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Abstract
Hindfoot and forefoot motion during the stance phase of walking provide insights into the forward
progression of the body over the feet via the rocker mechanisms. These segmental motions are affected
by walking speed. Increases in walking speed are accomplished by increasing step length, cadence, or
both. It is unknown if taking short, medium, and long steps at the same speed would also increase
hindfoot and forefoot motion similarly to walking speed. We examined effects of different step lengths at
the same preferred walking speed on peak forefoot and hindfoot motions related to the foot rocker
mechanisms. Twelve young healthy adults completed walking trials under three step length conditions as
marker position and force platform data were captured synchronously. Feet and lower extremity motion
were measured via marker positions for the combined Oxford foot and conventional gait models. Peak
hindfoot and forefoot joint angles associated with the heel, ankle, and forefoot rockers were identified.
When walking at the same preferred speed with increase in step length, the peak hindfoot-tibia
plantarflexion angle (p<0.001) in early stance and dorsiflexion angle (p=0.016) in midstance associated
with heel and ankle rockers, respectively, increased with step length. The peak forefoot-hallux
dorsiflexion angle in late stance indicating forefoot rocker motion also increased with step length
(p=0.004). When foot kinematics are compared across different individuals or the same individual across
different sessions, researchers and clinicians should consider the influence of step length as a
contributor to differences in foot kinematics observed.

Keywords: Foot rockers, Oxford foot model, gait
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Manuscript
Introduction

Walking, or ambulation, is a vital activity of daily living required for functional independence. And
therefore, it is important to maintain walking abilities in all individuals, especially those who are aging or
have disabilities. Older adults and people with disabilities adjust their walking patterns to reduce the
demands on their lower extremity muscles and joints. They tend to take shorter steps and walk at a
slower speed in comparison to healthy young individuals (Mckeon et al., 2008; Shih et al., 2014;
Watelain et al., 2000; Winter et al., 1990). These spatiotemporal gait adjustments remain evident, even
when walking at the same speed in older individuals and those with disabilities compared to healthy
controls (Buddhadev and Martin, 2016; Cofré et al., 2011; DeVita and Hortobagyi, 2000; Silder et al.,
2008). Data from several studies indicate that manipulating walking speed affects foot kinematics
(Dubbeldam et al., 2010; Grant and Chester, 2015; Sun et al., 2018; Teixeira-Salmela et al., 2008; van
Hoeve et al., 2017). However, no research has examined the effect of step length on foot kinematics
when walking speed is controlled.

Understanding the foot kinematics associated with the rocker mechanisms could provide insights
into how people adapt foot motion when walking at different step lengths at the same speed. The three
rocker mechanisms in the foot that help propel the body forward and maintain forward progression
during walking are heel, ankle, and forefoot rockers. From initial contact through the full foot contact on
the ground, the foot pivots forward with heel acting as a fulcrum (i.e., heel rocker mechanism). Once the
foot is flat on the ground and it is stationary, the tibia pivots forward about the ankle (i.e., ankle rocker
mechanism). As the tibia progresses forward the body weight vector is shifted over the forefoot. The foot
then pivots forward about the forefoot or the metatarsophalangeal joint as the heel rises (i.e., forefoot
rocker mechanism). During the forefoot rocker phase the foot continues pivoting forward from heel rise

until toe-off. Among these three rocker mechanisms, the forefoot rocker mechanism associated with the



push-off effort of the foot on the ground, makes the largest contribution to forward propulsion (Adams
and Cerny, 2018; Perry and Burnfield, 2010; Winter, 1987). Recently, Buddhadev et al. (2020)
demonstrated that increasing step length at fixed speeds increased ankle moments associated with the
push-off effort in young and older adults. These findings suggest that foot kinematics associated with
foot rocker mechanisms, especially the forefoot rocker mechanism, could also be affected when walking
at different step lengths at a controlled speed.

The conventional gait model is used often in gait analysis to determine lower extremity and foot
kinematics. The major limitation of this model is that the foot is defined as a single rigid segment. This
single segment modeling of the foot is not anatomically accurate. From an anatomical perspective, the
foot can be separated into three segments: hindfoot, midfoot, and forefoot. From the rocker
mechanisms described above, it is apparent that hindfoot and forefoot play distinct roles in heel, ankle,
and forefoot rocker mechanisms, respectively. Using the conventional gait model, one can determine the
foot kinematics associated with the heel and ankle rockers, but not the forefoot rocker. For example,
motion for the forefoot rocker mechanism occurs between the hallux and the forefoot- unfortunately
these segments are not a part of the conventional gait model (Baker, 2013; Kadaba et al., 1989; Myers et
al., 2004).

One way to determine how the motion associated with the foot rocker mechanisms are affected by
different step lengths is to examine foot kinematics using the Oxford Foot Model. The Oxford Foot Model
was developed in 2001 as a 4-segment foot-tibia model (Carson et al., 2001). In this model, the foot is
separated into the hindfoot, forefoot, and hallux segments. The key difference between the conventional
gait model and the Oxford foot model is the separate forefoot and hallux segments defined in the Oxford
foot model. Thus, Oxford foot model is a more anatomically accurate model to measure foot kinematics
associated with the foot rocker mechanisms (Carson et al., 2001; Levinger et al., 2010; Stebbins et al.,

2006).



In summary, it is unknown how different step lengths at identical speed affects motions associated
with the foot rocker mechanisms, specifically the forefoot rocker mechanism. This study examined foot
kinematics using the multisegmented Oxford foot model to determine these motions. The purpose of
this study is to investigate effects of different step lengths at the same walking speed on peak forefoot
and hindfoot motions related to the foot rocker mechanisms. We hypothesize peak hindfoot and
forefoot joint angles associated with the heel, ankle, and forefoot rockers are larger when walking at
longer compared to shorter step lengths.

Methods
Participants

Twelve young healthy adults (6 Females and 6 Males, 22.9 + 2.5 years, 168.2 + 9.4 cm, 70.6 +
17.1 kg) participated in this study. The sample size for this project was determined using GPower 3.1
software. A sample size of 12 participants was needed to achieve a statistical power of 0.8 to detect a
large effect size main effect at an alpha level of 0.05. Participants completed a health history
questionnaire, Foot & Ankle Disability Index (FADI), and navicular drop test to screen them for conditions
(e.g., flat feet), injuries, surgeries, or pain that affect walking or foot motion. The participants total FADI
scores were 103.8 + 0.4 out of 104 points, with scores above 94 indicating no chronic ankle instability or
dysfunction associated with foot and ankle function at rest and during various activities (Mckeon et al.,
2008; McKeon and Hertel, 2008). Their right and left navicular drop test results were 0.54 + 0.27 cm and
0.58 £ 0.27 cm, respectively. These data were below the cut off value 1 cm which indicate flat feet
(Magee, 2013). Overall, the health history questionnaire results, the FADI scores and the navicular drop
test results indicate that participants did not have any conditions, injuries, surgeries, or pain that affect
walking or foot motion. The procedures for this study were approved by Western Washington University
Institutional Review Board. All participants provided an informed consent prior to participating in the

study.



Data collection

All participants completed a single, 90-minutes testing session. The study objectives and
procedures were explained to the participants. The participants then completed a health history
guestionnaire, FADI, and the navicular drop test on the left and right sides. For the navicular drop test,
the height of navicular bone from the ground was measured in sitting and standing positions and the
differences in these heights was compared against the cut-off of 1 cm which indicate flat feet (Magee,
2013). The participants were instructed to change into spandex tank tops and shorts provided by the
researchers. The participants’ anthropometric data were measured and recorded next. These
measurements were done to determine the inertial properties needed to scale the model and predict
joint center positions, segment masses, and segment center of mass locations. Body height and mass
were measured using a standard stadiometer. The leg lengths for the right and left sides were measured
using a soft tape measure from anterior-superior iliac spine to the medial malleolus on the same side.
And a digital caliper was used to measure the horizonal inter-anterior superior iliac spine distance, knee
width, and ankle width according to Plug-in Gait Guidelines (Vicon, 2002).

Then 42 reflective markers were attached on both lower extremities and feet of the participants
using double-sided tape based on the combined Oxford Foot Model and Conventional Plug-in Gait Model
guidelines (Figure 1; (Vicon, 2002)). A static calibration trial was performed with the participant standing
in the “motorcycle pose” as per the Vicon Plug-in Gait guidelines. During the static and walking trials, the
marker position data were captured at 100 Hz using a 10-camera Vicon motion capture system (Vicon,

Centennial, CO).



Figure 1. Oxford Foot Model marker placement

The participants’ preferred speed was determined next as they walked overground along a 12-m
walkway for five trials. Participants’ preferred walking speed was defined as the speed they would feel
comfortable with if they had to walk for a prolonged period. After each trial, the walking speed of the
participants was calculated by tracking the position of the virtual sacral marker (located midway
between right and left posterior superior iliac spine markers) over a gait cycle. The Vicon Nexus Software
(Vicon, Centennial, CO) was used to calculate the step length and step rate they preferred while walking
at their preferred speed. Based on the average preferred walking speed, step length, and step rate data,
the step rate and step lengths were calculated for the three experimental conditions.

After the preferred walking speed was determined, the participants completed overground
walking trials for the three step length conditions in a random order. The three step length conditions
were 1) preferred step length (PSL), 2) PSL — 10% of leg length (LL), 3) PSL + 10% of LL. These step length
manipulations are nearly identical to those done in previous studies (Allet et al., 2011; Buddhadev et al.,
2020; Martin and Marsh, 1992; Umberger and Martin, 2007). To implement the step length conditions,

floor tapes were placed at distances corresponding to the calculated step length along the 12-m



walkway. Similarly, a metronome was used corresponding to the calculated step rate to help participants
maintain the appropriate step rate (Allet et al., 2011). The participants were familiarized with the
experimental conditions by performing several practice trials prior to collecting data. The participants
completed five walking trials for each step length condition while stepping on the tape marks placed on
the floor at the beat of a metronome. After each trial, participants’ walking speed was determined to
ensure that it was within +3% of the preferred speed (Buddhadev & Martin, 2016; Buddhadev, Smiley, &
Martin, 2020; Barbee et al., 2020; Buddhadev & Barbee, 2020). The walking speed of the participants
was calculated by tracking the position of the virtual sacral marker over a gait cycle.
Data analysis

The marker position data for the walking trials were low pass filtered at 6 Hz using a fourth order
Butterworth filter (Buddhadev et al., 2020). These filtered data were then processed using the Dynamic
Oxford Foot Model and Dynamic Plug-in gait pipelines for a stride (i.e., gait cycle). A stride was defined as
two consecutive heel strikes of the right foot. Using this pipeline/program sagittal, frontal, and
transverse joint kinematics between the tibia-hindfoot, hindfoot-forefoot, and forefoot-hallux for a gait
cycle were computed. Further analysis of the kinematic data was done using a custom MATLAB

(Mathworks, Natick, MA, USA) program as follows.

