flexion in stance
Max flexion in swing

Time to max flexion in swing

ASANENENENRN
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Significant differences in time to mean min FLEX (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 83, Table 118). The YG had a
significantly longer time to mean min FLEX angle (p<.05) compared to the OG. For the
YG, the min FLEX occurred at 19.45+1.44 percent GC, whereas the OG demonstrated min
FLEX angles at 14.59+1.51 percent GC. In the previous hypothesis, where the speed effect
was tested, there were no significant differences in time to mean min FLEX during stance
between age groups (Table 119).

Similar to the previous hypothesis, where the speed effect was tested, there were
no significant differences found in the frontal plane for the mean min and max varus/valgus
angles between YA and OA, independent of WS.

The mean relative angle for the knee segment in the transverse plane was presented
in Figure 87 (see Section 4.1.13.3). The following section focuses on between-group
differences. Table 120 presents the significant age-related differences in the mean max and
min INT/EXTL angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 121 presents the significant
age-related differences in the knee INT/EXTL rotation angles independent of WS that were
found in comparison to the findings in the first hypothesis, where the speed effect was
tested.

Table 120. Significant p-values of the mean min and max INT/EXTL rotation angles (£) of
the knee during stance and swing phase, as well as their respective time of occurrence in the
gait cycle independent of WS.

Max ER Time to Max ER Timeto  MInER 2« Time to Min ER z Time to

2in max ER 2 2in max ER 2 in stance min ER 2 in swing min ER z
stance in stance swing in swing p-value in stance p-value in swing
p-value p-value p-value p-value p-value p-value
<.001 <.01 <.01 <.01 <.01 - - <.001
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Table 121. Knee INT/EXTL rotation angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different
Max ER in stance X
Time to max ER in stance 4
Max ER in swing X
Time to max ER in swing X
Min ER in stance v
Time to min ER in stance 4
Min ER in swing v
Time to min ER in swing v

Independent of speed, the YG had a significantly (p<.05) increased mean max ER
angle during stance (-22.52°+0.77°) compared to the OG (-17.01°+0.81°), as shown in
Table 120. In the previous hypothesis, where the WS effect was tested, there were no
significant differences (p<.05) for the mean max ER angle during stance between YA and
OA (Table 121).

Similar to the results of the stance phase, independent of WS, the YG had a
significantly (p<.05) increased mean max ER angle during swing (-26.23° +0.84°)
compared to the OG (-22.22°+0.88°), as shown in Table 120. In the previous hypothesis,
where the speed effect was tested, there were no significant differences (p<.05) for the
mean max ER angle during swing between YA and OA (Table 121).

Significant differences in time to mean max ER (p<.05) during swing phase were
found between YA and OA independent of WS (Figure 87, Table 120). The YG had a
significantly longer time to mean max ER angle (p<.05) compared to the OG. For the YG,
the max ER occurred at 86.15+0.88 percent GC, whereas the OG demonstrated max ER
angles at 82.78+0.92 percent GC. This result was found different as the previous
hypothesis, where the speed effect was tested (Table 121), as the YG had exhibited a
shorter time to mean max ER during swing as WS increased from typical to fast speed.
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4.2.14 Summary of Knee Kinetics and Kinematics Results

The present study found significant differences for knee moment and knee power
between YA and OA independent of WS. The results found for this second hypothesis,
where the WS effect was being controlled, did vary compared to when analyses examined
the age-related differences between YA and OA as a function of speed (Section 4.1).
Independent of speed, the mean min FLEX moment in stance and swing phase were found
significantly different between YA and OA. The significant differences for the mean min
FLEX moment in swing were not found in the previous hypothesis, where the speed effect
was tested. The mean max EXT moment in stance and swing were also found significantly
different between YA and OA. Further, the mean max CNC power of the knee in stance
was found significantly different between age groups. These two different results
mentioned above were also found for the previous hypothesis, where the WS effect was
tested. Thus, when the WS effect is being controlled, significant differences in knee
kinetics are still being found between YA and OA.

Significant differences for the knee joint angle in the sagittal and transverse plane
were also found between age groups independent of WS. Similar to the previous
hypothesis, where the speed effect was tested, the mean min FLEX angle of the knee in
stance and swing were found significantly different between YA and OA. In addition, the
mean max FLEX angle of the knee in stance was also found significantly different between
age groups. For the transverse plane, more results were found when the speed was
controlled. The mean min ER of the knee in stance and swing were found significantly

different between YA and OA. Further, the mean max ER of the knee in stance was found
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significantly different between age groups. Thus, when the speed effect is being controlled,
significant differences in knee kinematics are still being found between YA and OA.
4.2.15 Age-related Differences in Hip Kinetics and Kinematics Independent of Speed
4.2.15.1 Age-related Differences in Hip Moment Independent of Speed

The mean moment for the hip in the sagittal plane was presented in Figure 89 (see
Section 4.1.15.1). The following section focuses on between-group differences. Table 122
presents the significant age-related differences in the mean max and min FLEX/EXT
moments in stance and swing phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 123 presents the significant age-related
differences in the hip moment independent of WS that were found in comparison to the
findings in the first hypothesis, where the speed effect was tested.

Table 122. Significant p-values of the mean max FLEX/EXT moments ((N-m)/kg) of the hip
during stance and swing phase, as well as their respective time of occurrence in the gait cycle

independent of WS.

Max Time to Max Time to Max Time to Max Time to max
flexion max flexion max extension max extension extension
moment flexion moment in flexion moment in  extension  moment moment in
in stance  moment in swing moment in stance moment in  in swing swing
p-value stance p-value swing p-value stance p-value p-value

p-value p-value p-value

<.001 <.001 <.01 <.001 <.001 <.01 <.05 <.001

Table 123. Hip FLEX/EXT moments, independent of WS, found similar/different to the first
hypothesis.

Similar Different

Max flexion moment in stance

Time to max flexion moment in stance
Max flexion moment in swing

Time to max flexion moment in swing
Max extension moment in stance

Time to max extension moment in stance
Max extension moment in swing

Time to max extension moment in swing

ANANENENENENENEN
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4.2.15.2 Age-related Differences in Hip Power Independent of Speed

The mean power for the hip in the sagittal plane was presented in Figure 94 (see
Section 4.1.15.2). The following section focuses on between-group differences. Table 124
presents the significant age-related differences in the mean max and min flexion-extension
powers in stance and swing phase as well as their respective time of occurrence as a
percentage of GC. Table 125 presents the significant age-related differences in the hip
power independent of WS that were found in comparison to the findings in the first
hypothesis, where the speed effect was tested.
Table 124. Significant p-values of the mean min and max eccentric and concentric power

(W/Kg) of the hip during stance and swing phase, as well as their respective time of
occurrence in the gait cycle independent of WS.

Min ECC  Timeto Min ECC  Timeto Max CNC Time to Max CNC  Time to max
power in  min ECC powerin  min ECC  power in max CNC power in  CNC power

stance power in swing power in stance power in swing in swing
p-value stance p-value swing p-value stance p-value p-value
p-value p-value p-value
<.01 - - <.001 <.01 <.01 <.001 <.001

Table 125. Hip concentric-eccentric FLEX/EXT power, independent of WS, found
similar/different to the first hypothesis.

Similar Different
Min ECC power in stance v
Time to min ECC power in stance X
Min ECC power in swing v
Time to min ECC power in swing v
Max CNC power in stance X
Time to max CNC power in stance v
Max CNC power in swing X
Time to max CNC power in swing v

Significant differences in time to mean min ECC power (p<.05) during stance phase
were found between YA and OA independent of WS (Figure 94, Table 124). The YG had
a significantly shorter time to mean min ECC power (p<.05) compared to the OG. For the

YG, the min ECC power occurred at 28.44+1.14 percent GC, whereas the OG
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demonstrated min ECC power at 29.51+1.19 percent GC. In the previous hypothesis, where
the speed effect was tested, there were no significant differences (p<.05) for the time to
mean min ECC power of the hip during stance between YA and OA (Table 125).

Independent of speed, the YG had a significantly (p<.05) decreased mean max CNC

power during stance (1.22+0.08 Izv—g) compared to the OG (1.4110.08%), as shown in Table

124. In the previous hypothesis, where the speed effect was tested, there were no significant
differences (p<.05) for the mean max CNC power during stance between YA and OA

(Table 128). Similarly, independent of WS, the YG had a significantly (p<.05) decreased

mean max CNC power during swing (-0.12+8.12 %) compared to the OG (14.9118.51%),

as shown in Table 124. In the previous hypothesis, where the speed effect was tested, there
were no significant differences (p<.05) for the mean max CNC power during swing
between YA and OA (Table 125).
4.2.15.3 Age-related Differences in Hip Angles Independent of Speed

The mean relative angle for the hip segment in the sagittal plane was presented in
Figure 96 (see Section 4.1.15.3). The following section focuses on between-group
differences. Table 126 presents the significant age-related differences in the mean max and
min FLEXT/EXT angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC. Table 127 presents the significant age-related
differences in the hip FLEX/EXT angles independent of WS that were found in comparison

to the findings in the first hypothesis, where the WS effect was tested.
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Table 126. Significant p-values of the mean min and max FLEX/EXT angles (£) of the hip
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Max Time to Min Time to min Max Time to Max Time to
extension max flexion «  flexion 2in  flexion 2 max flexion 2 max
2in extension £ inswing swing instance  flexion zin  inswing flexion «
stance in stance p-value p-value p-value stance p-value in swing
p-value p-value p-value p-value
<.001 <.001 <.001 <.001 <.001 - <.001 <.001

Table 127. Hip FLEX/EXT angles, independent of WS, found similar/different to the first
hypothesis.

Similar Different

Max extension in stance

Time to max extension in stance
Min flexion in swing

Time to min flexion in swing
Max flexion in stance

Time to max flexion in stance X
Max flexion in swing

Time to max flexion in swing

AN N NN

AR

No significant differences in time to mean max FLEX (p<.05) during stance phase
were found between YA and OA independent of WS (Figure 96, Table 126). In the
previous hypothesis, there were significant differences (p<.05) for the time to mean max
hip FLEX during stance between YA and OA (Table 127).

The mean relative angle for the hip segment in the frontal plane was presented in
Figure 101 (see Section 4.1.15.3). The following section focuses on between-group
differences. Table 128 presents the significant age-related differences in the mean max and
min ADD/ABD angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 129 presents the significant
age-related differences in the hip ADD/ABD angles independent of WS that were found in

comparison to the findings in the first hypothesis, where the speed effect was tested.
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Table 128. Significant p-values of the mean max ADD/ABD angles () of the hip during stance
and swing phase, as well as their respective time of occurrence in the gait cycle independent
of WS.

Max Timetomax  Max ABD Time to Max Time to Max Time to
ABD z« ABD 2 in <inswing max ABD ADD z max ADD ADD ¢z max ADD
in stance stance p-value <inswing instance zinstance inswing £ inswing
p-value p-value p-value p-value p-value p-value p-value

<.001 - <.001 <.001 - <.001 - -

Table 129. Hip ADD/ABD angles, independent of WS, found similar/different to the first
hypothesis.

Similar Different

Max ABD in stance v

Time to max ABD in stance X
Max ABD in swing

Time to max ABD in swing
Max ADD in stance

Time to max ADD in stance
Max ADD in swing

Time to max ADD in swing

AN N N NN

No significant differences in time to mean min ABD (p<.05) during stance phase
were found between YA and OA independent of WS (Figure 101, Table 128). In the
previous hypothesis, where the speed effect was tested, there were significant differences
(p<.05) for the time to mean max hip ABD during stance between YA and OA (Table 129).

The mean relative angle for the hip segment in the transverse plane was presented
in Figure 104 (see Section 4.1.15.3). The following section focuses on between-group
differences. Table 130 presents the significant age-related differences in the mean max and
min INT/EXTL rotation angles in stance and swing phase as well as their respective time
of occurrence as a percentage of GC, independent of WS. Table 131 presents the significant
age-related differences in the hip INT/EXTL rotation angles independent of WS that were
found in comparison to the findings in the first hypothesis, where the speed effect was

tested.

285



Table 130. Significant p-values of the mean max INT/EXTL rotation angles (£) of the hip
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Max ER Timeto MaxERz Timeto Max Time to max Max Time to
2in max ER 2  inswing maxER 2z internal internal internal max
stance in stance p-value in swing rotation £  rotation £ in  rotation £ internal
p-value p-value p-value in stance stance inswing  rotation £

p-value p-value p-value in swing
p-value
<.001 - - <.001 <.001 <.05 - -

Table 131. Hip INT/EXTL rotation angles, independent of WS, found similar/different to the
first hypothesis.

Similar Different
Max ER in stance v
Time to max ER in stance X
Max ER in swing v
Time to max ER in swing v
Max internal rotation in stance v
Time to max internal rotation in stance X
Max internal rotation in swing 4
Time to max internal rotation in swing X

No significant differences in time to mean max ER (p<.05) during stance phase
were found between YA and OA independent of WS (Figure 104, Table 130). In the
previous hypothesis, where the speed effect was tested, there were significant differences
(p<.05) for the time to mean max hip ER during stance between YA and OA (Table 131).

Significant differences in time to mean max IR (p<.05) during stance phase were
found between YA and OA independent of WS (Figure 104, Table 130). The YG had a
significantly shorter time to mean max IR angle (p<.05) compared to the OG. For the YG,
the max IR occurred at 39.08+1.30 percent GC, whereas the OG demonstrated max IR
angles at 40.13+1.36 percent GC. In the previous hypothesis, where the speed effect was
tested, there were no significant differences (p<.05) for the time to mean max IR during

stance between YA and OA (Table 131).
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No significant differences in time to mean max IR (p<.05) during swing phase were
found between YA and OA independent of WS (Figure 104, Table 130). In the previous
hypothesis, where the speed effect was tested, there were significant differences (p<.05)
for the time to mean max IR during swing between YA and OA (Table 131).

4.2.16 Summary of Hip Kinetics and Kinematics Results

The present study found significant differences for hip moment and hip power
between YA and OA independent of WS. The results found for this second hypothesis,
were similar compared to when analyses examined the age-related differences between YA
and OA as a function of speed (Section 4.1). The only exception was for the mean max
CNC power of the hip in stance and swing that was found significantly different between
age groups when controlling for speed. A similar result was for the significant difference
of the mean max FLEX moment in stance and swing, as well as the mean max EXT moment
in stance and swing, between YA and OA. In addition, the mean max CNC power of the
hip in stance and swing was found significantly different between age groups independent
of WS. Thus, when the WS effect is being controlled, significant differences in hip kinetics
are still being found between YA and OA.

Significant differences for the hip joint angle in the sagittal, frontal, and transverse
plane were also found between age groups independent of WS. The results found in this
second hypothesis, where the speed effect was being controlled, did not vary compared to
the previous hypothesis where the speed effect was tested. Independent of speed, the mean
min EXT angle of the hip in stance and swing phase were found significantly different
between YA and OA. The mean max FLEX hip angle was also found significantly different

in stance and swing phase between age groups when controlling for speed. Independent of
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speed, the mean min ABD hip angle was found significantly different in stance and swing
phase between YA and OA. Further, the mean min and max ER angles in stance phase
were found significantly different between age groups when controlling for speed. Thus,
when the speed effect is being controlled, significant differences in hip kinematics are still
being found between YA and OA.
4.2.17 Age-related Differences in Pelvic Kinematics Independent of Speed

The mean relative angle for the pelvic segment in the sagittal plane was presented
in Figure 107 (see Section 4.1.17). The following section focuses on between-group
differences. Table 132 presents the significant age-related differences in the mean max and
min ANT/POST tilt angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC, independent of WS. Table 133 presents the significant
age-related differences in the pelvic ANT/POST tilt angles independent of WS that were
found in comparison to the findings in the first hypothesis, where the WS effect was tested.
No significant differences in time to mean max ANT tilt (p<.05) during stance phase were
found between YA and OA independent of WS (Table 132). In the previous hypothesis,
where the speed effect was tested, there were significant differences (p<.05) for the time
to mean max ANT tilt during stance between YA and OA (Table 133).
Table 132. Significant p-values of the mean min and max ANT/POST tilt angles (£) of the

pelvis during stance and swing phase, as well as their respective time of occurrence in the gait
cycle independent of WS.

Min Time to Min Time to Max Time to Max Time to
anterior tilt min anterior tilt min anterior tilt max anterior tilt max
¢ instance anteriortilt zinswing anteriortilt «instance anteriortilt «inswing  anterior tilt
p-value £ in stance p-value £ in swing p-value £ in stance p-value £ in swing
p-value p-value p-value p-value
<.001 - <.001 - <.01 - <.05
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Table 133. Pelvic ANT/POST tilt angles, independent of WS, found similar/different to the
first hypothesis.

Similar Different
Min anterior tilt in stance v
Time to min anterior tilt in stance v
Min anterior tilt in swing 4
Time to min anterior tilt in swing 4
Max anterior tilt in stance v

Time to max anterior tilt in stance X
Max anterior tilt in swing
Time to max anterior tilt in swing

AN

The mean relative angle for the pelvic segment in the frontal plane was presented
in Figure 112 (see Section 4.1.17). The following section focuses on between-group
differences. Table 134 presents the significant age-related differences in the mean max and
min UP/DOWN tilt angles in stance and swing phase as well as their respective time of
occurrence as a percentage of GC. Table 135 presents the significant age-related
differences in the mean UP/DOWN pelvic angles independent of WS that were found in
comparison to the findings in the first hypothesis, where the speed effect was tested. It
should be noted that the significant results for the mean max and min pelvic UP-DOWN
obliquity angle as well as their respective time of occurrence in the gait cycle as a function
of speed were also found when controlling for speed (Table 135).

Table 134. Significant p-values of the mean max UP/DOWN obliquity angles (£) of the pelvis
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Max Time to Max Time to Max UP Time to Max UP Time to
DOWN max DOWN max obliquity max UP obliquity max UP
obliquity DOWN obliquity DOWN 2in obliquity 2in obliquity
<4in obliquity zinswing obliquity stance <4 in swing <4 in
stance 2in p-value  zinswing  p-value stance p-value swing
p-value stance p-value p-value p-value

p-value
<.001 - <.001 <.001 <.001 <.001 <.01 <.001
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Table 135. Pelvic UP/DOWN obliquity angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different

Max DOWN obliquity in stance

Time to max DOWN obliquity in stance
Max DOWN obliquity in swing

Time to max DOWN obliquity in swing
Max UP obliquity in stance

Time to max UP obliquity in stance
Max UP obliguity in swing

Time to max UP obliquity in swing

ASANENENENENENEN

4.2.18 Summary of Pelvic Kinematics Results

Significant differences for the pelvic joint angle in the sagittal and frontal plane
were also found between age groups independent of WS. The results found for this second
hypothesis, where the speed effect was being controlled, were similar compared to when
analyses examined the age-related differences between YA and OA as a function of speed
(Section 4.1). The only exception was for the mean max UP obliquity pelvic angle in stance
that was found significantly different between age groups when controlling for speed.
Similar to the previous hypothesis, independent of WS, the mean min and max ANT tilt of
the pelvis in stance and swing were found significantly different between YA and OA. The
mean min DOWN obliquity pelvic angle in stance and swing were also found significantly
different between age groups when controlling for speed. Further, the mean max UP
obliquity pelvic angle in swing was found significantly different between YA and OA
independent of WS. Thus, when the speed effect is being controlled, significant differences
in pelvic kinematics are still being found between YA and OA.
4.2.19 Age-related Differences in Torso Kinematics Independent of Speed

The mean relative angle for the torso segment in the sagittal plane was presented in

Figure 117 (see Section 4.1.19). The following section focuses on between-group

290



differences. Table 136 presents the significant age-related differences in the mean max and
min ANT/POST tilt angles in stance and swing phase as well as their respective time of

occurrence as a percentage of GC.

Table 136. Significant p-values of the mean min and max ANT/POST tilt angles (£) of the
torso during stance and swing phase, as well as their respective time of occurrence in the gait
cycle independent of WS.

Max Time to Max Time to Min Time to Min Time to
POST tilt max POST tilt max POST tilt min POST POST tilt min POST
2in POST tilt 2in POST tilt 2in tilt 2 in 2in tilt 2 in
stance 2in swing <4 in stance stance swing swing
p-value stance p-value swing p-value p-value p-value p-value

p-value p-value
<.001 - <.001 <.001 <.001 - <.001 -

Table 137 presents the significant age-related differences in the mean pelvic
ANT/POST tilt angles independent of WS that were found in comparison to the findings
in the first hypothesis, where the speed effect was tested. It should be noted that the
significant results for the mean max and min anterior-POST tilt angles of the torso as well
as their respective time of occurrence in the gait cycle as a function of speed were also
found when controlling for speed (Table 137).

Table 137. Torso ANT/POST tilt angles, independent of WS, found similar/different to the
first hypothesis.

Similar Different

Max POST tilt in stance
Time to max POST tilt in stance
Max POST tilt in swing
Time to max POST tilt in swing
Min POST tilt in stance
Time to min POST tilt in stance
Min POST tilt in swing
Time to min POST tilt in swing

ASANENENENENENEN

The mean relative angle for the torso segment in the frontal plane was presented in
Figure 122 (see Section 4.1.19). The following section focuses on between-group

differences. Table 138 presents the significant age-related differences in the mean max and
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min IPSI/CONTRA lean angles in stance and swing phase as well as their respective time
of occurrence as a percentage of GC. Table 139 presents the significant age-related
differences in the mean torso IPSI/CONTRA lean angles independent of WS that were
found in comparison to the findings in the first hypothesis, where the speed effect was
tested. It should be noted that the significant results for the mean max and min ipsilateral-
contralateral lean angles of the torso as well as their respective time of occurrence in the
gait cycle as a function of speed were also found when controlling for speed (Table 139).

Table 138. Significant p-values of the mean max IPSI/CONTRA lean angles (£) of the torso
during stance and swing phase, as well as their respective time of occurrence in the gait cycle
independent of WS.

Max Time to Max Time to Max IPSI Time to Max IPSI  Time to
CONTRA max CONTRA max torso lean  max IPSI torso max IPSI
torso lean CONTRA  torsolean « CONTRA 2 in torso lean  lean £ in torso
< instance  torso lean in swing torso lean stance Zin swing lean £ in

p-value £ in stance p-value £ in swing p-value stance p-value swing
p-value p-value p-value p-value
<.001 - <.001 <.001 <.001 <.05 <.05 -

Table 139. Torso IPSI/CONTRA lean angles, independent of WS, found similar/different to
the first hypothesis.

Similar Different

Max CONTRA torso lean in stance v

Time to max CONTRA torso lean in stance X
Max CONTRA torso lean in swing

Time to max CONTRA torso lean in swing
Max IPSI torso lean in stance

Time to max IPSI torso lean in stance

Max IPSI torso lean in swing

Time to max IPSI torso lean in swing X

ANANENENEN

4.2.20 Summary of Torso Kinematics Results

Significant differences for the torso joint angle in the sagittal and frontal plane were
also found between age groups independent of WS. The results found for this second
hypothesis, where the speed effect was being controlled, did not vary compared to when

analyses examined the age-related differences between YA and OA as a function of speed
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(Section 4.1). Independent of speed, the mean min and max POST tilt of the pelvis in stance
and swing were found significantly different between YA and OA. The mean min
contralateral lean angle of the torso in stance and swing were also found significantly
different between age groups when controlling for speed. Further, the mean max ipsilateral
lean angle of the torso in stance and swing were found significantly different between YA
and OA independent of WS. Thus, when the speed effect is being controlled, significant
differences in torso kinematics are still being found between YA and OA.
4.2.21 Age-related Differences in Ground Reaction Forces Independent of Speed

The mean ground reaction force (GRF) in the sagittal plane was presented in Figure
127 (see Section 4.1.21). The following section focuses on between-group differences.
Table 140 presents the significant age-related differences in the mean max and min A/P
forces in stance and swing phase as well as their respective time of occurrence as a
percentage of GC, independent of WS. Table 141 presents the significant age-related
differences in the antero-posterior GRFs independent of WS that were found in comparison
to the findings in the first hypothesis.
Table 140. Significant p-values of the mean min and max antero-posterior ground reaction
forces (%Body Weight) during stance and swing phase, as well as their respective time of

occurrence in the gait cycle independent of WS.
Min A/P Time to min Max A/P Time to max

GRF A/P GRF GRF A/P GRF
p-value p-value p-value p-value
<.01 <.001 <.05

Table 141. Antero-posterior GRFs, independent of WS, found similar/different to the first
hypothesis.