The peak sagittal plane flexion and extension angles were identified for all three joints of the
Oxford Foot Model. These angles in the sagittal plane were chosen to better understand how the
different step lengths are affecting the foot rocker mechanisms. For the sagittal plane hindfoot-tibia
angle, the plantarflexion motion occurring from heel strike to loading response indicates the motion
related to the heel rocker mechanism. The extent of this motion was determined by examining peak
plantarflexion angle from heel strike to the end of loading response (i.e., from 0-12% of the gait cycle;
Perry & Burnfield, 2010). If the magnitude of the heel rocker was larger (as with a longer step length),

then the peak plantarflexion angle would be greater. In addition, for the sagittal plane hindfoot-tibia



angle, the dorsiflexion motion occurring from the beginning of midstance to early part of terminal stance
indicates the motion related to the ankle rocker mechanism. The extent to which step length affects this
ankle rocker mechanism was determined by examining peak dorsiflexion angle from beginning of
midstance to early part of terminal stance (i.e., from 12-35% of the gait cycle; Perry & Burnfield, 2010). If
the magnitude of the ankle rocker is larger (as with a longer step length), then the peak dorsiflexion
angle would be greater during this time.

For the forefoot rocker mechanism in the sagittal plane, the dorsiflexion-plantarflexion angle
between hallux-forefoot was examined. The time period of interest was from the beginning of terminal
stance to end of the stance phase (31-60% of the gait cycle). Peak dorsiflexion angle during this time
indicated the magnitude of motion associated with the forefoot rocker mechanism. With increase in step
length, it is expected that the peak dorsiflexion angle will increase (Perry and Burnfield, 2010).

Statistical analysis

The primary independent variable of the study was step length (PSL, PSL-10%LL, and PSL+10%
LL). The primary dependent variables were i) peak plantarflexion hindfoot-tibia angle indicative of heel
rocker mechanism (from heel strike to end of the loading response,0-12% of gait cycle), ii) peak
dorsiflexion hindfoot-tibia angle indicative of ankle rocker mechanism (from midstance to early part of
terminal stance, from 12-35% of the gait cycle), and iii) peak dorsiflexion forefoot-hallux angle indicative
of forefoot rocker mechanism (from beginning of terminal stance to end of the stance phase, 31-60% of
the gait cycle). One-way repeated measure ANOVAs were used to assess the effects of step length on
these joint angles. Prior to conducting ANOVAs, the data were checked for normality and sphericity using
the Shapiro-Wilk test and Mauchly’s test of sphericity, respectively. When the assumption of sphericity
of data was violated a Greenhouse-Geisser correction was applied to the alpha level. The alpha level of <
0.05 was considered statistically significant. For significant main effect of step length, post-hoc analyses

were performed with t-tests. Effect sizes were calculated as partial eta squared (n,?), where large effect



size was np? > 0.15, medium effect size was n,* > 0.06, and small effect size was n,*> > 0.01 (Weir and

Vincent, 2020). All statistical procedures were performed using SPSS version 28.



Results

The participants completed the three experimental conditions (PSL-10%LL, PSL, PSL+10%LL) at
their preferred speed which was kept consistent (+3%) across the conditions. The participants’ measured
walking speed, step length, and cadence are provided in Table 1. Although walking speed for PSL+10%LL
condition was significantly greater than PSL-10%LL and PSL conditions, this difference was very small
(~1.5%, 0.02 m/s, 0.04 mph) and not meaningful. As expected, step length increased and cadence
decreased going from PSL-10%LL, PSL, and PSL+10%LL conditions. These results indicate that the
experimental conditions were successfully implemented. The female compared to male participants
were shorter in height (p=0.002) and had less body mass (p=0.002). Across the experimental conditions,
female participants walked at slower speeds (p<0.05) and at shorter step lengths (p<0.05) compared to

the male participants. However, there was no difference in the step rate or cadences across the sexes.

The data for the primary dependent variables (peak plantarflexion hindfoot-tibia angle indicative
of heel rocker mechanism, peak dorsiflexion hindfoot-tibia angle indicative of ankle rocker mechanism,
and peak dorsiflexion forefoot-hallux angle indicative of forefoot rocker mechanism) are also provided in
Table 1. The ensemble average sagittal hind-foot tibia angle and sagittal forefoot-hallux angle are
presented in Figure 2. The peak hindfoot-tibia plantarflexion angle associated with the heel rocker
mechanism significantly decreased with an increase in step length across the conditions (PSL-10%LL >
PSL > PSL+10%LL). These differences in the hindfoot-tibia plantarflexion angle were large in effect size

(ne*=0.76).

With an increase in step length across the conditions, the peak hindfoot-tibia dorsiflexion angle
associated with the ankle rocker mechanism significantly increased with a large effect size. These peak
hindfoot-tibia dorsiflexion angles were significantly larger for PSL+10%LL condition compared to PSL-

10%LL and PSL conditions. There was a trend (p=0.054) for the peak hindfoot-tibia dorsiflexion angle to



be greater for PSL compared to PSL-10%LL condition, however this trend was not statistically significant.
Finally, the peak forefoot-hallux dorsiflexion angle associated with the forefoot rocker mechanism
significantly increased with an increase in step length across the conditions (PSL-10%LL > PSL >

PSL+10%LL).
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Table 1. Experimental variables and joint angles associated with the rocker mechanisms.

Peak Forefoot-Hallux
Dorsiflexion Angle
Late Stance (deg) *

ne>=0.47

PSL-10%LL | PSL PSL+10%LL | Step Length Main Effect | PSL-10%LL PSL vs. PSL-10%LL vs.

F-value; p-value; effect vs. PSL PSL+10%LL PSL+10%LL
size np? p-value p-value p-value

Experimental Variables

Walking Speed (m/s) * | 1.29+0.16 | 1.29+0.16 | 1.31+0.16 | F2,22=4.21; p=0.028; p=0.818 p=0.035 p=0.020
Ne>=0.28

Step Length (m) * 0.60+0.07 | 0.69+0.07 | 0.78+0.06 | F222=351.53; p<0.001; p<0.001 p<0.001 p<0.001
Ne>=0.97

Cadence (steps/min) * | 129.0+9.9 | 112.8+6.2 | 100.6+6.2 | F2,2:=176.39; p<0.001; p<0.001 p<0.001 p<0.001
ny>=0.94

Primary Dependent Variables

Heel Rocker-Peak 41147 23142 1.3+4.0 F2,22=34.34; p<0.001; p<0.001 p=0.004 p<0.001

Hindfoot-Tibia ny,>=0.76

Plantarflexion Angle

Early Stance (deg) *

Ankle Rocker-Peak 18.7+4.2 20.1+55 21.3+6.1 F1.2,13.2=6.97; p=0.016; p=0.054 p=0.016 p=0.016

Hindfoot-Tibia ne>=0.39

Dorsiflexion Angle Mid

Stance (deg) *

Forefoot Rocker — 46.6+9.4 48.9+11.1 |51.2+11.9 | F1314.4=9.88; p=0.004; p=0.020 p=0.016 p=0.006

Data presented as mean + 1 standard deviation. *statistically significant step length main effect (p<0.05).

11
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Figure 2. Ensemble average sagittal hindfoot-tibia angle and forefoot-hallux angle across the
experimental conditions. The gait cycle begins with initial contact of the right heel and ends with

subsequent contact with the right heel (approximately 0-60% is the stance phase and 60-100% is the

swing phase).
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Discussion

The purpose of this study was to investigate effects of different step lengths at the same
preferred walking speed on peak forefoot and hindfoot motions related to the foot rocker
mechanisms. We hypothesized these peak foot angles would increase with increase in step
length. The data from the current study support these hypotheses. With increase in step length,
increases were observed in i) peak plantarflexion hindfoot-tibia angle in early stance for the
heel rocker, ii) peak dorsiflexion hindfoot-tibia angle in midstance associated with the ankle
rocker, and iii) peak dorsiflexion hallux-forefoot angle in late stance related to the forefoot
rocker. Understanding these effects of step length on kinematics associated with the foot
rockers are important as these variables provide insight into the forward progression and
stability of the body over the feet in the stance phase (Perry and Burnfield, 2010).

To the authors’ knowledge, this is the first study to examine the effects of step length at
controlled preferred speeds on foot kinematics. The data show that modest manipulations of
step length (i.e., £10%LL or about £3.5 inches) affect foot kinematics (see Table 1 and Figure 2).
Over the range of step length conditions (i.e., from PSL-10%LL to PSL+10%LL) the joint angles
associated with the foot rockers changed but these changes were not equal across the rockers.
There were larger changes in peak angle for the forefoot rocker compared to heel and ankle
rockers. Specifically, the peak hindfoot-tibia plantarflexion angle in early stance related to the
heel rocker changed by approximately 2.7° over the range of step length conditions. Similarly,
there was a change of 2.7° over the range of step length conditions for peak hindfoot-tibia
dorsiflexion angle in midstance for the ankle rocker. However, for the peak forefoot-hallux

dorsiflexion angle in late stance associated with the forefoot rocker the change was 4.7°. The

13



larger increment for the forefoot rocker could be due to greater push-off moment and power
applied during the late stance phase to produce a longer step length (Allet et al., 2011;
Buddhadev et al., 2020; Umberger and Martin, 2007).

Individuals with foot disabilities and older adults walk taking shorter steps at slower speeds
compared to healthy adults (Kerrigan et al., 1998; Shih et al., 2014; Watelain et al., 2000; Winter
et al., 1990). In the current study we found that step length affects foot kinematics and similarly,
several studies have shown walking speed to also affect foot kinematics (Dubbeldam et al.,
2010; Sun et al., 2018; Tulchin et al., 2009; van Hoeve et al., 2017). During clinical gait analysis,
when foot kinematics are compared across different individuals (e.g., adults with or without
disabilities) or the same individual across different sessions (i.e., to monitor disease progression
or determine effectiveness of an intervention), researchers and clinicians should consider the
influences of speed and step length as contributors to differences in foot kinematics observed in
these scenarios.

A merit of the current study includes the unique intervention assigned to the participants
which we think is high on internal validity. In the current study, the participants walked at their
freely chosen speeds and step lengths. The researchers manipulated the participants” walking
by having them walk taking steps which were shorter or longer by 10% of their leg length. The
manner of walking observed as the participants walked under these different step length
conditions could be similar to how individuals naturally manipulate step lengths during their
everyday lives. In contrast to this intervention, had the researchers chosen to have participants

walk at fixed speeds with fixed increments or decrements in their step lengths, such walking

14



conditions may or may not be similar to how people walk in daily life, or these walking
conditions may not have felt natural for people of different heights.

The foot kinematics data (i.e., joint angle values and profile shapes) observed in the current
study are comparable to published research (Carson et al., 2001; Dubbeldam et al., 2010;
Nicholson et al., 2018; Stebbins et al., 2006; Sun et al., 2018; Tulchin et al., 2009; Wright et al.,
2011). For example, peak hindfoot-tibia plantarflexion angle during early stance in the current
study ranged from 1.3-4.1° which were approximately 1-4° larger than that reported by others
(Stebbins et al., 2006; Sun et al., 2018; Tulchin et al., 2009). Similarly, the peak hindfoot-tibia
dorsiflexion angle during midstance in the current study ranged from 18-21° which are in the
range of values reported by (Sun et al., 2018)), who reported values of 17-29° for a range of
slow to fast walking speeds. Lastly, the peak forefoot-hallux angle in late stance in the current
study ranged from 46-51° which was in the range of values reported by (Dubbeldam et al.,
2010) who reported values of 42-51° for a range of slow to comfortable speeds.