Similar  Different

Min A/P GRF v
Time to min A/P GRF 4
Max A/P GRF 4
Time to max A/P GRF X
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Significant differences in time to mean max A/P GRF (p<.05) during stance phase
were found between YA and OA independent of WS (Figure 127, Table 140). The YG had
a significantly longer time to mean max A/P GRF angle (p<.05) compared to the OG. For
the YG, the max A/P GRF occurred at 14.24+1.68 percent GC, whereas the OG
demonstrated max A/P GRF angles at 11.00+1.76 percent GC. In the previous hypothesis,
where the speed effect was tested, there were no significant differences (p<.05) for the time
to mean max A/P GRF during stance between YA and OA (Table 141).

Significant differences for the mean ground reaction force (GRF) in the frontal
plane were found between YA and OA independent of WS. This is the medial-lateral (M/L)
force defined by the shear force exerted from the ground in the Y-axis direction. It should
be noted that for the previous hypothesis, where the speed effect was tested, there were no
significant differences found for the mean GRF in the frontal plane. The following section
focuses on between-group differences. Table 142 presents the significant age-related
differences in the mean max and min M/L forces in stance and swing phase as well as their
respective time of occurrence as a percentage of GC, independent of WS. Table 143
presents the significant age-related differences in the medial-lateral GRFs independent of
WS that were found in comparison to the findings in the first hypothesis, where the speed
effect was tested.

Table 142. Significant p-values of the mean min and max medial-lateral ground reaction
forces (%Body Weight) during stance and swing phase, as well as their respective time of

occurrence in the gait cycle independent of WS.
Min M/L Time to min Max M/L Time to max

GRF M/L GRF GRF M/L GRF
p-value p-value p-value p-value
<.001 <.001 <.001 <.001
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Table 143. Medial-lateral GRFs, independent of WS, found similar/different to the first
hypothesis.

Similar  Different

Min M/L GRF
Time to min M/L GRF
Max M/L GRF
Time to max M/L GRF

X X X X

Independent of speed, the YG had a significantly (p<.05) increased mean min M/L
GRF during stance (-0.18°+£0.01°) compared to the OG (-0.15°+0.01°), as shown in Table
142. Significant differences in time to mean min M/L GRF (p<.05) during stance phase
were found between YA and OA independent of WS (Table 142). The YG had a
significantly shorter time to mean min M/L GRF force (p<.05) compared to the OG. For
the YG, the min M/L GRF occurred at 10.23+0.32 percent GC, whereas the OG
demonstrated min M/L GRF force at 11.83+0.34 percent GC.

Independent of speed, the YG had a significantly (p<.05) increased mean max M/L
GRF during stance (0.20°£0.52°) compared to the OG (0.15°+0.55°), as shown in Table
142. Significant differences in time to mean max M/L GRF (p<.05) during stance phase
were found between YA and OA independent of WS (Table 142). The YG had a
significantly shorter time to mean max M/L GRF force (p<.05) compared to the OG. For
the YG, the max M/L GRF occurred at 49.56+0.68 percent GC, whereas the OG
demonstrated max M/L GRF force at 52.63+0.72 percent GC.

The mean ground reaction force (GRF) in the transverse plane was presented in
Figure 129 (see Section 4.1.21). The following section focuses on between-group
differences. Table 144 presents the significant age-related differences in the mean max and
min vertical forces in stance and swing phase as well as their respective time of occurrence

as a percentage of GC, independent of WS. Table 145 presents the significant age-related
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differences in the vertical GRFs independent of WS that were found in comparison to the
findings in the first hypothesis.

Table 144. Significant p-values of the mean min and max vertical ground reaction forces
(%Body Weight) during stance and swing phase, as well as their respective time of occurrence
in the gait cycle independent of WS.

Min Vertical Time to min Max Vertical Time to max

GRF Vertical GRF Vertical
p-value GRF p-value GRF
p-value p-value
<.001 <.001 <.05

Table 145. Vertical GRFs, independent of WS, found similar/different to the first hypothesis.
Similar  Different

Min Vertical GRF v
Time to min Vertical GRF v
Max Vertical GRF v
Time to max Vertical GRF X

Opposite to the previous hypothesis, no significant differences in time to mean max
vertical GRF (p<.05) during stance phase were found between YA and OA independent of
WS (Table 144).

4.2.22 Summary of Ground Reaction Forces Results

Significant differences for the ground reaction forces (GRFs) in the three planes
were found between age groups independent of WS. The results from the A/P GRF found
for this second hypothesis, where the speed effect was being controlled, did not vary
compared to when analyses examined the age-related differences between YA and OA as
a function of speed (Section 4.1), except for the time to mean max A/P GRF. Further,
significant differences in the M/L GRFs were found between YA and OA independent of
WS. This result was found different as the first hypothesis where the speed effect was
tested, as there were no significant differences found in the M/L GRFs between age groups.
Another different result was found in the vertical GRFs, where no significant differences
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in time to mean max vertical GRF during stance phase were found between YA and OA
independent of WS. Thus, when the speed effect is being controlled, significant differences
in GRFs are still being found between YA and OA.
4.3 Age-related Differences in MSF and Lower Extremity Kinematic and Kinetic
Variables as a Function of Foot Structure and Mobility Independent of Speed

The third purpose of the study was to investigate the relationship between age-
related changes in foot kinematics/kinetics and foot structure and mobility. Therefore, it
was hypothesized that, independent of WS, there would be significant differences in MSF
and lower extremity kinematic and kinetic variables (e.g. ROM of the ankle joint, midfoot
and metatarsophalangeal joints, vertical ground reaction force, step length, etc.) between
age groups as a function of foot structure and mobility.
4.3.1 Age, Foot Type and Foot Mobility Differences in Relative Angles Between the
Foot and Shank Independent of Speed

Independent of speed, significant age-related differences in the mean relative angle
for the foot-shank in the frontal plane were found between YA and OA as a function of
foot structure and mobility. It should be noted that for the previous hypothesis, where the
age differences independent of WS were tested, there were significant differences found
for the mean relative angles for the foot-shank in the frontal plane as well. The following
section focuses on between-group differences.

Independent of speed, the YG, with mobile feet and rectus foot (RF) type, had a
significantly (p<.05) decreased mean min EVE angle during stance (-8.82°+1.60°)
compared to the OG with mobile feet and RF type (1.33°+2.80°). Similarly, independent

of WS, the YG with mobile feet and RF type, had a significantly (p<.05) decreased mean
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min EVE angle during swing (4.42°+3.99°) compared to the OG with mobile feet and RF
type (-10.16°+1.80°).

4.3.2 Age, Foot Type and Foot Mobility Differences in Relative Angles Between the
Calcaneus and Forefoot Independent of Speed

Independent of speed, significant age-related differences in the mean relative angle
for the cal-met in the sagittal plane were found between YA and OA as a function of foot
structure and mobility. It should be noted that for the previous hypothesis, where the age
differences independent of WS were tested, there were significant differences found for the
mean relative angles for the cal-met in the frontal plane as well. The following section
focuses on between-group differences.

Independent of speed, the YG, with mobile feet and planus foot (PLF) type, had a
significantly (p<.05) decreased mean max cal-met PF angle during stance (-47.50°+6.97°)
compared to the OG with mobile feet and PLF type (-61.62°+5.69°). Similarly,
independent of WS, the YG with mobile feet and PLF type, had a significantly (p<.05)
decreased mean max cal-met PF angle during swing (-48.53°+6.71°) compared to the OG
with mobile feet and PLF type (-62.40°+6.63°). Significant differences in time to mean
max PF angle (p<.05) during swing phase were found between YA and OA independent
of WS, as a function of foot structure and mobility. The YG had a shorter time to mean
max PF angle (p<.05) compared to the OG. For the YG, the max PF angle occurred at
61.93+0.82 percent GC, whereas the OG showed max PF angle at 94.84+2.42 percent GC.

Independent of speed, significant differences for the mean relative angle for the cal-
met in the frontal plane were found between YA and OA as a function of foot structure and

mobility. It should be noted that for the previous hypothesis, where the age differences
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independent of WS were tested, there were significant differences found for the mean
relative angles for the cal-met in the transverse plane as well. The following section focuses
on between-group differences.

Independent of speed, the YG, with mobile feet and RF type, had a significantly
(p<.05) decreased mean min ADD angle during stance (-7.59°£2.33°) compared to the OG
with mobile feet and RF type (9.21°+4.58°).

4.3.3 Age, Foot Type and Foot Mobility Differences in Planar Angles of the Foot
Independent of Speed

4.3.3.1 Age, Foot Type and Foot Mobility Differences in the F2Pt Planar Angle of the
Foot Independent of Speed

Independent of speed, significant differences for the mean relative F2Pt planar
angle were found between younger and older adult as a function of foot structure and
mobility. It should be noted that for the previous hypothesis, where the age differences
independent of WS were tested, there were significant differences found for the mean
relative angles for the F2Pt planar angle as well. The following section focuses on between-
group differences.

Independent of speed, the YG, with mobile feet and RF type, had a significantly
(p<.05) increased mean min F2Pt angle (-109.95°+75.47°) compared to the OG with
mobile feet and RF type (-30.81°+31.74°). Significant differences in time to mean min
F2Pt angle (p<.05) were found between YA and OA independent of WS, as a function of
foot structure and mobility. The YG had a significantly longer time to mean min F2Pt angle
(p<.05) compared to the OG. For the YG, the min F2Pt angle occurred at 59.04+1.33

percent GC, whereas the OG demonstrated min F2Pt angle at 46.49+26.29 percent GC.
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4.3.3.2 Age, Foot Type and Foot Mobility Differences in the MLA Planar Angle of the
Foot Independent of Speed

Independent of speed, significant differences for the mean relative MLA planar
angle were found between YA and OA as a function of foot structure and mobility. It
should be noted that for the previous hypothesis, where the age differences independent of
WS were tested, there were significant differences found for the mean relative angles for
the MLA planar angle as well. The following section focuses on between-group
differences.

Independent of speed, the YG, with mobile feet and RF type, had a significantly
(p<.05) decreased mean min MLA angle (153.70°+0.97°) compared to the OG with mobile
feet and RF type (171.97°£3.37°). Similarly, independent of WS, the YG with mobile feet
and RF type, had a significantly (p<.05) decreased mean max MLA angle (176.01°+2.32°)
compared to the OG with mobile feet and RF type (191.47°+3.32°).

4.4 Summary of MSF Kinematics and Planar Angles Results

Independent of speed, the present study found significant differences for MSF
angles between YA and OA as a function of foot structure and mobility. The results found
for this third hypothesis varied compared to when analyses examined the age-related
differences between YA and OA as a function of speed and independent of WS (Section
4.1 and 4.2). The differences found between YA and OA as a function of foot structure and
mobility were only for the MSF kinematics and planar angles of the foot. The main
differences were between YA and OA, with mobile feet and RF type. Thus, when the foot
structure and mobility effect are being considered, there are only a few significant

differences in MSF kinematics and planar angles between YA and OA independent of WS.
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5.0 Discussion

The present study aimed to examine the differences in MSF and lower extremity
kinematic and kinetic variables between YA and OA: (1) as a function of speed, (2)
independent of WS, and (3) as a function of foot structure and mobility. The results for the
first hypothesis showed significant (p<.05) age-related differences in MSF and lower
extremity kinematic and kinetic variables between YA and OA, especially for the midfoot
segment, suggesting that speed significantly influences foot and lower limb kinematics and
kinetics. However, when controlling for speed, significant (p<.05) age-related differences
in MSF kinematics and lower limb kinetics and kinematics were still found. These
differences, independent of WS, suggest that OA exhibit unique characteristics of MSF
and lower limb biomechanics. The results of the third hypothesis showed only a few
significant (p<.05) age-related differences in MSF kinematics as a function of foot structure
and mobility and independent of WS. Findings in the present study indicated that planus
and RF type have a distinct pattern of motion and that age-related differences exist.