Since the current study was the first to examine the effect of step length at controlled
preferred speeds on foot kinematics, the authors were not able to compare these data with
other studies. However, as walking speed increments are accomplished via increases in step
length and cadence, the trends (i.e., increments) in foot joint angles with longer step lengths
could be similar to increases in these angles with faster walking speeds. For example,
(Dubbeldam et al., 2010) reported an increase of 6° in peak hindfoot-tibia plantarflexion angle
during early stance when walking from slow to comfortable speeds. Similarly, Sun et al., 2018
reported an increase of 11° for peak hindfoot-tibia dorsiflexion angle in midstance when walking

from slow to fast speeds. And for peak forefoot-hallux angle in late stance with increases in
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walking speeds, Dubbeldam et al. (2010) reported an increase of 9°. In summary, these trends
indicate that changes in foot kinematics observed with step length increments in the current
study are similar to trends reported in previous studies for increases in walking speed.

A limitation of the current study is that these data are only generalizable to young healthy
adults. These data may or may not apply to children, older adults, or individuals with
disabilities. Future studies could consider examining the effect of step length on foot kinematics
in these populations. Another limitation of the study is that we examined kinematic variables
which provide information on the foot motion of the participants during the experimental
conditions. These kinematic variables do not provide insights into factors causing changes in
kinematics with step length. To determine the factors causing these changes, kinetic variables
such as moments and powers at these joints should be examined.

In conclusion, increases in step length at the same preferred walking speed increased peak
forefoot and hindfoot motions related to the foot rocker mechanisms. During clinical gait
analysis, when foot kinematics are compared across different individuals or the same individual
across different sessions, researchers and clinicians should consider the influence of step length

as a contributor to differences in foot kinematics observed.
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Literature Review

Overview

This review will explore hindfoot and forefoot motion during walking. It is important to know the
gait functions, parameters, and phases during walking. As the foot progresses through a gait cycle, there
are three foot rocker mechanisms that assist with forward propulsion during walking. This review will
thoroughly explain why the conventional gait model is not an appropriate biomechanical model when
exploring foot motion associated with these foot rocker mechanisms. Instead, the Oxford Foot Model
has been shown to be a reliable and valid model in demonstrating overall foot motion. The Oxford Foot
Model is a more anatomically accurate model as it breaks up the foot into three segments. Foot
kinematics for these three segments during normal walking will be described in the context of foot
rocker functions. This review will also explore the effects of walking speed on kinematics of these foot
segments using the Oxford Foot Model. It is currently unknown how walking at different step lengths at
the same speed affects foot motion and foot rocker mechanisms during walking in healthy young adults.
This review will provide a convincing rationale for examining internal foot motion at different step
lengths during walking.
Introduction to gait functions, parameters, and phases

Walking gait has five main motor functions that must be performed during a gait cycle:
generation of mechanical energy to achieve forward velocity, shock absorption for stability, maintenance
of support of the trunk and upper body, maintenance of upright posture and balance of the total body,
and safely control foot trajectory (Perry and Burnfield, 2010). These functions are vital in the walking gait
cycle to transport the body safely and efficiently. The primary external propulsive force during walking is
the forward fall of body weight. The internal propulsive forces associated with the leg pushing on the

ground are produced via ankle plantarflexion, knee extension, and hip extension movements. Hip flexion
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motion is created by an anterior pulling force that also assists in forward propulsion (Buddhadev et al.,
2020; Buddhadev and Martin, 2016; DeVita and Hortobagyi, 2000; Winter et al., 1990).

These internal propulsive forces generated by muscles acting about the lower extremity joints
help an individual progress forward from one step to another. During a gait cycle (i.e., a stride),
parameters of walking speed, step length, and step rate are interrelated. Step length is the distance
measured from a specific point on one foot to the same point on the other foot when both feet are in
contact with the ground. Stride length is the distance measured from initial contact of one foot to the
next initial contact of the same foot. A stride is also, the sum of the left and right step lengths. Walking
speed (meters/second) is a product of step length (in meters) and step rate (steps per second) (Adams
and Cerny, 2018; Baker, 2013; Perry and Burnfield, 2010). Owing to this relationship, walking speed is
influenced by step length and step rate. Walking speed increases with increase in step length and step
rate (Buddhadev et al., 2020; Teixeira-Salmela et al., 2008).

Phases of a gait cycle

A walking gait cycle is represented by a single stride, consisting of both stance and swing phases.
The stance period takes place during which the foot is in contact with the ground. The stance period
consists of weight acceptance, midstance, late stance, and pre-swing phases. It starts with weight
acceptance, which is the period between initial contact and maximal knee flexion of the support limb.
Mid stance is the period between weight acceptance and heel rise associated with the push off effort.
Late stance starts with heel rise of the support limb and ends with heel strike of the contralateral limb.
During this phase, the foot pushes off on the ground and this motion is associated with a rapid ankle
plantarflexion movement. Pre-swing is the last phase of the gait cycle during which both feet are in
contact with the ground. During this phase the trailing limb transfers body weight to the leading limb to
unload the trailing limb and prepare it for the swing phase. The stance period is 58-61% of total stride

period (Winter, 1987).

18



During the stance phase, there are periods of single and double limb support. Single support is
the period when one limb is in contact with the ground. It is equal to the swing period of the
contralateral limb. Double support occurs when both feet are in contact with the ground, between initial
contact of one limb and toe-off of the opposite limb. Double support varies from 16-22% of the total
stride period (Winter, 1987). The goal of double support is to transfer body weight from one limb to the
other.

The swing period is the period when the foot is not in contact with the ground and swinging
forward to position the limb for the next heel strike. The swing period is 39-42% of total stride period
and it consists of early, mid, and late swing phases (Winter, 1987). Early swing starts with toe off of the
trailing limb, and it continues until swing phase is in line with the contralateral limb. Mid-swing phase is
the mid third of the swing phase. It spans from the end of the initial swing phase to the time when swing
leg is ahead of the contralateral limb and the shank segment is vertical. Late swing is the period
beginning with the end of mid swing phase and it ends with heel strike of the swing leg (Adams and
Cerny, 2018; Baker, 2013; Perry and Burnfield, 2010; Winter, 1987).

Tasks accomplished during a gait cycle

During a gait cycle, there are different tasks accomplished at different points of the cycle. The
first task is weight acceptance which is accomplished in the initial contact and loading responses parts of
the early stance phase. This is the most challenging task because when the heel of one foot contacts the
ground, it needs to absorb the shock of impact while simultaneously providing initial limb stability, and
the preservation of forward progression (Perry and Burnfield, 2010). Initial contact is the foot making its
first contact with ground and is the start of the double support period. It initiates the heel rocker
mechanism and decelerates the impact. During initial contact, the hip is flexed, knee is extended, and
the ankle is dorsiflexed to the neutral position. Heel contact initiates a five-degree arc of the

plantarflexion motion. Initial contact takes place between the zero to two percent of the gait cycle.
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Loading response is the next phase during which body weight is transferred from the trailing to the
forward limb. During this time, the heel is used as a pivot point or rocker for maintaining forward
progression. As the foot is going through the heel rocker mechanisms, the knee is flexed, ankle is plantar-
flexed, and subtalar joint is everted. This subtalar eversion, which occurs during loading response, is the
second way the body absorbs the shock of heel strike which starts the gait cycle (Perry and Burnfield,
2010). Loading response takes place between the 2-12 % period of the gait cycle (Adams and Cerny,
2018; Perry and Burnfield, 2010; Winter, 1987).

The next task in the gait cycle is single leg support. At beginning of midstance phase, one limb is
supporting the body weight while the contralateral limb is in swing phase. Mid-stance is the first half of
the single leg support occurring from 12-31% of the gait cycle. The foot is stationary and flat on the
ground, while the body pivots forward about the ankle via the ankle rocker mechanism. During this
phase the ankle goes through dorsiflexion, and the knee and hip are extending. The midtarsal (MT) joint,
formed by the talonavicular and calcaneocuboid articulations, is also dorsiflexed during this time. The
foot then goes through ankle plantarflexion motion which manifests as rise of the heel of the support
limb. This heel rise marks the end of the midstance and start of the terminal stance phase. Terminal
stance is the second half of the single leg support occurring from 31-50% of the gait cycle. It begins with
heel rise and ends with the contralateral limb’s initial contact. During terminal stance, the knee
completes extension and begins flexion, and the hip continues extension. The ankle continues
plantarflexion as the subtalar joint has reduced eversion and the MT joint locks. This locking of the MT
joint during terminal stance and pre-swing phase is important to make the foot segment function as a
rigid lever for push off against the ground. From the midportion of terminal stance through the whole
pre-swing phase the foot pivots forward about the forefoot or hallux segment. This pivoting is also
known as the forefoot rocker mechanism and it is crucial for push-off required for maintaining forward

progression (Adams and Cerny, 2018; Perry and Burnfield, 2010; Winter, 1987).
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The last task of the gait cycle is swing limb advancement. This starts with the preparation of
swing and ends with initial contact. Pre-swing begins with initial contact of the contralateral limb and
ends with ipsilateral toe-off. Weight transfer from stance limb to contralateral limb increases dorsiflexion
at the metatarsophalangeal joint, ankle plantarflexion and knee flexion and decreases hip extension of
the ipsilateral limb. Pre-swing takes place during the 50-62% of the gait cycle. Initial swing starts with
toe-off and ends with ipsilateral limb advancing forward to be in line with the contralateral limb. During
this phase the knee flexion is increased for foot clearance. The hip also flexes to advance limb forward.
Initial swing occurs at 62-75% of the gait cycle. Mid-swing starts at the end of initial swing and ends with
the limb forward of the contralateral limb and the tibia vertical. Hip flexion and knee extension continue
to advance limb forward and clear foot from the ground. Ankle is dorsiflexed to neutral position. Mid-
swing occurs at 75-87% of the gait cycle. Terminal swing starts with the tibia in a vertical position and
ends with initial contact. Limb advancement is completed during this phase and the limb is prepared for
stance. Knee continues to extend and hip flexes to twenty degrees. Terminal swing occurs from 87-100%
of the gait cycle, making it the last phase of the cycle (Adams & Cerny, 2018; Perry & Burnfield, 2010;
Winter, 1987).

Foot Rocker Mechanisms

There are three foot rocker mechanisms that help propel the body forward during walking (Perry
& Burnfield, 2010). These foot rocker mechanisms are separated into three segments: consisting of heel,
ankle, and forefoot rocker.

During the heel rocker, the heel functions as a fulcrum as the foot pivots forward about the heel
to lay flat on the ground after heel strike. The heel rocker mechanism starts with initial contact of the
calcaneal tuberosities. As the heel rocks forward, the force of falling is redirected to forward motion. The
qguadriceps draw the femur forward at a slower rate than the advancement of the tibia, while restraining

the rate of knee flexion. The heel rocker ends at the contact of the entire foot on the ground, the tibia
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being vertical, the knee flexed at twenty degrees, and the ankle is plantarflexed at five degrees. The
dorsiflexor muscles eccentrically control the forward motion of the tibia during the heel rocker
mechanisms (Perry and Burnfield, 2010).

The ankle rocker is next in the gait cycle. The ankle is the fulcrum due to the foot being
stationary, flat on the ground, and the tibia pivots and progressing forward via eccentric ankle
dorsiflexion. The soleus contracts to stabilize and slow down the advancement of the tibia. The
gastrocnemius assists the soleus in allowing tibia advancement (Perry and Burnfield, 2010).