5.1 Differences in MSF and Lower Extremity Kinematic and Kinetic Variables
Between Age Groups as a Function of Speed
5.1.1 Temporospatial Variables

In the present study, the OG had a significantly (p<.05) increased cadence
compared to YA, as WS increased from slow to VF speed. Previous research has observed
increased cadence in OA compared to YA as WS increased (DeVita & Hortobagyi, 2000;
Hollman et al., 2011). It has been previously suggested that increased cadence is directly
associated with increased joint torque and power (DeVita & Hortobagyi, 2000; Winter,

1983a; Winter, 1983b). Winter (1983) showed that an increased cadence seems to be the
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result from increased power levels. However, although cadence, power and torque increase
simultaneously, cadence appeared to be an effect, not the cause. Thus, the increased
cadence in the present study may be related to the significant increases in hip and knee
joint moment and power for the OG (see Section 5.1.4 and 5.1.5).

In the present study, the OG showed a significantly (p<.05) decreased mean stride
length across all speeds similar to previous research (Arnold et al., 2014; DeVita &
Hortobagyi, 2000; Hollman et al., 2011; Lee et al., 2007; Lockhart et al., 2003; Menz et
al., 2003; Nagano et al., 2013; Samson et al., 2001; Schrager et al., 2008). A reduction in
mean stride length is strongly associated with a slower WS in OA (Alcock et al., 2013;
DeVita & Hortobagyi, 2000). Possible mechanisms that may explain a reduced stride
length include muscle weakness (McGibbon et al., 2001), balance impairments (Wolfson
et al., 1995), and reduction of energy cost (Holt et al., 1995). Further, it has been observed
that OA control the vertical center of mass (COM) movement during gait by using shorter
strides (Malatesta et al., 2003). However, the main reason for a reduced stride length in the
OG may be related to the reduced hip extension (Kerrigan et al., 2001) that was found in
the present study. In addition, the shorter stride itself may be performed as a compensation
for poor balance (See Section 5.1.5). Moreover, in 2015, Gimmon et al. suggested that
shorter strides reduce shock attenuation and energy absorbed at the ankle, knee, and hip
joint. In the present study, only a reduction in energy absorption in stance phase at the hip
joint was found (See Section 5.1.5).

The mean single leg support time was significantly (p<.05) decreased for the OG
compared to the YG across all speeds in the present study. Likewise, Arnold et al. (2014)

reported that OA had decreased single leg support time at a slow speed walking compared
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to YA. However, discrepancies with other previous research exist. Herssens et al. (2018)
and Begg and Sparrow (2006) found that OA had a greater single support time compared
to YA. Further, McGibbon et al. (1999) did not observe significant differences in single
leg support time, however, researchers were controlling for height and weight. Throughout
single leg support (i.e., approximately 40% of gait cycle) the body is known to be in a state
of “instability” (Francois et al., 1997). A reduction in single leg support time may represent
an age-induced gait adaptation, where the OA increase stability by reducing the amount of
time spent on one limb only (Alcock et al., 2013) as WS increases.

The reduction in mean single leg support time is related to the significant (p<.05)
increase in mean double leg support time and significant (p<.05) increased time to toe off
(i.e., stance time) found for the OG across speeds in the present study. Similarly, previous
research has reported increased double leg support time and time to toe off (Aboutorabi et
al., 2016; Arnold et al., 2014; Begg & Sparrow, 2006; Herssens et al., 2018; Winter, 1991).
Double leg support time is known as the period of stability (Prince et al., 1997) during gait
as both limbs are weightbearing. An increased time to toe off suggests that OA tried to
have both feet in contact with the ground for a longer time than the YA before swing phase
started. Therefore, a significant increased double leg support time and time to toe off in the
OG indicate that they are adapting their gait pattern, increasing stability, and avoiding the
risk of fall while speed increases. Further, muscle weakness has also been associated with
increased cadence and increased double leg support time (Aboutorabi et al., 2016).

The OG also showed a significantly (p<.05) shorter mean step length for the VS,
slow, and fast WSs in the present study. It has been previously reported that OA have a

reduced step length compared to YA (Kirkwood et al., 2011). However, Silder et al. (2008)
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did not find significant differences in step length between YA and OA. A reduced mean
step length is related to the increased mean double leg support time as it also suggests the
adoption of a more stabilized gait pattern. The increased time spent in mean double support
time and shorter mean step length for the OG could be considered as influencing factors
for the OA to walk slower (Menz et al., 2003). Loss of muscle strength and associated force
production are reflected in changes such as reduced step length (Kirkwood et al., 2011).
Furthermore, white matter atrophy and hippocampal atrophy has been associated with a
decline in step length (Callisaya et al., 2013).

In the present study, the OG showed a significantly (p<.05) increased mean cycle
time for the fast and VVF speeds compared to YA, indicating that when WS increased to fast

and VF, they were walking slower than the YG. In fact, for the fast speed, the OG walked

at 1.58 ? whereas the YG walked at 1.59 ? For the VF speed, the OG walked at 1.99 %

whereas the YG walked at 2.01 ? It has been previously reported that WS declines with

age (Aboutorabi et al., 2016). However, Van Hoeve et al. (2017) reported a mean fast WS

of 1.57 % for the YG and 1.63 % for the OG, indicating that the OG was walking faster.

Changes in WS with aging may be explained by a compensation for muscle weakness and
balance impairments (Aboutorabi et al., 2016). In summary, the OG displayed a tendency
to walk slower, with a longer stance time and keeping both feet in contact with the ground
for a longer period than the YG.
5.1.2 Ankle Kinetics and Kinematics

In the present study, the OG showed significantly (p<.05) decreased mean

maximum ankle PF moment in the sagittal plane in stance when compared to YA for the
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VS, typical, fast, and VF WS. Further, the OG showed significantly (p<.05) decreased
mean maximum concentric ankle power during stance for the fast and VF speeds.

Previous research has reported decreased peak ankle PF moments in OA (Alcock
etal., 2013; DeVita & Hortobagyi, 2000; Judge et al., 1996). Studies varied in terms of age
and sex of participants, range of WSs tested and mechanical models of foot. Alcock et al.
(2013) studied MSF kinematics during walking at a self-selected speed in healthy female
OA only (60-83 years old, 71.5£7 years old). Furthermore, DeVita and Hortobagyi (2000)
studied older female and male participants with different age ranges (young: 21.6£2.7 years
old; old: 69+6.5 years old), walking at a fast and self-selected speed only and using a more
simplistic single foot model. In addition, Judge et al. (1996) also used a single foot model
and collected data from older female and male participants with different age ranges
(young: 18-42 years, 26x3.7 years old; old: 70-90 years, 79+6 years old. They asked their
participants to walk at a typical and fast speed only. In the present study, there were two
age groups with different age ranges (young: 18-35 years, 23.6+3.7 years old; old: 65-87
years, 71.6+6 years old), and a broader range of speeds was studied. Examining a broader
range of WSs helps identify age-related changes from speed-mediated effects thus slower
speeds should also be examined. Moreover, a broader range of WS is needed to provide
speed-matched data when evaluating a patient (Grant & Chester, 2015).

Previous research has also reported decreased mean maximum concentric ankle
power during stance. Studies varied in terms of mechanical model (Cofré etal., 2011; Judge
et al., 1996; Kerrigan et al., 1998; Monaco et al., 2009) and method (Lanza et al., 2003).
Interestingly, McGibbon and Krebs (1999) did not find significant differences in concentric

ankle power between YA and OA, however, they controlled for center of gravity velocity.
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McGibbon and Krebs (1999) also suggested that decreased ankle plantarflexor power in
stance is a factor associated with functional limitations beyond those of normal aging and
stated that their lack of significance was probably due to their participants being more fit
than participants in past research studies besides controlling for center of gravity velocity.

In Figure 71 (See Section 4.1.11.2), the YA and OA exhibited comparable levels
of ankle CNC power at the VS, slow and typical WSs during push-off. However, as speed
increased to fast and VF, the gap in power generated at push-off between age groups was

significantly different, where the YG demonstrated greater ankle power during push-off

(fast: 4.41%1.18 IZV—g; VF: 5.10+1.61 %) compared to the OG (fast: 3.41+0.99 %; VF:

3.57£1.17 %). This is in agreement with previous research that have reported that OA may

be unable to produce sufficient ankle power during push-off, specifically at faster WS
(Judge et al., 1996; Kerrigan et al., 1998). The reduction in power generation for the OG
found in the present study indicates a decrease in the energy generated through concentric
muscle activity to propel the body forward as WS increases, showing again an impairment
of the overall propulsive capacity, especially at faster WSs. Reduced concentric ankle
power and reduced PF moment may be a function of dynamic stiffness, as a consequence
of intrinsic muscle or soft tissue changes in the ankle plantarflexors, or co-contraction in
the antagonistic ankle dorsiflexors, that restrains the development of rapid ankle plantar
flexion (Kerrigan et al., 1998). Moreover, it has been recognized that plantar flexors
provide crucial propulsive energy during push-off, thus, the significant (p<.05) reduction
in PF moments found in the present study may impair the overall propulsive capacity of

the leg during forward progression in OA (Alcock et al., 2013). In addition, it has been
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suggested that a reduced ankle power in OA is correlated to their decline in gait speed
(Bassey et al., 1988; Bassey et al., 1992).

Deteriorations in muscle strength could provoke changes in lower extremity joint
kinetics and kinematics (Aboutorabi et al., 2016). It has been observed that ankle plantar
flexors have greater physiological and biomechanical deficits in contrast with other muscle
groups in OA compared with YA (DeVita & Hortobagyi, 2000) due to different reasons
such as a decline in maximal voluntary isometric force (Christ et al., 1992), decline in
citrate synthase activity in the gastrocnemius (Houmard et al., 1998) and reductions in type
Ila and Ilb fiber areas and lower mitochondrial enzyme activity in gastrocnemius of OA
compared with YA (Coggan et al., 1992). This suggests a functional decline with age that
may be compensated by efforts at the hip (See Section 5.1.5).

In the present study, WS significantly affected the ankle joint kinematics in the
sagittal and transverse planes similar to previous research (Dubbeldam et al., 2010). In the
present study, the OG exhibited a significantly (p<.05) decreased mean maximum ankle
PF angle and a significantly (p<.05) decreased mean maximum ankle DF angle in stance
as WS increased from VS to typical speed. In 2006, Begg and Sparrow also showed
significant (p<.05) decreased ankle PF angle but using a single foot model. It is plausible
that ankle PF and DF angles are purposefully decreased to maintain greater foot-floor
contact to extend the support base (Kerrigan et al., 1998).

The OG also exhibited a significantly (p<.05) decreased mean maximum ankle PF
in swing as WS increased from VS to typical speed, as well as a significantly (p<.05)
decreased mean maximum ankle DF in swing across all speeds. These results suggest a

reduced foot clearance as WS increases, (i.e., foot’s height from the ground was decreased
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during the swing phase). These findings agree with previous studies that have reported a
decreased foot clearance due to reduced ankle DF (Alcock et al., 2013). A reduced foot
clearance can lead to tripping, causing the person to fall. Both mechanisms in stance and
swing indicate a strategy that the OG may adapt to reduce the risk of falling.

In the present study, the OG showed significantly (p<.05) less ADD motion of the
ankle in the transverse plane during stance and swing across speeds and exhibited a
significantly (p<.05) smaller ADD/ABD ROM in the transverse plane during stance as WS
increased from VS to fast WS. Previous research has not reported information comparing
younger and older adult’s transverse ankle motion, thus, results in the present study
represent a novel contribution to the field. Reporting only sagittal data can be deceiving as
it does not reflect the complex multi-segmental motion that occurs in the ankle and foot
during walking. Overall, MSF motion data in the frontal and transverse plane is scarce (Pol
et al., 2021). In the present study there were no significant differences in the PF/DF ROM
in the sagittal plane of the ankle between age groups. Similarly, Legault-Moore et al. (2012)
and Van Hoeve et al. (2017) did not find significant differences in the ankle PF/DF ROM
between YA and OA. Conversely, previous research using single segment foot models
reported reduced ankle PF ROM (Boyer et al., 2012; Judge et al., 1996; Kerrigan et al.,
1998).
5.1.3 Multisegment Foot Kinematics
5.1.3.1 Shank-Calcaneus

The relative angles of the foot with respect to the tibia (shank-foot) showed similar
results to that of the calcaneus relative to the tibia (sha-cal). This was expected as they

share a common articulation with the calcaneus and tibia. The similarities included the
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mean minimum and maximum relative angles in the sagittal and transverse plane (i.e.
DF/PF and ADD/ABD respectively). However, the OG exhibited a significant (p<.05)
reduced DF/PF ROM in the sagittal plane for the sha-cal in swing for the slow speed only,
whereas no significant differences were found in the DF/PF ROM for the ankle angle.
Further, the OG exhibited a significantly (p<.05) reduced ADD/ABD ROM in the
transverse plane for the sha-cal in stance and swing for the VS speed only. The ADD/ABD
ROM of the shank-foot angle was also found significantly (p<.05) different between age
groups in stance and swing for the VS speed (See Section 5.1.2).

Previous research has not reported information comparing younger and older
adult’s DF/PF ROM in swing phase thus direct comparison with other studies cannot be
made. Nonetheless, Vandervoort et al. (1992) observed a decreased DF/PF ROM at the
ankle joint in OA during non-weight bearing tasks. This reduction may occur due to the
influence of stiffening of soft tissues that provide passive joint constraint (Prince et al.,
1997). The decreased ADD/ABD ROM may contribute to impaired performance in weight-
bearing activities such as walking (Menz et al., 2015).
5.1.3.2 Midfoot-Calcaneus

Significant differences (p<.05) in the mid-cal segment between YA and OA were
found in the sagittal, frontal, and transverse plane as a function of speed. In the sagittal
plane, the OG exhibited a significantly (p<.05) reduced mean peak DF angle during swing
phase for the VS speed only. Further, the OG displayed significantly (p<.05) less eversion
(EVE) in the frontal plane and significantly (p<.05) less adduction (ADD) motion in the
transverse plane during stance and swing across speeds. The only study that has previously

studied the midfoot angular motion in YA and OA at different WSs was conducted by
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Arnold et al. (2014). However, researchers reported that there were no significant (p<.05)
differences in the angular position of the mid-cal joint in stance in any plane between YA
and OA at self-selected and slow WS. Further, in the present study, the OG displayed a
significantly (p<.05) smaller DF/PF ROM in the sagittal plane of the mid-cal angle during
stance and swing across all WSs. This finding is in agreement with previous research that
observed a decreased DF/PF ROM of the mid-cal joint in stance at both preferred and slow
WSs for OA (Arnold et al., 2014).

In the frontal plane, the EVE/INV ROM of the mid-cal angle was significantly
(p<.05) smaller during stance across all speeds, and during swing for the VS, slow, and VF
WSs. In addition, OA showed smaller ADD/ABD ROM in the transverse plane throughout
stance and swing across speeds albeit there was not statistical significance. Arnold et al.
(2014) reported no significant differences in the frontal and transverse ROM of the mid-
cal angle in stance between YA and OA. The ROM results found in the present study in
the three planes exhibit reduced mobility of the mid-cal angle in the OG.

A reduced ROM in the joints of the foot and ankle is strongly associated with
impaired balance and functional ability in older people (Menz et al., 2005; Spink et al.,
2011). Moreover, reduced ROM in the calcaneus and midfoot may affect the extent to
which plantar loads can be attenuated (Menz et al., 2014). A previous study conducted by
Giacomozzi et al. (2014) reported that the ROM at the ankle, rearfoot and midfoot when
walking was inversely correlated with peak pressure at the corresponding plantar regions
i.e., individuals with less foot joint mobility produce significantly greater plantar loads.
Therefore, since OA exhibited less foot joint mobility in the present study, it can be

suggested that they also generate larger plantar loads.
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The reduced DF and reduced EVE of the mid-cal found in the present study could
suggest a trend towards a less pronated dynamic foot position for the OA during walking
across speeds (See Section 5.1.3.3). This could be linked to the rotation of the hip as it has
been observed that the lower limb IR and rearfoot EVE are relatively interdependent and
simultaneous (Snyder et al., 2009; Souza et al., 2010), i.e., this link may represent a
functional adaptation from the OA. In the present study the OG showed reduced mean
maximum hip IR in stance across all speeds (See Section 5.1.5). It has been reported that
soft tissues of the hip that resist IR may resist foot pronation indirectly (Souza et al., 2014).
Thus, it is possible that the reduced hip IR in the OG across all WSs is associated with the
reduced mid-cal EVE angle in the OG across all speeds. Conversely, in 2013, Min-Chi et
al. and Hagerdon et al. (2013) stated that OA tend to have a more dynamically pronated
foot. However, both studies used a plantar pressure measurement system and participants
were asked to walk at their preferred WS only.

It should be noted that most studies using an MSF model did not study the midfoot
segment and compared its angular motion between YA and OA at different WSs, thus the
age-related changes found in the present study for the midfoot represent an important
contribution to the literature. The midfoot segment is often excluded due to a lack of
clinical interest, a reduced number, quality and location of available cameras of the
stereophotogrammetric system, difficulty of tracking markers (e.g. the navicular and
cuboid markers) and probability of marker merging in a relatively small segment
(especially in children’s feet). Further, some researchers have excluded the midfoot
segment as they deteremined it does not play an important role in the overall foot function

(Ouzounian & Shereff, 1989), hence, violate the rigid body assumption. This violation may
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lead researchers to oversight important biomechanical data between segments or attribute
motion to one joint when in fact it is occuring at another (Nester et al., 2010). However,
the data presented in our study shows that the midfoot contributes to the mechanics of the
foot and should be included in relevant foot kinematic studies.

Currently, the midfoot segment is tracked by only a few mechanical models
(Leardini et al., 2007; MacWilliams et al., 2003; Portinaro et al., 2014; Rouhani et al.,
2011). Moreover, in vivo and in vitro studies have shown that significant and consistent
rotations occur in typical feet at the Chopart and Lisfranc joints (Leardini et al., 2007;
Lundgren et al., 2008; Maurer et al., 2013; Ouzounian & Shereff, 1989; Rao et al., 2009).
These studies have demonstrated that the motion of the midfoot during gait is significant
and should be studied (Leardini & Caravaggi, 2016). In 2015, De Ridder et al. (2015)
studied chronic ankle instability and compared results from a single model foot and an
MSF model. They showed important deviations in kinematics at the midfoot, which simply
could not be detected with a rigid single model of the foot (Leardini & Caravaggi, 2016).
Dixon et al. (2012) reported significant differences between two different foot models and
exhibited that the model excluding the midfoot segment overestimated the power of the
ankle by about 40% and neglected the important midfoot loading (Leardini & Caravaggi,
2016). Including the midfoot segment in mechanical model provides important evidence
about its role in overall foot function. Further, there are pathologic conditions and surgical
procedures that involve this area, such as midfoot arthritis and midfoot break, yet its effect

on foot motion remains unclear (Ouzounian & Shereff, 1989).
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5.1.3.3 Midfoot-Forefoot

In the present study, significant (p<.05) differences in the mid-met segment
between YA and OA were found in the sagittal and transverse plane as a function of speed.
In the sagittal plane, the OG displayed significantly (p<.05) increased mean minimum and
maximum mid-met PF angles in stance and swing across speeds and significantly (p<.05)
increased DF/PF ROM in the sagittal plane in stance as WS increased from VS to fast
speed. However, the OG exhibited a significantly (p<.05) decreased DF/PF ROM for the
VF speed in stance and across all speeds in swing. Nonetheless, it should be noted that only
the difference in DF/PF ROM in the sagittal plane during swing for the VS speed was
significant. In the frontal plane, the OG exhibited a significantly (p<.05) increased INV of
the segment during stance and swing across speeds. However, this difference did not reach
statistical significance.

In the transverse plane, the OG exhibited significantly (p<.05) reduced mean
minimum and maximum mid-met ABD angles during stance and swing across all speeds.
However, the OG displayed a significantly (p<.05) increased ADD/ABD ROM in the
transverse plane for the VS speed in stance. As previously mentioned in Section 5.1.3.2,
most studies using an MSF model excluded the midfoot segment, except for Arnold et al.
(2014). Thus, direct comparison in the mid-met results with other studies is challenging.
Arnold et al. (2014) reported that there were no significant differences in the angular
position of the mid-met joint in stance in any plane, as well as no significant differences in
the sagittal and transverse ROM between YA and OA at self-selected and slow speed
(Arnold et al., 2014). Previous research has observed a decreased EVE/INV ROM in the

frontal plane of the mid-met joint in stance at both preferred and slow WSs for OA (Arnold
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et al., 2014) whereas in the present study there were no significant differences in the
EVE/INV ROM between age groups.

The reduced mid-met ABD, increased INV and increased PF in stance and swing
across all speeds for the OG further indicates a less pronated dynamic foot position (See
Section 5.1.3.2). When this occurs, the midfoot is considered hypomobile, compromising
the ability of the foot to adapt to the terrain and increasing the demand on surrounding
structures to retain postural stability and balance (Cote et al., 2005). This suggests a
functional decline for the older adults’ feet in their ability to adapt to the terrain. Moreover,
Marcial et al. (2021) conducted a study comparing the foot mobility magnitude (FMM)
between YA and OA using a three-dimensional (3D) scanner. The FMM is a measure of
the mobility of the midfoot (McPoil et al., 2009). Although researchers found a lack of
statistical significance, OA exhibited a lower FMM, suggesting less mobility of the
midfoot. A reduction in midfoot and forefoot mobility suggests increased stiffness for the
OG, which may be explained by changes in plantar tissues (Menz et al., 2014). The plantar
soft tissues attenuate the shear forces applied when walking. With advancing age, the
metatarsal pads maintain their thickness but exhibit greater stiffness, dissipate more energy
when compressed and are slower to recover after load is removed (Hsu et al., 2005; Kwan
etal., 2010).
5.1.3.4 Calcaneus-Forefoot

In the present study, the OG displayed significantly (p<.05) increased mean
maximum PF angles in stance and swing for the typical and fast speeds and increased mean
minimum PF angle in stance and swing across speeds during push-off. An increase in cal-

met PF angle in the sagittal plane was expected as the metatarsals rotate towards PF to
314



activate the windlass mechanism. This mechanism helps to achieve stronger propulsion to
move the body forward during walking, thus it is possible the OG attempted to effectively
propel their body forward by achieving greater PF of the cal-met.

The significantly (p<.05) increased cal-met PF in the OG may suggest a
compensation for the decreased mean ankle PF moments (see Section 5.1.2), decreased
mean maximum F2Ps angle and increased mean minimum and maximum MLA angles (see
Section 5.1.3.5). However, previous research reported that there were no significant
differences in the ROM of the hindfoot-forefoot in stance in any plane between YA and
OA at slow and fast speed (Van Hoeve et al., 2017). Study varied in terms of mechanical
MSF model, speed, and age of participants. Van Hoeve et al. (2017) used the OFM, thus,
used different definitions for the hindfoot (calcaneus) and forefoot segment. “Mechanical
models are simple representations of complex systems” (Nordin & Frankel, 2001). These
mechanical models are limited by the assumptions that must be made to simplify the system
under consideration (Nordin & Frankel, 2001) and by the clinical interest (Leardini &
Caravaggi, 2016). Nonetheless, it becomes challenging to compare results when the
definitions of each segment vary. Further, Van Hoeve et al. (2017) also collected only
typical, slow and fast WSs. In addition, there were two age groups with different age ranges
(young: 20-24 years, 22.4+1.3 years old; old: 53-65 years, 57.5£3.9 years old). In the
present study, the model used was the RFM. In addition, a broader range of WSs was
collected (VS, slow, typical, fast and VF). Moreover, there were two age groups with
different age ranges (young: 18-35 years, 23.6+£3.7 years old; old: 65-87 years, 71.6+6

years old).
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The YG exhibited a greater DF/PF and EVE/INV cal-met ROM, in the sagittal and
frontal plane respectively, in stance and swing across all speeds. Further, the OG displayed
significantly (p<.05) less EVE motion of the cal-met during stance and swing as WS
increased from slow to fast speed. Although Van Hoeve et al. (2017) did not find statistical
significance, OA in their study also exhibited less EVE motion in the frontal plane of the
cal-met. When the calcaneus is everted, there is increased forefoot motion (Blackwood et
al., 2005). This occurs when the midtarsal locking mechanism is activated, allowing the
foot to be flexible and adjust to the surface during heel strike. Later in the gait cycle, due
to this mechanism, the foot acts as a rigid lever to propel the weight of the body forward.
Thus, if the OG displayed less EVE motion in the frontal plane during stance, it suggests a
lesser activation of the midtarsal locking mechanism. Hence, the foot becomes less flexible,
affecting its adjustment to the surface. This again suggests a functional decline for the OA
in their ability to adapt to the terrain (See Section 5.1.3.3). As previously mentioned, a
reduction in foot mobility suggests increased stiffness for the OG, which may be explained
by changes in plantar tissues (Menz et al., 2014). Similar to the metatarsal pads (See
Section 5.1.3.3), the heel pad preserves its thickness with age, but becomes stiffer (Hsu et
al., 1998; Kwan et al., 2010). An increase in stiffness of the heel pad is usually associated
to a decreased echogenicity of the plantar fascia (Menz et al., 2014). This may indicate a
physiological aging process of the plantar fascia or a secondary effect of the deficiency of
heel-pad elasticity (Cheng et al., 2014). The physiological change of the plantar fascia with
age may also affect the windlass mechanism activation on the foot (See Section 5.1.3.5).