The forefoot rocker mechanism is last in the gait cycle. The metatarsophalangeal joint act as the
fulcrum as the heel rises. The gastrocnemius and soleus muscles stabilize the ankle, and their
contraction produces a vigorous push-off on the ground. The propelling forces are strongest during this
mechanism as the leg propels forward (Perry and Burnfield, 2010). During gait, the foot segment also
acts as a dynamic base of support. The source of support changes during the gait cycle. The heel is the
first point of contact with the ground and is the only source of support for the first six to twelve percent
of the gait cycle. As the gait cycle advances, the fifth metatarsal head is the next point of contact with
the ground and progresses to include all five metatarsal heads going from lateral to medial. This is called
the foot-flat support and is about twenty percent of the total gait cycle. The forefoot support starts at
the onset of the heel rise that leads to the metatarsal heads and toes to be in contact with the ground. It
commonly ends with the first metatarsal and big toe being the last source of support before toe-off
(Perry & Burnfield, 2010). The foot rocker mechanisms are a key aspect to the foot motion during
walking.

Motion capture for walking relevant to foot motion

Kinematic data of walking gait is typically captured using a 3D motion capture system. Reflective

markers are placed on the body and motion of these markers are tracked using a motion capture system.

Using the track position of these markers, a biomechanical model of the human body is created. The
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most accepted biomechanical model is the conventional gait model. It models the lower limb segments
as rigid levers and is the most widely used model for clinical gait analysis. Angular motion occurring at
the hip, knee, and ankle joints throughout a walking gait cycle can be computed from the position of the
reflective markers. In the conventional gait model using the marker position data, body segments are
defined as rigid bodies. These rigid bodies include the left/right foot, left/right tibia, left/right femur, and
pelvis. For each segment there are three axes: mediolateral axis (X), anteroposterior axis (Y), and
longitudinal axis (Z). The segments are connected by joints that are assumed to be ball and socket joints,
giving each joint three degrees of freedom. The kinematic outputs of the conventional gait model are the
joint angles that describe the orientation of the distal segment in relation to the proximal segment for
each rigid body.

The conventional gait model was first created in the 1980s and has significant limitations (Baker,
2013). The most significant limitation is in in relation to the foot. In this model the foot is defined as a
rigid segment and has a single axis at the ankle. This simplistic model of the foot allows calculation of
ankle motion, but it is unable to measure motion in the hindfoot, midfoot, and forefoot segments. As
previously explained for the foot rockers mechanisms, there are distinct motions that occurs in the
forefoot, midfoot, and hindfoot segments. Because these motions cannot be measured via the
conventional gait model, it may not give an accurate representation of foot motion during walking. This
is more true in the presence of a foot deformity due to the model not giving accurate measures of the
alignment of the hindfoot (Baker, 2013; Kadaba et al., 1989; Myers et al., 2004).

Assessing the foot as a single segment model does not allow for determination of forefoot,
midfoot, and hindfoot motion. The foot has three distinct segments which go through different amounts
of motion during a walking gait cycle. The Oxford foot model was created in 2001 as a multi-segment
foot model (Carson et al., 2001). In this model, the foot is separated into three segments (hindfoot,

forefoot, and hallux) plus a tibial segment. The tibial segment of the Oxford foot model is made up of the
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tibia and fibula and is assumed to move as a single rigid body. This segment is defined as the line from
the knee joint center and the ankle joint center. The knee joint center is the center point between the
femoral condyle, tibial tuberosity, and the head of the fibula. The ankle joint center is located between
the lateral and medial malleolus markers. The placement of the five markers on this segment are the
head of the fibula, tibial tuberosity, anterior aspect of the tibia, and lateral and medial malleoli (Carson
et al., 2001; Levinger et al., 2010; Stebbins et al., 2006).

The hindfoot segment is made up of the calcaneus. As the hindfoot is defined as a rigid segment,
the motion at the talocrural and subtalar joints are considered to equally contribute to the motion of the
hindfoot relative to the tibia. The segment is defined as the line from the posterior surface of the
calcaneus and the midway point between the medial and lateral calcaneus. To define to hindfoot
segment, markers are placed on the posterior distal and proximal aspects of the calcaneus, the medial
and lateral aspects of the calcaneus, and a wand marker on the posterior calcaneus midway between the
two markers on the posterior aspects of the calcaneus (Carson et al., 2001; Levinger et al., 2010;
Stebbins et al., 2006).

The forefoot segment is made up of the five metatarsals that are assumed to move as a single
rigid body. The segment is defined as the midpoint of proximal heads of the first and fifth metatarsals to
the midpoint of the distal heads and the second and third metatarsals. Markers are placed at the bases
and heads of the first and fifth metatarsals, and between the second and third metatarsal heads (Carson
et al., 2001; Levinger et al., 2010; Stebbins et al., 2006).

Finally, the hallux segment includes the proximal phalanx of the hallux and is defined as the
longitudinal line along the proximal phalanx. A marker is placed on the medial side of the hallux proximal
phalanx. The Oxford foot model can also be combined with the Plug-in Gait model to obtain markers on
the lower extremities and feet. Additional markers are placed on the sacrum, left and right thigh, and left

and right anterior iliac spine (van Houve et al., 2015). This model classifies the foot segments slightly
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different than the anatomical classifications of the foot segments (Carson et al., 2001; Stebbins et al.,
2006).

The Oxford foot model has been shown to be reliable in measuring both barefoot and shod
walking (Balsdon and Dombroski, 2018; Curtis et al., 2009; Stebbins et al., 2006; Wright et al., 2011; Yoo
et al., 2022) There are other multi-segment foot models, such as duPont, Heidelberg and Rizzoli
(Caravaggi et al., 2011; Leardini et al., 2007; Nicholson et al., 2018; Simon et al., 2006). When comparing
the gait kinematic results of the different models, duPont and the Oxford foot model were shown to
have the most similarities (Nicholson et al., 2018). In a systematic review assessing the quality of
different single- and multi-segment foot models to propose, the Oxford foot model was one of two
models that have demonstrated external validity (Bishop et al., 2012). Overall, the Oxford foot model has
proven to be a useful and versatile tool for the study of foot mechanics and gait.

Anatomy of the Foot and Internal Foot Motion during a Gait Cycle
Segments and Joints

The Oxford foot model is a more anatomically accurate model in capturing foot motions
compared to the single axis foot segment in the conventional gait model. The following section will
explain the complex motions that occurs within the foot segment in all three planes. This explanation is
provided to reinforce the position, that a single axis foot segment used in the conventional gait model
does not adequately capture the internal foot motion occurring during walking gait.

The foot is broken into three functional subdivisions: hindfoot, midfoot, and forefoot. The
hindfoot is made up of the calcaneus and talus. The joints in the hindfoot are the talocrural and subtalar
joints. The talocrural joint is a uniaxial hinge joint, made up of the tibia and fibula to form the tibiofibular
joint and the tibia and talus to make up the tibiotalar joint. Plantarflexion and dorsiflexion are the
primary movements at this joint. The subtalar joint consists of the articulation between the talus and

calcaneus. This joint can move in all three planes. The primary movements at this joint are pronation and
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supination, which includes calcaneal eversion/inversion, abduction/adduction, and
dorsiflexion/plantarflexion (Fraser et al., 2016; Hamill et al., 2015; Schuenke et al., 2014). At initial
contact, the calcaneus is 2 degrees inverted and the subtalar joint is allowing for calcaneal supination.
During the loading response and early mid stance, the calcaneus everts, and the subtalar joint motion is
pronation. Continuing on to late mid stance, terminal stance, and pre-swing, the calcaneus inverts and
the subtalar joint produces supination (Adams and Cerny, 2018).

The midtarsal joint is the joint between the midfoot and hindfoot. It consists of the
calcaneocuboid and talonavicular joints. The movement of the midtarsal joints depends on the position
of the subtalar joint. When the subtalar joint is in pronation, the calcaneocuboid and talonavicular axes
of rotation are parallel. This leads to the midfoot having the ability to move more freely and allows for
shock absorption from heel strike to foot flat. When the subtalar joint is in supination, the two midtarsal
axes intersect, locking the midtarsal joint. The locking of the midtarsal joint creates a rigid lever that is
used to propel the foot forward from foot flat to toe-off (Hamill et al., 2015; Perry and Burnfield, 2010;
Schuenke et al., 2014). At initial contact, the midtarsal joint is locked due to the subtalar joint in
supination. During loading response, the midtarsal joint unlocks, increases flexibility in the forefoot, and
absorbs sock. Unlocking of the midtarsal joint continues through early mid stance. The midtarsal joint
starts to lock during the late mid stance phase and becomes locked at terminal stance, suppressing
midfoot motion. Pre-swing allows for the midfoot to unload (Adams and Cerny, 2018).

The midfoot is made up of the cuboid, navicular, and cuneiforms. The joints in the midfoot
include the cuneonavicular, intercuneiform, and cuneocuboid joints. The primary movements of these
joints are gliding and slight rotation to alter the shape of the transverse arch (Hamill et al., 2015; Perry
and Burnfield, 2010; Schuenke et al., 2014).

The tarsometatarsal joint separates the forefoot and midfoot. This joint is the articulation

between the cuneiforms and metatarsals as well as between the cuboid and metatarsals. Flexion and
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extension are the primary movements at this joint and contribute to inversion and eversion of the foot.
These movements change the shape of the arch (Hamill et al., 2015; Perry and Burnfield, 2010; Schuenke
et al., 2014).

The forefoot is made up of the metatarsals and phalanges. The joints in the forefoot are the
metatarsophalangeal and interphalangeal joints. The metatarsophalangeal joints allow for
flexion/extension and abduction/adduction of the phalanges. The interphalangeal joints allow for flexion
and extension in the phalanges. At initial contact, the forefoot is adducted. During loading response and
early mid stance, the forefoot abducts. Once the foot is in late mid stance, the forefoot starts to adduct
as the foot rocks forward and the forefoot rocker mechanism comes into play. The forefoot stays
adducted through terminal stance and pre-swing (Adams and Cerny, 2018; Hamill et al., 2015; Perry and
Burnfield, 2010; Schuenke et al., 2014).

Muscles

The triceps surae is made up of the soleus and the medial and lateral heads of the
gastrocnemius. The soleus originates at the posterior surface of the head and neck of the fibula. The
medial and lateral heads of the gastrocnemius originate at the medial and lateral epicondyles of the
femur, respectively. The triceps surae inserts at the calcaneal tuberosity via the Achilles’ tendon. The
main action of the triceps surae is plantarflexion at the talocrural joint. The triceps surae produces the
majority of the plantarflexion force, and the tibialis posterior, flexor digitorum longus, flexor hallucis
longus, and the peroneus longus and brevis assist with plantarflexion (Schuenke et al., 2014).

The tibialis posterior originates on the upper posterior tibia, fibula, and interosseous membrane
and inserts at the inferior navicular. Its primary actions are inversion and ankle plantarflexion. The flexor
digitorum longus originates at the posterior tibia and inserts at the distal phalanx of toes 2-5. Its primary
action is flexion of the toes 2-5 and assists with ankle plantarflexion and inversion. The flexor hallucis

longus originates at the distal end of the posterior surface of the fibula and the interosseous membrane.
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It inserts at the base of the distal phalanx of the hallux. Its primary action is flexion of the big toe and
assists with ankle plantar flexion. The peroneus longus originates at the lateral condyle of the tibia and
upper lateral fibula. It insets at the medial cuneiform and lateral first metatarsal. The peroneus brevis
originates at the lower lateral fibular and inserts at the lateral fifth metatarsal. Both the peroneus longus
and brevis primarily everts and assists with ankle plantarflexion (Hamill et al., 2015; Schuenke et al.,
2014).

The three dorsiflexor muscles in lower extremity and foot are the tibialis anterior, extensor
digitorum longus, and extensor hallucis longus (Hamill et al., 2015; Schuenke et al., 2014). Dorsiflexion at
the ankle is crucial during the swing phase of gait for foot clearance and plantarflexion during the stance
phase for controlled lowering of the foot after heel strike. The tibialis anterior originates on the upper
lateral tibia and interosseous membrane and inserts on the medial plantar surface of the first cuneiform.
Along with ankle dorsiflexion, the tibialis anterior assists with inversion. This is the strongest dorsiflexor
muscle. The extensor hallucis longus originates at the anterior fibula and interosseous membrane and
inserts at the distal phalanx of the big toe. It dorsiflexes the hallux, adducts the forefoot, and assists with
ankle dorsiflexion. The extensor digitorum longus originates at the lateral condyle of the tibia, fibula, and
interosseous membrane. It inserts at the dorsal expansions of toes 2-5. The primary action of the
extensor digitorum longus is dorsiflexion of toes 2-5 and eversion. It assists with ankle dorsiflexion
(Hamill et al., 2015; Schuenke et al., 2014).

Foot kinematics during walking

This next section will describe foot motion during walking as defined by the Oxford foot model.
The inter-segment joints of the Oxford foot model measure the angles of rotation for each segment. The
hindfoot/tibia joint shows movement of the hindfoot with respect to the tibia. The movements that can
occur at the hindfoot/tibia joint are the plantar/dorsiflexion movement about the transverse axis of the

tibia, inversion/eversion about the posterior/anterior axis of the hindfoot, and the internal/external
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rotation about the common perpendicular axis. At initial contact, the hindfoot is neutral or dorsiflexed,
then after a brief period of plantarflexion associated with heel rocker, it then dorsiflexes again through
midstance. During the push-off phase the hindfoot plantarflexes, inverts and internally rotates (Carson et
al., 2001; Leardini et al., 2007; Levinger et al., 2010; Stebbins et al., 2006).

The forefoot/hindfoot joint shows the movement of the forefoot with respect to the hindfoot.
The movements that can occur at this joint are the plantar/dorsiflexion about the mediolateral axis of
the hindfoot, supination/pronation about the posterior/anterior axis of the forefoot, and
abduction/adduction about the common perpendicular axis. The forefoot slightly dorsiflexes in
midstance as the longitudinal arch flattens. From foot flat to heel off, the ankle becomes the rocker. The
foot is stationary, and the tibia advances due to passive ankle dorsiflexion. In terminal stance, the
longitudinal arch restores its shape as the forefoot plantarflexes, supinates, and adducts. The forefoot
motion changes from pronation to supination around 30% of the stance phase (Carson et al., 2001;
Leardini et al., 2007; Lee et al., 2022; Levinger et al., 2010; Perry and Burnfield, 2010; Stebbins et al.,
2006).

The hallux/forefoot joint shows the movement of the hallux with respect to the forefoot. The
movements that can occur at this joint are plantar/dorsiflexion about the mediolateral axis of the
forefoot. As the heel comes off the ground at the end of midstance and the foot rocker moves to the
hallux, the hallux dorsiflexes. During pre-swing, the hallux is the base of support for accelerated limb
advancement (Carson et al., 2001; Levinger et al., 2010; Perry and Burnfield, 2010; Stebbins et al., 2006).
Effect of walking speed on foot kinematics

Walking is an important aspect to all activities of daily living, and it is important to maintain
walking abilities in all individuals, especially those who are aging or have disabilities (Perry and Burnfield,

2010; Simonsick et al., 2005). Walking speed can be measured as a key indicator of function and is a
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good indicator of disability outcomes (Guralnik et al., 2000; Perry and Burnfield, 2010; Simonsick et al.,
2005).

As walking speed increases, the foot motion also changes to support the increased demand on
the body. Increased walking speed increases step length, cadence, and duration of swing phase
(Buddhadev and Martin, 2016; Teixeira-Salmela et al., 2008). Walking speed, stride length, and cadence
are important gait parameters that influence kinematics of the lower extremity and foot segments
during walking. A self-selected walking speed is commonly used to determine normal kinematic
measures during walking. However, self-selected walking speed may differ between groups.

Normal self-selected walking speed for men ages 20 to 59 years old is 1.34-1.43 m/s while for women
ages 20 to 59 years old it is 1.27-1.40 m/s (Bohannon, 1997; Kadaba et al., 1990; Perry & Burnfield, 2010;
Waters et al., 1988). Older adults tend to have a decreased walking speed compared to young adults
(Buddhadev and Martin, 2016; Kang and Dingwell, 2008). For older women ages 60 to 80 years old, the
normal self-selected walking speed is 1.20 m/s. For older men ages 60 to 80 years, the normal self-
selected walking speed is 1.23 m/s (Perry and Burnfield, 2010; Waters et al., 1988).

The effect of walking speed on specific changes in kinematics of hindfoot, forefoot, and hallux
motion — defined using the Oxford Foot Model — will now be explained. During fast walking, the hindfoot
has increased peak dorsiflexion and dorsiflexion/plantarflexion range of motion. In the stance phase,
there was a significant increase in eversion at heel contact and decrease in peak inversion. There was
greater peak external rotation and range of motion during the gait cycle. (Sun et al., 2018). In the loading
phase of the gait cycle, hindfoot abduction/adduction, dorsiflexion/plantarflexion, and
inversion/eversion ranges of motion are higher with increased speed. In the hindfoot during propulsion,
range of motion in the frontal and transverse planes were higher with increased speed (van Hoeve et al.,
2017). If the hindfoot has greater range of motion in the sagittal plane, the heel rocker mechanism may

have a greater role in the progression of the body during walking.
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The forefoot had a greater peak dorsiflexion during fast walking compared to slow walking
(Dubbeldam et al., 2010; Tulchin et al., 2009). Dorsiflexion/plantarflexion range of motion was increased
with fast walking (Dubbeldam et al., 2010). There was an increase in supination with decreased speed.
Decreased speed increases adduction angles at initial contact and adduction/abduction range of motion
throughout the entire gait cycle (Sun et al., 2018; van Hoeve et al., 2017). During fast walking the hallux
had decreased dorsiflexion/plantarflexion range of motion and dorsiflexion peak compared to normal
and slow walking (Sun et al., 2018). The timing of maximal hallux dorsiflexion happened earlier during
the gait cycle with an increased walking speed (Tulchin et al., 2009). This indicates the forefoot rocker
mechanism has an important role in foot motion with an increase in walking speed.

The effect of walking speed on specific changes in kinematics of hindfoot, forefoot, and hallux
motion has been defined using other multi-segment foot models. Dubbeldam et al. (2010) used a 19-
marker model to assess how walking speed affected foot motion. They found that in the sagittal plane a
lower walking speed correlated with a reduction of the peak plantarflexion at the talocrural joint, a
flatter medial arch, and decreased dorsiflexion of the hallux at toe-off. Their findings with respect to
peak hallux dorsiflexion angle at different walking speeds contrast with the finding of Sun et al. (2018).
While Sun et al. (2018) found a decrease in hallux dorsiflexion/plantarflexion ROM and dorsiflexion peak
hallux angle with an increase in walking speed, Dubbledam et al. (2010) found an increase in peak hallux
dorsiflexion angle with an increase in walking speed. In the frontal plane, there was an increase in
pronation of the midfoot during midstance during a lower walking speed. ROM of the talocrural joint,
the medial arch and hallux joint in the sagittal plane was less during lower walking speeds at toe-off. In
the transverse plane, there was less abduction of the hallux during a lower walking speed (Dubbeldam
et al., 2010).

A 34-marker model was used by Grant and Chester (2015) to assess foot motion during five

walking gait speeds ranging from very slow to very fast. As walking speed increased, the mean maximum
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dorsiflexion angle between the foot and the tibia decreased. The mean maximum midfoot-calcaneus
plantar flexion and the forefoot with respect to the calcaneus angles increased with increased speed.
The maximum absolute sagittal plane angle for the hallux increased with increased gait speed. The
temporal-spatial variables significantly changed with walking speed changes. As speed increased, time to
toe-off decreased, and single leg stance time and stride length increased (Grant and Chester, 2015).

Grant and Chester (2015) and Tulchin et al. (2009) reported an increase in maximum forefoot-
calcaneus plantar flexion angle as walking speed increased, although the values of the increase differed.
The difference in the angles reported may have been contributed to a different in the anatomical
landmarks used to define the forefoot segment between models. Tulchin et al. also used a treadmill to
control speed while Grant & Chester used overground walking at different speeds to assess change in
foot motion (Grant and Chester, 2015; Tulchin et al., 2009).

Overall, the foot mechanics during walking at faster speeds involve a combination of joint angle
change and quicker movements to support the body and maintain balance.
Effect of Step Length on Foot Kinematics

This section will explain the importance of manipulating step length for gait analysis. With
increased walking speed there is an increase in step length (Buddhadev et al., 2020; Buddhadev and
Martin, 2016; Teixeira-Salmela et al., 2008). Normal self-selected stride length and cadence for men ages
20 to 59 years old is 1.41-1.51m and 108-112 steps/min, respectively. Normal self-selected stride length
and cadence for women ages 20 to 59 years old is 1.30-1.32m and 115-118 steps/min, respectively
(Kadaba et al., 1990; Perry and Burnfield, 2010; Waters et al., 1988). Stride length and cadence tend to
be decreased in older adults (Buddhadev and Martin, 2016; Kang and Dingwell, 2008). Normal stride
length and cadence for older men are 1.45m and 105.85 steps/min, respectively. Normal stride length
and cadence for older women are 1.27m and 112.85 steps/min, respectively (Kadaba et al., 1990; Waters

et al., 1988).
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When speed is held constant and step length is increased, there is an increase in net metabolic
rate (Umberger and Martin, 2007), anteroposterior braking and propulsive forces, contact time (Martin
and Marsh, 1992), and net joint moment impulses at the ankle (Allet et al., 2011). It is known how the
foot motion changes with increased speed. However, there is no research on how the manipulation of
step length, when controlling for speed, effects changes in kinematics of forefoot, midfoot, and hindfoot
motion during walking. Using to the knowledge of foot motion with manipulation of speed using the
Oxford Foot Model, the changes in motion of the forefoot, midfoot, and hindfoot segments at different
step lengths could be hypothesized. It is expected that with an increase of step length there is an
increase in range of motion of the hindfoot and forefoot segments, but a decrease in range of motion of
the hallux segment. There may be increased dorsiflexion and plantarflexion in the hindfoot and forefoot
segments, but a decrease in the hallux segment.