Differences in the MSF angles between YA and OA could also be explained by a

magnitude offset. The offset observed may have a larger effect in balance problems
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compared to the ROM. The ankle DF and PF angles are most likely reduced in the elderly
to maintain greater foot-floor contact to broaden the base of support and therefore have
more stability and balance. Also the reduction in the mid-cal motion that the OG exhibited
might be related to the reduced DF of the 1st MTPJ and a reduced medial longitudinal arch,
affecting the windlass mechanism, thus affecting their propulsion during push off. Further,
differences in the temporospatial variables could explain the offset in the time to minimum
and maximum peak angles such as decreased single leg support, increased time to toe off
and increased double support time, indicating that they are adapting their gait pattern to
increase stability, hence improve balance.

In the present study, anatomical offsets could explain the differences in the dynamic
data. During data collection, an anatomical standing position is usually recorded to provide
reference orientations of the lower limb and foot segments. This neutral orientation can be
used as offset and it has the advantage of eliminating the bias associated to the anatomical
frame definitions. Therefore, it allows to focus the analysis on the dynamic pattern of the
joint rotations. However, this approach eliminates any misalignments due to bone and/or
joint deformity, which are usually included in the clinical evidence and thus it is not
recommended to remove from the analysis (Leardini & Caravaggi, 2016). “The choice of
offsetting joint rotations by using a neutral posture is thus related to the specific study and
should take into consideration, for example, if there’s any ongoing treatment to correct a
foot deformity” (Leardini & Caravaggi, 2016). Although the participants recruited in the
present study were healthy adults, the anatomical offsets were not used in the study. Thus,
the magnitude differences found in the present study represent extremely valuable

information and indicate age-related differences in foot kinematics.
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5.1.3.5 Planar Angles

Unlike most studies using an MSF model, planar angles of the foot between YA
and OA at different WSs were examined in the present study. Thus, the age-related changes
found in the present study for the planar angles represent an important contribution to the
literature. Due to the scarcity of bony landmarks and the small size of several foot bones,
2D projection angles are also used to measure relative rotations of a joint, with respect to
anatomical planes. This technique is used to track motion of the metatarsal bones, as well
as the medial longitudinal arch (MLA), and the varus/valgus inclination of the calcaneus
(Leardini & Caravaggi, 2016). However, with this approach, erroneous and misleading
values can be obtained in particular conditions, e.g., in case of large ROM and in case of
large deviations between the line segment and the projection plane. 2D angles are also
prone to noise at key events in the gait cycle (e.g. toe-off).

In the present study, only a few planar angles were found significantly different
between YA and OA as a function of speed. The F2Pt angle corresponded to the motion in
valgus of the 1% metatarsophalangeal joint (MTPJ), in the transverse plane (Leardini et al.,
2007). The OG exhibited a significantly (p<.05) greater motion in varus of the mean
maximum F2Pt angle throughout most of the stance phase for the VF speed. Moreover, the
ROM of the 1%t MTPJ in the transverse plane for the OA was significantly (p<.05) greater
across all speeds.

The OG displayed a significantly (p<.05) greater mean minimum V2G angle for
the fast WS compared to the YG. However, the YG exhibited greater ROM of the V2G
angle across all speeds, but this did not reach statistical significance. A trend towards a

greater mean minimum and maximum medial longitudinal arch (MLA) angle (suggesting
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a more dynamically PLF posture) in the OG across speeds was observed. However, the
differences in the mean minimum and maximum MLA angles between age groups did not
reach statistical significance. Previous research (Arnold et al., 2014) has reported similar
findings for the MLA angle.

Older adults also showed reduced mean maximum F2Ps (i.e., reduced DF of the 1%
MTPJ) angle and reduced ROM of the F2Ps angle across speeds, except for the fast speed.
Although these latter results were not statistically significant, it could be postulated that
the reduced DF of the 1% MTPJ in the OG emphasizes the greater foot-floor contact
previously seen by the decreased ankle PF and DF angles in stance (see Section 5.1.2).
Similarly, Arnold et al. (2014) reported a reduced sagittal ROM between YA and OA when
walking at a preferred WS. The F2Ps and MLA angles play an important role in the
midtarsal locking mechanism as they pull the plantar aponeurosis further during walking
(Bolgla & Malone, 2004). Thus, the decreased F2Ps and increased MLA angles found in
the OG across speeds could indicate that the plantar aponeurosis is not being pulled further
(Bolgla & Malone, 2004), thus suggesting again (see Section 5.1.3.4) a lesser activation of
the midtarsal locking mechanism (i.e., less rigidity of the foot). Hence, there is a lesser
activation of the windlass mechanism. This mechanism contributes to the stiffening of the
foot by pulling on the heel to help have a stronger propulsion. Therefore, it is inferred that
the older group’s propulsion to walk forward is being affected and thus exhibit less
propulsion during push off. This further relates to the reduced mean maximum ankle PF

moment in stance found in the OG (see Section 5.1.2).
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5.1.4 Knee Kinetics and Kinematics

In the present study, the OG had a significantly (p<.05) decreased mean maximum
concentric knee power throughout stance phase at the VS speed. Further, OA also exhibited
significantly (p<.05) reduced mean minimum knee FLEX moment in the sagittal plane in
stance but for the VS speed. However, during swing for the fast and VF speeds, OA
exhibited significantly (p<.05) increased mean maximum knee EXT moment and
significantly (p<.05) increased mean minimum eccentric knee power. Previous research
has showed reduced knee concentric powers in stance phase in OA (Cofré et al., 2011;
DeVita & Hortobagyi, 2000; Lanza et al., 2003). Studies varied in terms of range of WSs
tested, mechanical models of the foot and methods used. Cofré et al. (2011) reported that
OA showed reduced knee concentric powers in early stance when walking at typical and
fast speeds only. In addition, Lanza et al. (2003) reported decreased knee CNC power for
the OG although they collected knee kinetics data using a dynamometer. DeVita &
Hortobagyi (2000) reported decreased knee concentric and eccentric power for the OG
when walking at a self-selected speed. Conversely, Monaco et al. (2009) reported increased
knee CNC power in OA during stance phase despite decreased ankle PF kinetics. However,
they used a single foot model and a treadmill to control the gait speeds. Furthermore, Riley
et al. (2001) reported decreased knee moments in OA compared to YA when walking at
their normal gait speed. Moreover, Riley et al. (2001) reported that at faster WSs, OA
significantly increased their knee moment to levels comparable to those of YA. This could
indicate that the OG have equivalent maximal strength in the quadriceps to the YG and are

capable to use this strength when walking at faster speeds (Kerrigan et al., 1998).
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Current literature does not report large differences in knee kinetics and kinematics
in OA and inconsistencies remain (Boyer et al., 2017). In fact, only a few significant
(p<.05) differences in knee kinematics were found in the present study suggesting that
differences between YA and OA are scarce.

As WS increased, OA showed significantly (p<.05) increased mean minimum and
maximum knee FLEX angles in the sagittal plane throughout stance and mean minimum
knee FLEX angle during swing phase (See Section 4.2.13.3, Figure 83). The significant
(p<.05) increased knee FLEX in the OG may suggest a compensation for the reduced mean
minimum hip extension found in the present study during pre-swing (See Section 4.1.15.3,
Figure 96). An increase in knee FLEX during swing in OA may also suggest a trend
towards increasing the foot-ground clearance, compensating for the reduced ankle DF in
swing across all speeds (See Section 4.1.3, Figure 1). Conversely, Begg and Sparrow
(2006) reported that OA displayed significantly reduced knee FLEX during stance.
However, differences between studies remain. Researchers only compared differences at a
comfortable WS and recruited participants with different age ranges (young: 28.1+5.6
years, old; 68.8+4.6 years). Nonetheless, increased knee FLEX in the older group in the
present study suggests a compensatory mechanism for the reduced hip extension and ankle
DF motion.

5.1.5 Hip Kinetics and Kinematics

The OG had significantly (p<.05) increased mean maximum EXT moment in the
sagittal plane of the hip during initial contact for the slow speed and significantly (p<.05)
decreased mean minimum FLEX moment in the sagittal plane of the hip during stance for

the slow and VS WSs. The reduced mean minimum hip FLEX moment in the OG may be
321



interpreted as reduced hip extensor activity. However, without EMG this finding cannot be
confirmed. Riley et al. (2001) reported decreased hip moments in the OG but subjects
where walking at their typical gait speed. Riley et al. (2001) also noted that OA were
capable of significantly increase their hip moments when asked to walk faster to levels
comparable to those of YA, similar to the knee moment (See Section 5.1.4). Moreover, in
the present study, the OG exhibited significantly (p<.05) increased mean maximum hip
EXT moment during swing phase at the VF speed. The latter has been reported in previous
research (Aboutorabi et al., 2016). Further, the OG in the present study had significant
(p<.05) reduced mean minimum eccentric power of the hip in stance for the VS WS, which
indicates a reduced power energy absorption. This reduction in energy absorption may be
related to the reduced stride length found in the OG (See Section 5.1.1).

The OG also had significantly (p<.05) increased mean maximum CNC power of
the hip during stance as WS increased, i.e., increased power generation, although it was
not significantly different from the YG. This finding is in agreement with previous studies
that reported greater hip power generation in the OG (Boyer et al., 2017; Monaco et al.,
2009). Previous research has also observed a redistribution of joint power contributions to
forward progression during walking in OA with decreased ankle power and an increased
external hip extensor moment and power generation during terminal stance (Arnold et al.,
2014; Boyer et al., 2017; DeVita and Hortobagyi, 2000). The redistribution of joint torques
and powers in the OG could be interpreted as an alteration in motor performance, and it
could represent an adjustment in the motor pattern used to walk (DeVita & Hortobagyi,
2000). Thus, the decreased ankle power and increased hip extensor moment and power

generation in stance found in the present study could indicate a ‘pull-off> rather than ‘push-
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off” strategy for walking propulsion in OA, consistent with the reduced sha-cal PF angle
noted in the present study (Arnold et al., 2014). Further, it has been previously observed
(Alcock et al., 2013; Lewis & Ferris, 2008) that when the functional demands of
locomotion cannot be met at the ankle (see Section 5.1.2), possibly because of a reduced
capacity in the OG, they are transferred proximally and counteracted by efforts at the hip.
Previous research has observed that this transfer represents a motor control strategy and is
due to a neuromuscular adaptation (DeVita & Hortobagyi, 2000; Monaco et al., 2009;
Silder et al., 2008).