Summary

From the literature, it can be concluded the conventional foot model is not appropriate to
investigate the internal foot motion during walking. Instead, the Oxford Foot Model provides a more
anatomically accurate model as it breaks the foot into three segments: hindfoot, forefoot, and hallux.
Past research has examined the effects of walking speed on specific kinematics of hindfoot, forefoot, and
hallux motion using the Oxford Foot Model. However, there is no research examining the effects of step
length on specific changes in kinematics of the hindfoot, forefoot, and hallux. From this review, it is
apparent that there is a need for research examining internal foot motion associated with foot rocker

mechanisms when step length is manipulated while walking speed is held constant.

33



References

Adams, J.M., Cerny, K., 2018. Observational Gait Analysis: A Visual Guide.

Allet, L., lJzerman, H., Meijer, K., Willems, P., Savelberg, H., 2011. The influence of stride-length on
plantar foot-pressures and joint moments. Gait & Posture 34, 300—-306.
https://doi.org/10.1016/j.gaitpost.2011.05.013

Baker, R., 2013. Measuring Walking: A Handbook of Clinical Gait Analysis. Wiley.

Balsdon, M.E.R., Dombroski, C.E., 2018. Reliability of a multi-segment foot model in a neutral cushioning
shoe during treadmill walking. J Foot Ankle Res 11, 60. https://doi.org/10.1186/s13047-018-
0301-2

Bishop, C., Paul, G., Thewlis, D., 2012. Recommendations for the reporting of foot and ankle models.
Journal of Biomechanics 45, 2185-2194. https://doi.org/10.1016/].jbiomech.2012.06.019

BOHANNON, R.W., 1997. Comfortable and maximum walking speed of adults aged 20—79 years:
reference values and determinants. Age and Ageing 26, 15-19.
https://doi.org/10.1093/ageing/26.1.15

Buddhadev, H.H., Martin, P.E., 2016. Effects of age and physical activity status on redistribution of joint
work during walking. Gait & Posture 50, 131-136.
https://doi.org/10.1016/j.gaitpost.2016.08.034

Buddhadev, H.H., Smiley, A.L., Martin, P.E., 2020. Effects of age, speed, and step length on lower
extremity net joint moments and powers during walking. Hum Mov Sci 71, 102611.
https://doi.org/10.1016/j.humov.2020.102611

Caravaggi, P., Benedetti, M.G., Berti, L., Leardini, A., 2011. Repeatability of a multi-segment foot protocol

in adult subjects. Gait & Posture 33, 133—135. https://doi.org/10.1016/j.gaitpost.2010.08.013

34



Carson, M.C., Harrington, M.E., Thompson, N., O’Connor, J.J., Theologis, T.N., 2001. Kinematic analysis of
a multi-segment foot model for research and clinical applications: a repeatability analysis.
Journal of Biomechanics 34, 1299-1307. https://doi.org/10.1016/50021-9290(01)00101-4

Cofré, L.E., Lythgo, N., Morgan, D., Galea, M.P., 2011. Aging modifies joint power and work when gait
speeds are matched. Gait & Posture 33, 484—489.
https://doi.org/10.1016/].gaitpost.2010.12.030

Curtis, D.J., Bencke, J., Stebbins, J.A., Stansfield, B., 2009. Intra-rater repeatability of the Oxford foot
model in healthy children in different stages of the foot roll over process during gait. Gait &
Posture 30, 118-121. https://doi.org/10.1016/j.gaitpost.2009.02.013

DeVita, P., Hortobagyi, T., 2000. Age causes a redistribution of joint torques and powers during gait.
Journal of Applied Physiology 88, 1804—1811. https://doi.org/10.1152/jappl.2000.88.5.1804

Dubbeldam, R., Buurke, J.H., Simons, C., Groothuis-Oudshoorn, C.G.M., Baan, H., Nene, AV., Hermens,
H.J., 2010. The effects of walking speed on forefoot, hindfoot and ankle joint motion. Clinical
Biomechanics 25, 796—801. https://doi.org/10.1016/j.clinbiomech.2010.06.007

Fraser, J.J., Feger, M.A,, Hertel, J., 2016. MIDFOOT AND FOREFOOT INVOLVEMENT IN LATERAL ANKLE
SPRAINS AND CHRONIC ANKLE INSTABILITY. PART 1: ANATOMY AND BIOMECHANICS. Int J Sports
Phys Ther 11, 992—-1005.

Grant, J., Chester, V., 2015. The Effects of Walking Speed on Adult Multi-segment Foot Kinematics. J
Bioengineer & Biomedical Sci 05. https://doi.org/10.4172/2155-9538.1000156

Guralnik, J.M., Ferrucci, L., Pieper, C.F., Leveille, S.G., Markides, K.S., Ostir, G.V., Studenski, S., Berkman,
L.F., Wallace, R.B., 2000. Lower Extremity Function and Subsequent Disability: Consistency
Across Studies, Predictive Models, and Value of Gait Speed Alone Compared With the Short
Physical Performance Battery. The Journals of Gerontology: Series A 55, M221-M231.

https://doi.org/10.1093/gerona/55.4.M221

35



Hamill, J., Knutzen, K.M., Derrick, T.R., 2015. Biomechanical Basis of Human Movement, Fourth. ed.
Wolters Kluwer.

Kadaba, M.P., Ramakrishnan, H.K., Wootten, M.E., 1990. Measurement of lower extremity kinematics
during level walking. Journal of Orthopaedic Research 8, 383-392.
https://doi.org/10.1002/jor.1100080310

Kadaba, M.P., Ramakrishnan, H.K., Wootten, M.E., Gainey, J., Gorton, G., Cochran, G.V., 1989.
Repeatability of kinematic, kinetic, and electromyographic data in normal adult gait. J Orthop
Res 7, 849-860. https://doi.org/10.1002/jor.1100070611

Kang, H.G., Dingwell, J.B., 2008. Effects of walking speed, strength and range of motion on gait stability in
healthy older adults. Journal of Biomechanics 41, 2899-2905.
https://doi.org/10.1016/].jbiomech.2008.08.002

Kerrigan, D.C., Todd, M.K., Della Croce, U., Lipsitz, L.A., Collins, J.J., 1998. Biomechanical gait alterations
independent of speed in the healthy elderly: Evidence for specific limiting impairments. Archives
of Physical Medicine and Rehabilitation 79, 317-322. https://doi.org/10.1016/S0003-
9993(98)90013-2

Leardini, A., Benedetti, M.G., Bertj, L., Bettinelli, D., Nativo, R., Giannini, S., 2007. Rear-foot, mid-foot and
fore-foot motion during the stance phase of gait. Gait Posture 25, 453-462.
https://doi.org/10.1016/j.gaitpost.2006.05.017

Lee, W.,, Yoo, B., Park, D., Hong, J., Shim, D., Choi, J., Rha, D., 2022. Analysis of foot kinematics during toe
walking in able-bodied individuals using the Oxford Foot Model. Computer Methods in
Biomechanics and Biomedical Engineering 25, 833-839.

https://doi.org/10.1080/10255842.2021.1982913

36



Levinger, P., Murley, G.S., Barton, C.J., Cotchett, M.P.,, McSweeney, S.R., Menz, H.B., 2010. A comparison
of foot kinematics in people with normal- and flat-arched feet using the Oxford Foot Model. Gait
Posture 32, 519-523. https://doi.org/10.1016/j.gaitpost.2010.07.013

Magee, D.J., 2013. Orthopedic Physical Assessment. Elsevier Health Sciences.

Martin, P.E., Marsh, A.P., 1992. Step length and frequency effects on ground reaction forces during
walking. Journal of Biomechanics 25, 1237-1239. https://doi.org/10.1016/0021-9290(92)90081-
B

McKeon, P.O., Hertel, J., 2008. Spatiotemporal postural control deficits are present in those with chronic
ankle instability. BMC Musculoskelet Disord 9, 76. https://doi.org/10.1186/1471-2474-9-76

Mckeon, P.O., Ingersoll, C.D., Kerrigan, D.C., Saliba, E., Bennett, B.C., Hertel, J., 2008. Balance Training
Improves Function and Postural Control in Those with Chronic Ankle Instability. Medicine &
Science in Sports & Exercise 40, 1810-1819. https://doi.org/10.1249/MSS.0b013e31817e0f92

Myers, K.A., Wang, M., Marks, R.M., Harris, G.F., 2004. Validation of a multisegment foot and ankle
kinematic model for pediatric gait. IEEE Transactions on Neural Systems and Rehabilitation
Engineering 12, 122—130. https://doi.org/10.1109/TNSRE.2003.822758

Nicholson, K., Church, C., Takata, C., Niiler, T., Chen, B.P-J., Lennon, N., Sees, J.P., Henley, J., Miller, F,,
2018. Comparison of three-dimensional multi-segmental foot models used in clinical gait
laboratories. Gait & Posture 63, 236—241. https://doi.org/10.1016/j.gaitpost.2018.05.013

Perry, J., Burnfield, J.M., 2010. Gait Analysis: Normal and Pathological Function, 2nd ed. SLACK
Incorporated.

Schuenke, M., Shulte, E., Schumacher, U., 2014. THIEME Atlas of Anatomy, 2nd ed. Thieme Medical

Publishers, Inc.

37



Shih, K.-S., Chien, H.-L., Lu, T.-W., Chang, C.-F., Kuo, C.-C., 2014. Gait changes in individuals with bilateral
hallux valgus reduce first metatarsophalangeal loading but increase knee abductor moments.
Gait & Posture 40, 38-42. https://doi.org/10.1016/j.gaitpost.2014.02.011

Silder, A., Heiderscheit, B., Thelen, D.G., 2008. Active and passive contributions to joint kinetics during
walking in older adults. Journal of Biomechanics 41, 1520-1527.
https://doi.org/10.1016/].jbiomech.2008.02.016

Simon, J., Doederlein, L., McIntosh, A.S., Metaxiotis, D., Bock, H.G., Wolf, S.1., 2006. The Heidelberg foot
measurement method: Development, description and assessment. Gait & Posture 23, 411-424.
https://doi.org/10.1016/j.gaitpost.2005.07.003

Simonsick, E.M., Guralnik, J.M., Volpato, S., Balfour, J., Fried, L.P., 2005. Just Get Out the Door!
Importance of Walking Outside the Home for Maintaining Mobility: Findings from the Women'’s
Health and Aging Study. Journal of the American Geriatrics Society 53, 198—203.
https://doi.org/10.1111/j.1532-5415.2005.53103.x

Stebbins, J., Harrington, M., Thompson, N., Zavatsky, A., Theologis, T., 2006. Repeatability of a model for
measuring multi-segment foot kinematics in children. Gait Posture 23, 401-410.
https://doi.org/10.1016/j.gaitpost.2005.03.002

Sun, D., Fekete, G., Mei, Q., Gu, Y., 2018. The effect of walking speed on the foot inter-segment
kinematics, ground reaction forces and lower limb joint moments. Peer) 6, e5517.
https://doi.org/10.7717/peerj.5517

Teixeira-Salmela, L.F., Nadeau, S., Milot, M.-H., Gravel, D., Requido, L.F., 2008. Effects of cadence on
energy generation and absorption at lower extremity joints during gait. Clin Biomech (Bristol,
Avon) 23, 769—778. https://doi.org/10.1016/j.clinbiomech.2008.02.007

Tulchin, K., Orendurff, M., Adolfsen, S., Karol, L., 2009. The effects of walking speed on multisegment foot

kinematics in adults. J Appl Biomech 25, 377-386. https://doi.org/10.1123/jab.25.4.377

38



Umberger, B.R., Martin, P.E., 2007. Mechanical power and efficiency of level walking with different stride
rates. Journal of Experimental Biology 210, 3255—-3265. https://doi.org/10.1242/jeb.000950

van Hoeve, S., Leenstra, B., Willems, P., Poeze, M., Meijer, K., 2017. The effect of age and speed on foot
and ankle kinematics assessed using a 4-segment foot model. Medicine 96, €7907.
https://doi.org/10.1097/MD.0000000000007907

van Houve, S., de Vos, J., Weijers, P., Verbruggen, J., Willems, P., Poeze, M., Meijer, K., 2015. Repeatability
of the Oxford Foot Model for Kinematic Gait Analysis of the Foot and Ankle. Clin Res Foot Ankle
03. https://doi.org/10.4172/2329-910X.1000171

Vicon, 2002. Plug-in-Gait modelling instructions. Vicon Manual.