The OG exhibited a significantly (p<.05) decreased FLEX/EXT ROM in the
sagittal plane of the hip in stance and swing phase compared to the YG. More specifically,
the OG showed a significantly (p<.05) increased mean maximum FLEX of the hip in the
sagittal plane at initial contact for the slow speed, and as the body was moving forward,
they showed a significantly (p<.05) decreased mean minimum extension of the hip in the
sagittal plane during pre-swing for the slow and fast speeds. Previous research studies
(Haight, 2012; Lee et al., 2005; Murray et al., 1984) found similar results to the present
work for the hip angles in the sagittal plane. Interestingly, it has been previously reported
that a reduction in hip extension in the OG at both comfortable and fast speeds is consistent
with the prevalence of hip FLEX contractures in the older population at large, which
impede the hip from reaching full hyperextension (Kerrigan et al., 1998).

Hip FLEX contractures may occur in OA for different reasons. For example, when
the hip remains flexed for a long period of time such as sitting, it will more likely develop
FLEX contracture. The only daily activity performed on a regular basis that hyperextends

the hip and consequently stretches the hip flexors is gait (Kottke, 1990). Thus, it is plausible
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that an overall decline in gait, persistent reduction in step length, and/or lumbosacral
postural changes in the older population will cause less frequent stretching of the hip
flexors, eventually producing hip flexor tightness and contracture (Kerrigan et al., 1998).
Further, it is known that the body compensates for hip FLEX contractures through
increased anterior pelvic tilting, decreased step length, and increased knee FLEX (Lee &
Kerrigan, 2004). These compensations were found in the present study in the OG and
indicate an alteration in the gait posture of OA.

It has been previously postulated as well that a decrease in hip extension range may
be the cause of reduced stride length and WS in the OG. Alternatively, a shorter stride
length itself may be the initial cause of reduced hip extension, possibly as a compensation
for poor balance (Kerrigan et al., 2001). In any case, walking with a decreased stride length
would probably generate a hip contracture, as a hip contracture would likely reduce stride
length, therefore generating a continuous DOWN spiral of walking disability (Kerrigan et
al., 2001).

5.1.6 Pelvic Kinematics

In the present study the OG showed significantly (p<.05) increased mean minimum
and maximum ANT tilt of the pelvis in the sagittal plane throughout stance and swing for
the slow and typical speed. Similarly, previous research has reported increased anterior
pelvic tilt in the OG compared to YA at slow, typical and fast speeds (Lee et al., 2005). An
increased mean minimum and maximum ANT tilt of the pelvis is related to the observed
reduction in mean minimum hip extension in stance. This relation is made because reduced
hip extension range causes a shorter maximal contralateral step length. To keep an

appropriate step length with reduced hip extension, the body must compensate with
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increased anterior pelvic tilt. The pelvis becomes more anteriorly tilted, especially during
terminal stance, possibly to reach a slightly longer contralateral step length.

As previously mentioned, less frequent stretching of the hip flexors, eventually may
produce hip flexor tightness and contracture (See Section 5.1.5). Hip flexion contractures
restrict hip hyperextension beyond a given range, thus, to take a longer step with increased
WS, the pelvis must anteriorly tilt further than normal in terminal stance when the hip is
maximally hyperextended (Kerrigan et al., 1998). Therefore, due to a reduced extension of
the hip, it is plausible that OA adapt their posture with an increased ANT tilt to compensate
for reduced hip flexion. This has been previously reported to also occur in the presence of
reduced hip flexion ROM (Kerrigan et al., 1998).

An increased anterior pelvic tilt may also be a compensatory attempt to increase the
shortened stride length found in the OA. However, this compensation theoretically
predisposes to low back pain and postural or spinal deformity (Kottke, 1990; Lee et al.,
1997; Shimada, 1996). In addition, postural changes, arising from weakened abdominal
and hip muscles, or as a compensation for instability (Woodhull-McNeal, 1992), may also
cause the increased anterior pelvic tilt and flexed hip joint in OA (Lee et al., 2005).
Nonetheless, Lee et al. (2005) conducted a study comparing dynamical and statical posture
between YA and OA and showed that these age-related changes are a dynamic rather than
a postural phenomenon.

In the present study, the OG exhibited a significantly (p<.05) reduced FLEX/EXT
and UP/DOWN obliquity ROM of the pelvis, in the sagittal and frontal plane respectively,
in stance and swing across speeds. The OG displayed significantly (p<.05) less up and

down obliquity motion of the pelvis during stance and swing across speeds. Similarly, Van
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Emmerik et al. (2005) reported decreased ROM in the three planes in the OG. Overall
decreased pelvic ROM may suggest a joint stiffening caused by the muscles around the
pelvic and trunk, therefore, the ROM needed for walking is limited (Gimmon et al., 2005;
Woollacott & Shumway-Cook, 1990).

5.1.7 Torso Kinematics

Overall, in the present study, the OG had similar results for the torso angles as the
pelvic angles in the sagittal and frontal planes, with a decreased motion of the torso. It has
been shown that trunk rotations help compensate for pelvic angular movements (Gimmon
et al. 2015). In the sagittal plane, the OG had a significantly (p<.05) decreased mean
minimum and maximum POST tilt of the trunk in stance and swing for the V'S speed. These
findings in the sagittal plane agree with previous research (Van Emmerik et al., 2005).

In the frontal plane, the OA had a significantly (p<.05) decreased mean minimum
contralateral lean angle in stance for the slow, normal, fast, and VF WSs. They also had a
significantly (p<.05) decreased mean maximum ipsilateral lean angle in the frontal plane
in stance for the VS, slow, fast, and VF speeds. In addition, the OG had a significantly
(p<.05) decreased mean minimum contralateral lean angle for the VS, slow, normal, and
fast WSs in swing. Lastly, they also had a significantly (p<.05) decreased ipsilateral lean
angle in swing for the VF speed only. Similarly, Gimmon et al. (2015) found a decrease in
trunk and pelvic motion in OA. More specifically, Gimmon et al. (2015) found a smaller
trunk transverse rotation in the OG across different speeds. They suggested that the
decreased pelvic rotation found in OA was likely affected by the natural reduction of the
lumbar spine mobility that occurs with age and caused a reduction in stride length.

Conversely, in the present study there were no significant (p>.05) differences between YA
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and OA for the transverse trunk rotation. This would indicate that trunk transverse rotation
in the OG was similar to the YG, thus there was no reduction of the lumbar spine mobility
present in our OG as Gimmon et al. (2015) reported in their study. However, differences
between studies should be considered. Gimmon et al. (2015) participant’s mean age was
different (young: 26.4+0.9 years old; old: +70 years, 80+5.3 years old) compared to the
present study, and researchers used a treadmill to control the speed. Thus, comparison
between studies is challenging.

Decreased trunk and pelvic motion may alter gait posture and reduce stability in
OA. Both mechanisms may represent an adaptation for reduced hip extension ROM and
consequently reduced stride length.
5.1.8 Ground Reaction Forces

Significant differences (p<.05) in ground reaction forces (GRFs) between age
groups as a function of speed were found in the study. The mean minimum and maximum
vertical GRFs were found significantly (p<.05) decreased in the OG as WS increased.
These results were expected as decreased peak vertical forces are related to the tendency
of OA to walk slower than YA (Alcock et al., 2013). Previous research has reported that
vertical and horizontal GRF are significantly affected by WS (White et al., 1996). Further,
in the present study, OA showed significant (p<.05) increased mean maximum A/P GRF
for the fast and VF speeds. This might suggest that OA attempted to compensate for the
decreased ankle PF moment by exerting more A/P force to walk forward as WS increased,
thus, showing a more vigorous push-off. Therefore, it is suggested that in the present study
WS affected both vertical and A/P GRFs. To our knowledge, previous studies comparing

lower limb biomechanics between YA and OA walking at different WSs did not report
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GRF data, thus the age-related changes found in the present study for the A/P and vertical
GRFs represent an important contribution to the literature.
5.2 Differences in MSF and Lower Extremity Kinematic and Kinetic Variables
Between Age Groups Independent of Speed

Most temporospatial, kinematic and kinetic results found in the first hypothesis
where the speed effect was tested were also found after controlling for speed (See Section
4.2). However, there were additional results discovered, and they are mentioned below.
5.2.1 Temporospatial Variables Independent of Speed

Independent of speed, there were still significant (p<.05) differences in the
temporospatial variables between YA and OA. This suggests that the differences in
cadence, stride length, double and single support limb, time to toe off, step length and cycle
time are not only because of speed but due to age.
5.2.2 MSF Kinematics and Planar Angles Independent of Speed

Regarding the MSF kinematics, differences in the frontal plane of the foot-shank
(ankle), sha-cal and mid-met were found. It should be noted that in the first hypothesis,
where the speed effect was tested, there were no significant (p<.05) differences in the
frontal plane for the previously mentioned angles. Further differences found for the OG
when controlling for speed include a significantly (p<.05) reduced maximum DF of the
mid-cal angle in stance and significantly (p<.05) reduced minimum and maximum ADD
of the sha-cal angle in stance and swing. The OG displayed a similar outcome as the first
hypothesis for the rest of the MSF angles. Further, the OG exhibited a significantly (p<.05)

decreased mean minimum F2G planar angle, suggesting a less DOWN rotation of the first
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metatarsal at heel strike. Moreover, the OG displayed a significantly (p<.05) increased
mean minimum and maximum MLA planar angle in stance.

These aforementioned differences in planar angles were not statically significant
when groups walked at five different speeds, suggesting an age rather than speed-related
change. Similarly, Arnold et al. (2014) found that OA exhibited reduced mobility of the
forefoot, midfoot and calcaneus, suggesting a less propulsive gait pattern. In contrast, Van
Hoeve et al. (2017) and Legault-Moore et al. (2012) reported that there was no significant
effect of age on foot and ankle kinematics. However, differences between these studies
exist. Van Hoeve et al. (2017) used a 4-segment foot model and eliminated the effect of
speed by using equal WSs for both groups, whereas we controlled for the speed using the
feedback control method and then divided the groups using the percentage method
following the Grant and Chester (2015) protocol (See Section 3.4.17). In addition,
researchers recruited participants with a different age range (young: 20-24 years, 22.4+1.3
years old; old: 53-65 years, 57.5+£3.9 years old), whereas the OG in our study was older.
Further, Legault-Moore et al. (2012) only recruited male participants, with different age
ranges (young: 18-30 years, 24.6+3 years old; old: +55 years, 65+4.2 years old), and all
participants had a minimum shoe size of nine to facilitate marker tracking and autolabeling.
Additionally, Legault-Moore et al. (2012) excluded the midfoot segment.

The significant (p<.05) differences found between YA and OA (see Section 4.2) in
the present study after controlling for speed indicate the existence of unique characteristics
of foot kinematics in OA. Most studies using an MSF model did not compare the
differences in ankle and MSF between YA and OA while controlling for speed, thus the

age-related changes found in the present study for the ankle and MSF biomechanics
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represent an important contribution to the literature. It can be difficult to determine whether
differences in walking patterns are age-related or simply due to the speed at which the
person was walking. Therefore, it is important to control the speed to be able to separate
speed-mediated effects from those due to age. The appreciation of age-related effects is
critical for increasing our understanding of foot mechanics in YA and OA.
5.2.3 Knee Kinetics and Kinematics Independent of Speed

Independent of speed, the OG also displayed significant (p<.05) differences in the
sagittal and transverse plane of the knee. These included a significantly (p<.05) increased
mean minimum FLEX moment in swing, as well as a significantly (p<.05) decreased mean
maximum EXT moment in stance. A reduction in knee extensor function with age has been
previously reported (Abe et al., 2011; Boyer et al., 2017; Lindle et al., 1997) and it has
been related with joint degeneration (Segal et al., 2012). In addition, in the present study,
the OG exhibited a significantly (p<.05) increased mean minimum FLEX angle of the knee
in stance and significantly (p<.05) reduced mean maximum ER in stance and swing. These
findings further support the compensation for reduced hip FLEX and possible contractures
(see Section 5.1.5). Thus, it could be inferred that independent of WS, reduced hip motion
is an age-related change.
5.2.4 Hip Kinetics and Kinematics Independent of Speed

Independent of speed, we found that OA continued to show a significantly (p<.05)
increased mean maximum EXT moment of the hip in the sagittal plane in stance as well as
a significantly (p<.05) reduced mean minimum eccentric hip power and significantly
(p<.05) increased mean maximum concentric hip power in stance. These changes in hip

kinetics after controlling for speed suggest an age-related change and represents a motor
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control strategy in OA due to a neuromuscular adaptation (DeVita & Hortobagyi, 2000;
Monaco et al., 2009; Silder et al., 2008). In terms of kinematics, the OG displayed a
significantly (p<.05) increased mean maximum hip flexion in the sagittal plane in stance.
The increased mean maximum hip flexion and mean minimum and maximum knee flexion
in stance after controlling for speed strongly supports the possibility of hip flexion
contractures (Kerrigan et al., 1998) in the OG as previously mentioned in Section 5.1.5.
This indicates that the body compensation for hip flexion contractures through increased
anterior pelvic tilting, decreased step length, and increased knee flexion occurs because of
an age rather than speed-related change, altering the gait pattern of OA.
5.2.5 Ground Reaction Forces

After controlling for speed, the OG exhibited significantly (p<.05) reduced mean
minimum and maximum M/L GRFs in addition to the significantly (p<.05) increased A/P
and significantly (p<.05) reduced vertical GRFs. In the literature, the medial-lateral (M/L)
GRF has been characterized by extreme variability (Munro et al., 1987). It should be noted
that in the first hypothesis, where the speed effect was tested, there were no significant
differences in the medial-lateral (M/L) GRFs between YA and OA. Further, it is known
that vertical forces from the body weight travel DOWN via the tibia and tend to flatten the
MLA. Additionally, GRFs travel UP on the metatarsal and the calcaneus bones, which can
further reduce the flattening of the MLA because both forces fall posterior and anterior to
the tibia (Bolgla and Malone, 2004). In the present study, since the mean minimum and
maximum vertical GRFs were found decreased for the OG, it could indicate a flattening of
the MLA in OA. This would be consistent with the greater MLA angle (see Section 5.1.3.5)

found in the OG. In addition, it has been previously reported that the OA tend to have flatter
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feet compared to YA (Frey, 2000; Scott et al., 2007). Thus, it can be inferred that the
flattening of the foot arises due to age.

5.3 Differences in MSF and Lower Extremity Kinematic and Kinetic Variables
Between Age Groups as a Function of Foot Structure and Mobility and Independent
of Speed

The present study provides a novel comparison of MSF and lower extremity
biomechanics between YA and OA considering the structure and mobility of the foot. To
our knowledge, no single study has examined differences in MSF and lower limb joint
kinematics and kinetics as a function of age, speed, and foot. A specific foot type was not
targeted for the present study. Nonetheless, static foot structure measurements were used
to classify the foot into three different postures (rectus, planus and cavus). After classifying
the posture of the foot for both age groups, it was found that differences between YA and
OA that exhibited a cavus foot posture did not reach statistical significance. An explanation
for the lack of significance could be that most participants were classified either in the
rectus or PLF posture. In addition, the mobility of the foot was also classified using static
foot measurements into two categories (mobile and rigid foot). It was found that differences
between YA and OA that exhibited a rigid foot did not reach statistical significance.
Therefore, the results discussed below will correspond to the mobile feet group only.

In the present study, the OG with static PLF posture exhibited a significantly
(p<.05) greater mean maximum cal-met PF angle in the sagittal plane during stance and
swing compared to YA with static PLF posture. In addition, albeit there was not statistical
significance, the OG showed greater mean minimum and maximum cal-met ADD angle in

the transverse plane in stance. The increased PF and ADD angles of the cal-met could
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suggest a more dynamically supinated position during propulsion for the OG. Similarly,
Buldt et al. (2015) reported an association between PLF posture and a more supinated
position. Conversely, Hillstrom et al. (2013) reported that planus feet generally over-
pronate and cavus feet over-supinates.

In the present study, the OG with static RF posture showed a significantly (p<.05)
increased mean minimum EVE foot-shank angle in the frontal plane during stance and
swing compared to YA with static RF posture. This finding may suggest a more
dynamically pronated position of the foot for the OG with RF. Moreover, OA with static
RF posture displayed a significantly (p<.05) increased mean minimum ADD cal-met angle
in the transverse plane during stance. In addition, although there was not statistical
significance, OA had decreased mean minimum and maximum cal-met PF angle in the
sagittal plane in stance and increased mean minimum and maximum cal-met EVE in the
frontal plane during stance, suggesting a more pronated position for the OG. Moreover,
OA with RF posture exhibited a significantly (p<.05) decreased valgus motion of the 1%
MTPJ and significantly (p<.05) increased mean minimum and maximum MLA angle,
indicating that within the RF posture, the OG had a flatter feet compared to YA. The
findings mentioned above indicate that planus and rectus feet have a distinct pattern of
motion and that age-related differences exist. The lack of statistical significance in the
midfoot angle was unexpected since the Foot Mobility Measure (FMM) used to classify
the mobility of the foot focuses on changes in midfoot position with and without load
applied (weightbearing vs non-weight bearing). Further, to our knowledge, no studies have
compared differences in lower limb and MSF biomechanics between YA and OA as a

function of foot structure and mobility, thus comparisons are challenging.
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A separate research study conducted by Marcial et al. (2021) analyzed anatomical
foot structure differences between YA and OA using a 3D foot scanner. The database used
was the same as the one presented in this thesis. Static foot measurements were taken while
standing (weight bearing) and sitting (non-weight bearing). Results included significantly
(p<.05) wider rearfoot width for the OG in both weight bearing and non-weight bearing
conditions. In addition, albeit there was not statistical significance, OA exhibited longer
feet when standing and wider midfoot width when sitting. A secondary test was conducted
by Marcial et al. (2021) using the TFL as a covariate. This was done to address reduced
foot length, that may result as a function of toe deformities. The results of this second test
showed that OA had significantly (p<.05) wider forefoot width and midfoot width.
Preliminary results based on the sample size of the study provided evidence of anatomical
foot differences between YA and OA, more specifically differences in foot size (width and
length).

Due to the results mentioned in this section, it can be stated that static and dynamic
foot measures are different between age groups. Thus, the magnitude differences found in
the present study between YA and OA in MSF kinematics may be due to the anatomical
differences mentioned above and represent an age-related change. Further research is
needed to analyze differences in static measures obtained from the motion capture system
images. In this manner, correlations between static and dynamic anatomical offsets can be
determined.

5.4 Limitations of the study
Limitations of the study should be considered. A specific foot type (e.g. planus and

cavus feet) was not targeted in the present study, thus, the sample size in each foot type
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group was relatively small. This might explain the lack of significant age-related
differences in the lower limb kinematics and kinetics as a function of foot structure and
mobility. Further, the mechanical model implemented in the study is limited by the defined
number of segments and degrees of freedom. In addition, joint kinematics could have been
affected by the soft tissue artifact (STA) error caused by the skin mounted markers.
Moreover, MSF models using surface mounted markers may not detect subtle changes in
MSF kinematics, especially if the motions are small. Furthermore, findings of the study
could have been further supported by examining lower limb muscle activity during
walking, however, EMG data was not analyzed. Additionally, only minimum and
maximum peaks of the waveforms were examined in the present study, thus, it may be
likely that some relevant data were neglected.
5.5 Future recommendations

Future studies should examine the effects of static posture on MSF kinematics with
an increased sample size of each posture group. Further, changes in MSF kinematics and
lower limb biomechanics in YA and OA may be further understood through the
examination of EMG data. This would also provide more information about the muscle
activity during walking and may further support the findings presented in the study. Thus,
research into the walking mechanism in OA is warranted. In addition, the analysis of the
entire waveform data is suggested as it may provide more information about the MSF and
lower limb biomechanical differences between YA and OA during walking. Moreover,
MSF kinematic differences observed between YA and OA could have been affected by the
magnitude offset. These offsets were outside the scope of the study but warrant further

investigation. Foot modelling analysis is also recommended as it would allow the
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implementation of a more complex mechanical model with more and smaller foot segments
and more degrees of freedom. This would allow the study of more complex foot motion
(e.g. individual tarsometatarsal joint motion) in YA and OA as well as the study of MSF
kinetics (e.g. Chopart and Lisfranc joint power). Thus, it may provide a more in depth

understanding of the intrinsic motion of the foot.

6.0 Conclusion

This study examined age-related changes in MSF kinematics and lower limb
biomechanics in YA and OA (1) as a function of WS, (2) independent of WS and (3) as a
function of foot structure and mobility. Findings of the study were mainly an age-related
change, altering the gait pattern of OA. Regarding temporospatial variables, OA displayed
a tendency to walk slower, with a longer stance time and keeping both feet in contact with
the ground for a longer period than the YG in order to improve balance and stability when
walking.

Older adults showed reduced foot mobility, particularly in the midfoot. A reduction
in midfoot and forefoot mobility suggested increased stiffness for the OG. Further, the
midfoot kinematics in the OG indicated a less pronated dynamic foot position. In addition,
the reduced hip IR may be linked to the reduced mid-cal eversion angle as soft tissues of
the hip that resist IR may resist foot pronation indirectly. A less pronated dynamic foot
position may compromise the ability of the foot to adapt to the terrain and increase the
demand on surrounding structures to retain postural stability and balance. This is further
supported by the lesser activation of the midtarsal locking mechanism found in the OG

since the foot becomes less flexible and thus affects its adjustment to the surface.
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Consequently, OA showed a lesser activation of the windlass mechanism, affecting their
propulsive capacity. Further, decreased ROM in the foot may cause impaired balance and
functional ability in OA. Overall, differences in MSF were still found after controlling for
speed, demonstrating the existence of unique characteristics of foot kinematics in OA.

Decreased ankle moment and decreased ankle power in the OG may indicate a
functional decline, possibly due to muscle weakness from the ankle plantarflexors.
However, without EMG or strength testing this finding cannot be confirmed. This
functional decline in OA was compensated by efforts at the hip, indicating a motor control
strategy due to a neuromuscular adaptation. Further, the reduced ankle kinetics indicated
an impaired propulsive capacity during push-off in OA. Results suggest that OA were
compensating for the reduced hip ROM by increased knee flexion. They also exhibited a
trend towards increasing the foot clearance by increasing knee flexion in swing,
compensating for the reduced ankle DF. Nonetheless, age-related changes in knee
biomechanics does not seem well understood as inconsistencies between studies remained.

An alteration in the gait posture of OA was also noted by increased anterior pelvic
tilting and decreased step length. These adaptations may be a compensation for the reduced
hip ROM and consequently reduced stride length. However, this adapted posture may
reduce stability in OA. Further, ROM of the pelvis and trunk in the OG was reduced,
suggesting joint stiffening and thus limiting the ROM needed for gait.

The inclusion and study of the relationship between age-related changes in foot
biomechanics and foot structure and mobility, independent of WS, represents a novel
contribution to the field. The findings in the present study indicate that planus and rectus

feet have a distinct pattern of motion and that age-related differences exist. Moreover, the
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anatomical differences of the foot between YA and OA (e.g. rearfoot and forefoot width)
may result in an angular difference between both groups. Thus, the anatomical differences
of the foot may explain the angle offsets observed in MSF kinematics. Therefore, the

magnitude differences observed represent age-related differences in foot kinematics.

7.0 Significance and Impact of the Study

Despite the important function of the ankle during gait, the mechanics of the foot
are poorly understood. This research has improved our understanding of MSF mechanics
in YA and OA. Further, by examining a broad range of WSs, age-related and speed-
mediated effects were differentiated. The inclusion and study of the relationship between
age-related changes in foot biomechanics and foot structure and mobility represents a novel
contribution to the field. To our knowledge, no single study has examined MSF and lower
limb joint kinematics and kinetics across age, speed and foot structure and mobility. Age-
related differences in foot mobility are strongly associated with impaired balance and
functional ability in older people (Menz et al., 2005; Spink et al., 2011). Such age-related
changes may lead to alterations in foot mechanics, locomotion, and quality of life and
warrant further investigation. Other potential benefits of this work include improved design
of wearable device technology, including customized footwear, sensor-based insoles,
prostheses, orthoses and exoskeletons. Additionally, the data provided can be used as a
reference of typical gait parameters to identify atypical gait patterns, e.g., patients with
planus and cavus feet, diabetic foot, or after stroke. Hence, the findings may provide

guidance to improve gait performance.
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