Watelain, E., Allard, F.B.P., Thevenon, A., Angub, J.-C., 2000. Gait Pattern Classification of Healthy Elderly
Men Based on Biomechanical Data 81.

Waters, R.L., Lunsford, B.R., Perry, J., Byrd, R., 1988. Energy-speed relationship of walking: Standard
tables. Journal of Orthopaedic Research 6, 215-222. https://doi.org/10.1002/jor.1100060208

Weir, J.P., Vincent, W.J., 2020. Statistics in Kinesiology. Human Kinetics.

Winter, D.A., 1987. The Biomechanics and Motor Control of Human Gait. University of Waterloo Press.

Winter, D.A,, Patla, A.E., Frank, J.S., Walt, S.E., 1990. Biomechanical Walking Pattern Changes in the Fit
and Healthy Elderly. Physical Therapy 70, 340-347. https://doi.org/10.1093/ptj/70.6.340

Wright, C.J., Arnold, B.L., Coffey, T.G., Pidcoe, P.E., 2011. Repeatability of the modified Oxford foot model
during gait in healthy adults. Gait Posture 33, 108-112.
https://doi.org/10.1016/].gaitpost.2010.10.084

Yoo, H.J., Park, H.S., Lee, D.-O., Kim, S.H., Park, G.., Cho, T-J., Lee, D.Y., 2022. Comparison of the
kinematics, repeatability, and reproducibility of five different multi-segment foot models. J Foot

Ankle Res 15, 1. https://doi.org/10.1186/s13047-021-00508-1

39



Appendix A: Journal of Biomechanics Author Guidelines

Retrieved from: https://www.elsevier.com/journals/journal-of-biomechanics/0021-9290/guide-for-
authors

What information to include with the manuscript

1. Having read the criteria for submissions, authors should specify in their letter of transmittal, and on
the title page, whether they are submitting their work as an Original Article, Perspective Article, Short
Communication, or a Letter to the Editor.

2. All authors should have made substantial contributions to all of the following: (1) the conception and
design of the study, or acquisition of data, or analysis and interpretation of data, (2) drafting the article
or revising it critically for important intellectual content, (3) final approval of the version to be submitted.
A letter of transmittal should be included stating this and that each of the authors has read and concurs
with the content in the manuscript.

3. All contributors who do not meet the criteria for authorship as defined above should be listed in an
acknowledgements section. Examples of those who might be acknowledged include a person who
provided purely technical help, writing assistance, or a department chair who provided only general
support. Authors should disclose whether they had any writing assistance and identify the entity that
paid for this assistance.

4. At the end of the text, under a subheading "Conflict of interest statement" all authors must disclose
any financial and personal relationships with other people or organisations that could inappropriately
influence (bias) their work. Examples of potential conflicts of interest include employment,
consultancies, stock ownership, honoraria, paid expert testimony, patent applications/registrations, and
grants or other funding.

5. All sources of funding should be declared as an acknowledgement at the end of the text. Authors
should declare the role of study sponsors, if any, in the study design, in the collection, analysis and
interpretation of data; in the writing of the manuscript; and in the decision to submit the manuscript for
publication. If the study sponsors had no such involvement, the authors should so state.

6. Only papers not previously published will be accepted; each manuscript must be accompanied by a
statement signed by all co-authors that the material within has not been and will not be submitted for
publication elsewhere except as an abstract. Emphasis will be placed upon originality of concept and
execution.

7. Authors are encouraged to suggest referees although the choice is left to the editors. If you do, please
supply the address and the email address, if known to you. Please do not include those with whom you
have had active collaboration within the past 3 years.

8. Authors now have the option of submitting additional images with their papers. The Editor-in-Chief
will choose at least one image per issue to publish as a highlighted image online on the Journal's
website, alongside his choice of highlighted articles from that issue. Images should be clearly labeled as
"Additional image for online publication".

Randomised controlled trials

All randomised controlled trials submitted for publication in the Journal should include a completed
Consolidated Standards of Reporting Trials (CONSORT) flow chart. Please refer to the CONSORT
statement website at http://www.consort-statement.org for more information. The Journal of
Biomechanics has adopted the proposal from the International Committee of Medical Journal Editors
(ICMJE) which require, as a condition of consideration for publication of clinical trials, registration in a
public trials registry. Trials must register at or before the onset of patient enrolment. The clinical trial
registration number should be included at the end of the abstract of the article. For this purpose, a

40


https://www.elsevier.com/journals/journal-of-biomechanics/0021-9290/guide-for-authors
https://www.elsevier.com/journals/journal-of-biomechanics/0021-9290/guide-for-authors
http://www.consort-statement.org/

clinical trial is defined as any research project that prospectively assigns human subjects to intervention
or comparison groups to study the cause-and-effect relationship between a medical intervention and a
health outcome. Studies designed for other purposes, such as to study pharmacokinetics or major
toxicity (e.g. phase | trials) would be exempt. Further information can be found at http://www.icmje.org.

Ethics

Work on human beings that is submitted to the Journal of Biomechanics should comply with the
principles laid down in the Declaration of Helsinki; Recommendations guiding physicians in biomedical
research involving human subjects. Adopted by the 18th World Medical Assembly, Helsinki, Finland, June
1964, amended by the 29th World Medical Assembly, Tokyo, Japan, October 1975, the 35th World
Medical Assembly, Venice, Italy, October 1983, and the 41st World Medical Assembly, Hong Kong,
September 1989. The manuscript should contain a statement that the work has been approved by the
appropriate ethical committees related to the institution(s) in which it was performed and that subjects
gave informed consent to the work. Studies involving experiments with animals must state that their
care was in accordance with institution guidelines. Patients' and volunteers' names, initials, and hospital
numbers should not be used.

Changes to Authorship

This policy concerns the addition, deletion, or rearrangement of author names in the authorship of
accepted manuscripts:

Before the accepted manuscript is published in an online issue: Requests to add or remove an author, or
to rearrange the author names, must be sent to the Journal Manager from the corresponding author of
the accepted manuscript and must include: (a) the reason the name should be added or removed, or the
author names rearranged and (b) written confirmation (e-mail, fax, letter) from all authors that they
agree with the addition, removal or rearrangement. In the case of addition or removal of authors, this
includes confirmation from the author being added or removed. Requests that are not sent by the
corresponding author will be forwarded by the Journal Manager to the corresponding author, who must
follow the procedure as described above. Note that: (1) Journal Managers will inform the Journal Editors
of any such requests and (2) publication of the accepted manuscript in an online issue is suspended until
authorship has been agreed.

After the accepted manuscript is published in an online issue: Any requests to add, delete, or rearrange
author names in an article published in an online issue will follow the same policies as noted above and
result in a corrigendum.

Article transfer

This journal uses Elsevier's Article Transfer Service to find the best home for your manuscript. This means
that if an editor feels your manuscript is more suitable for an alternative journal, you might be asked to
consider transferring the manuscript to such a journal. The recommendation might be provided by a
Journal Editor, a dedicated Scientific Managing Editor, a tool assisted recommendation, or a combination.
If you agree, your manuscript will be transferred, though you will have the opportunity to make changes
to the manuscript before the submission is complete. Please note that your manuscript will be
independently reviewed by the new journal. More information.

Review and publication process

1. You will receive an acknowledgement of receipt of the manuscript.

2. Submitted manuscripts will be reviewed by selected referees and subsequently, the author will be
informed of editorial decisions based on the referee comments, as soon as possible. As a rule,

41


http://www.icmje.org/
https://www.elsevier.com/authors/submit-your-paper/submit-and-revise/article-transfer-service/scientific-managing-editors
https://www.elsevier.com/authors/article-transfer-service

manuscripts and photographs, or other material you have submitted will not be returned to you with the
decision letter, only the referee comments will be included.

3. If your manuscript was conditionally accepted, you must return your revision with a separate sheet,
addressing all the referee comments, and explaining how you dealt with them.

4. When returning the revised manuscript to the Editorial Office, make sure that the manuscript number,
the revision number (Rev. 1,2,3. . ) and the designation Original/Copy are clearly typed on the top of the
title pages of the original manuscript and all copies.

5. When the final version of the manuscript is accepted, the corresponding author will be notified of
acceptance and the manuscript will be forwarded to production.

6. Upon acceptance of an article, authors will be asked to sign a "Journal Publishing Agreement" (for
more information on this and copyright see https://www.elsevier.com/copyright). Acceptance of the
agreement will ensure the widest possible dissemination of information. An e-mail (or letter) will be sent
to the corresponding author confirming receipt of the manuscript together with a 'Journal Publishing
Agreement' form. If excerpts from other copyrighted works are included, the author(s) must obtain
written permission from the copyright owners and credit the source(s) in the article. Elsevier has
preprinted forms for use by authors in these cases: contact Elsevier's Rights Department, Philadelphia,
PA, USA: Tel. (+1) 215 238 7869; Fax (+1) 215 238 2239; e-mail healthpermissions@elsevier.com .
Requests may also be completed online via the Elsevier homepage
(https://www.elsevier.com/locate/permissions).

7. One set of page proofs in PDF format will be sent by e-mail to the corresponding author (if we do not
have an e-mail address then paper proofs will be sent by post). Elsevier now sends PDF proofs which can
be annotated; for this you will need to download Adobe Reader version 7 available free

from http://www.adobe.com/products/acrobat/readstep2.html. Instructions on how to annotate PDF
files will accompany the proofs. The exact system requirements are given at the Adobe

site: http://www.adobe.com/products/acrobat/acrrsystemregs.html#70win.If you do not wish to use the
PDF annotations function, you may list the corrections (including replies to the Query Form) and return
to Elsevier in an e-mail. Please list your corrections quoting line number. If, for any reason, this is not
possible, then mark the corrections and any other comments (including replies to the Query Form) on a
printout of your proof and return by fax, or scan the pages and e-mail, or by post. Please use this proof
only for checking the typesetting, editing, completeness and correctness of the text, tables and figures.
Significant changes to the article as accepted for publication will only be considered at this stage with
permission from the Editor. We will do everything possible to get your article published quickly and
accurately. Therefore, it is important to ensure that all of your corrections are sent back to us in one
communication: please check carefully before replying, as inclusion of any subsequent corrections
cannot be guaranteed. Proofreading is solely your responsibility. Note that Elsevier may proceed with
the publication of your article if no response is received.

8. After publication, the corresponding author, at no cost, will be provided with a PDF file of the article
via e-mail. The PDF file is a watermarked version of the published article and includes a cover sheet with
the journal cover image and a disclaimer outlining the terms and conditions of use.

Supplementary Website material

Elsevier now accepts electronic supplementary material to support and enhance your scientific research.
Supplementary files offer the author additional possibilities to publish supporting applications, movies,
animation sequences, high-resolution images, background datasets, sound clips and more.
Supplementary files supplied will be published online alongside the electronic version of your article in
Elsevier web products, including ScienceDirect http://www.sciencedirect.com. In order to ensure that
your submitted material is directly usable, please ensure that data is provided in one of our
recommended file formats. Authors should submit the material in electronic format together with the

42


https://www.elsevier.com/copyright
mailto:healthpermissions@elsevier.com
https://www.elsevier.com/locate/permissions
http://www.adobe.com/products/acrobat/readstep2.html
http://www.adobe.com/products/acrobat/acrrsystemreqs.html#70win
http://www.sciencedirect.com/

article and supply a concise and descriptive caption for each file. For more detailed instructions please
visit: https://www.elsevier.com/artwork.

This journal offers electronic submission services and supplementary data files can be uploaded with
your manuscript via the web-based submission

system, https://www.editorialmanager.com/BM/default.aspx.

Preparation of the manuscript

1. All publications will be in English. Authors whose 'first' language is not English should arrange for their
manuscripts to be written in idiomatic English before submission.

2. Authors should bear in mind that readers potentially include scientists from various disciplines.
Abstracts, introductions and discussions should be in relatively non-specialised language so that a broad
biomechanics audience may understand them. Discussions should include an appropriate synthesis of
relevant literature for those not intimately familiar with the specific field. Implications for other fields
should be noted.

3. A separate title page should include the title, authors' names and affiliations, and a complete address
for the corresponding author including telephone and fax numbers as well as an E-mail address. Authors
should supply up to five keywords. Keywords may be modified or added by the Editors. Please provide a
word count (Introduction through Discussion) on the title page. All pages, starting with the title page,
should be numbered.

4. An abstract not exceeding one paragraph of 250 words should appear at the beginning of each Survey,
Original Article, Perspective Article or Short Communication; the abstract will serve instead of a
concluding summary and should be substantive, factual and intelligible without reference to the rest of
the paper.

5. Papers involving human experiments should contain a statement in the Methods section that proper
informed consent was obtained. Papers involving animal experiments should contain a statement in the
Methods section that the experiments conducted were within the animal welfare regulations and
guidelines for the country in which the experiments were performed.

The Journal of Biomechanics supports the ARRIVE (Animal Research: Reporting In Vivo Experiments)
guidelines to improve standards of reporting of animal experiments and ensure that the data can be fully
evaluated and utilized [http://www.nc3rs.org.uk/page.asp?id=1357] (Kilkenny C, Browne WJ, Cuthill IC,
Emerson M, Altman DG (2010) Improving Bioscience Research Reporting: The ARRIVE Guidelines for
Reporting Animal Research. PLoS Biol 8(6): e1000412. doi:10.1371/journal.pbio.1000412). Adherence to
these recommendations will greatly facilitate the review of manuscripts, decrease the likelihood of
multiple revisions, and improve the chances of acceptance for publication.

6. Acknowledgements should be included after the end of the Discussion and just prior to the
References. Include external sources of support.

7. The text should be ready for setting in type and should be carefully checked for errors prior to
submission. Scripts should be typed double-spaced.

8. All illustrations should accompany the typescript, but not be inserted in the text. Refer to
photographs, charts, and diagrams as 'figures' and number consecutively in order of appearance in the
text. Substantive captions for each figure explaining the major point or points should be typed on a
separate sheet.

Please make sure that artwork files are in an acceptable format (TIFF, EPS or MS Office files) and are of
the correct resolution. Information relating to the preferred formats for artwork may be found

at http://www.elsevier.com/artwork.

If, together with your accepted article, you submit usable colour figures then Elsevier will ensure, at no
additional charge, that these figures will appear in colour on the web (e.g., ScienceDirect and other sites)
regardless of whether or not these illustrations are reproduced in colour in the printed version. For

43


https://www.elsevier.com/artwork
https://www.editorialmanager.com/BM/default.aspx
http://www.nc3rs.org.uk/page.asp?id=1357
http://www.elsevier.com/artwork

colour reproduction in print, authors will be charged at current printing prices unless colour printing has
been requested free of charge, at the discretion of the editors.

9. All key references related to methods must be from published materials; submitted manuscripts,
research reports, or theses which would be unavailable to readers should be avoided. References are
indicated in the text alphabetically by names of the authors and the year of publication, e.g. Ralston
(1957) or (Brown and Shaw, 1984; Lai et al., 1978). The full references should be collected in a separate
section at the end of the paper in the following forms:

A. Journals:

The reference should include the title of the paper, the title of the journal in full and the first and last
page number.

Belardinelli, E. Cavalcanti, S., 1991. A new non-linear two-dimensional model of blood motion in tapered
and elastic vessels. Computers in Biology and Medicine 21, 1-3.

B. Books:

If the work referred to is a book, or part of a book, the reference should be in the following form:
Weiner, S., Traub, W., 1991. Organization of crystals in bone. In: Suga, S., Nakahara, H. (Eds.),
Mechanisms and Phylogeny of Mineralisations in Biological Systems. Springer, Tokyo, pp. 247-253.

C. Theses

van Werff, K., 1977. Kinematic and dynamic analysis of mechanisms. A finite element approach. PhD.
thesis, Delft University Press, Delft.

D. Proceedings

van Soest, A. )., van den Bogert, A. J., 1991. Criteria for the comparison of direct dynamics software
systems to be used in the field of biomechanics. In Proceedings of the 3rd International Symposium on
Computer Simulation in Biomechanics. University of Western Australia, Perth.

E. Footnotes

As distinct from literature references, should be avoided. Where they are essential, superscript Arabic
numbers should be employed.

Data references:

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing them in
your text and including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), year, and
global persistent identifier. Add [dataset] immediately before the reference so we can properly identify it
as a data reference. This identifier will not appear in your published article.

Example: [dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for Japanese
oak wilt disease and surrounding forest compositions. Mendeley Data,

v1. http://dx.doi.org/10.17632/xwij98nb39r.1.

10. Sl (Metric) Units must be used for all quantities in text, figures and tables. It is suggested that a
complete list of symbols used and their explanation be included, in a notation section at the beginning of
the manuscript.

11. Authors submitting manuscripts reporting data on cell responses to mechanical loads should report
their study according to the standards suggested in the Editorial accompanying our special Issue on cell
mechanics (Volume 33, Issue 1).

Research Data

This journal encourages and enables you to share data that supports your research publication where
appropriate, and enables you to interlink the data with your published articles. Research data refers to
the results of observations or experimentation that validate research findings. To facilitate

44


http://dx.doi.org/10.17632/xwj98nb39r.1

reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement about
the availability of your data when submitting your manuscript. If you are sharing data in one of these
ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to the
"References" section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding of
the research described.

There are different ways to link your datasets to your article.

When available, you can directly link your dataset to your article by providing the relevant information in
the submission system. For more information, visit the database linking page .

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053; PDB:
1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw and
processed data, video, code, software, algorithms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading your
manuscript, you will have the opportunity to upload your relevant datasets directly to Mendeley Data.
The datasets will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.

Data statement

To foster transparency, we encourage you to state the availability of your data in your submission. This
may be a requirement of your funding body or institution. If your data is unavailable to access or
unsuitable to post, you will have the opportunity to indicate why during the submission process, for
example by stating that the research data is confidential. The statement will appear with your published
article on ScienceDirect. For more information, visit the Data statement page.

45


https://www.elsevier.com/authors/journal-authors/research-data
https://www.elsevier.com/databaselinking
https://www.elsevier.com/books-and-journals/enrichments/data-base-linking/supported-data-repositories
https://www.elsevier.com/books-and-journals/enrichments/mendeley-data-for-journals
https://www.elsevier.com/books-and-journals/enrichments/data-profile

Appendix B: WWU Informed Consent

Informed Consent Form

Introduction

My name is Harsh Buddhadev, and | am a faculty member at Western Washington University
(WWU). | also hold a role as a professor.

My name is Emily Lovekin, and | am a student at WWU. | also hold a role as a Graduate
Teaching Assistant.

We are conducting a research study to determine effect of step length on 3D foot motion during
walking. The name of this research study is “Foot motion during walking”. I am seeking your
consent to participate in this study.

Please read this document to learn more about this study and determine if you would like to
participate. Your participation is completely voluntary, and | will address your questions or
concerns at any point before or during the study.

Eligibility
You may participate in this research if you meet all of the following criteria:

1. You are a healthy person between 18 and 30 years who can walk for more than 10
minutes without needing to rest.
2. You do not have flat feet, or any other conditions, injuries, or surgeries that affect your
foot or walking.
I hope to include 100 people in this research.

Activities
If you decide to participate in this study, you will be asked to do the following activities:

1. Complete a 1.5-hour testing session in the Biomechanics lab located at Carver 305

2. Review and sign this informed consent document. Complete two short questionnaires and
then your arch height will be measured in sitting and standing for both feet. This will take
about 10-minutes.

3. Change into spandex tank tops and shorts provided by the researchers. Then your height,
weight, leg length, and hip, knee and ankle width will be measured over 10 minutes.

4. 43 markers will be applied on your skin and clothes using a double-sided tape on your
right and left feet, lower leg, thigh, and hips. Then you will stand barefoot with hands
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across your chest for 5 seconds as we collect data about the positions of the markers
using a motion capture system. This process will last 10 minutes.

5. You will then walk barefoot at your preferred speed or a fixed speed of 2.9 miles per hour
(mph) five times across a 12-meter distance. If you are assigned walking speed of 2.9
mph, then your speed will be checked after each trial to ensure it is within a range of 2.8-
3.0 mph. If the speed is not in this range, then you will repeat the trial until 5 trials within
this range are collected. This process will take about 10 minutes.

6. You will then walk barefoot over the 12-meter distance 5 times under these 3 conditions
in a random order: 1) walking at the assigned speed at your average preferred step length,
2) walking at the assigned speed with the average step length shortened by 10% of your
leg length, and 3) walking at the assigned speed with the average step length lengthened
by 10% of your leg length. As you do these walking trials, we will measure the position
of the markers using a motion capture system and forces applied by your foot on the
ground using force plates located midway along the 12-meter distance.

7. For each condition, you will walk barefoot at the beat of a metronome and step on tape
marks placed on the floor. You will be given a few practice trials to get used to walking
at the beat of a metronome while contacting the tape marks using the natural heel to toe
walking pattern. After each trial we will check if you were within 3% range of the
assigned speed, if not then trials will be repeated until 5 trials are within this speed range.
This process will take 45 minutes, about 15 minutes per condition.

8. The researchers will then remove the markers placed on your body and then you will
change back into your own clothes and return the spandex clothes to the researchers. This
will take 5 minutes.

During these activities, you will be asked questions about:
e Your age and gender

e Whether you have or had any injury, surgery, or condition that affects your foot or
walking.

e Using a survey, we will ask questions about foot and ankle related difficulty you
experienced in the past week doing daily activities such as standing, walking, going up
stairs, etc. We will also ask you to share your level of foot and ankle pain in general, at
rest, during normal activity, and first thing in the morning.

All activities and questions are optional: you may skip any part of this study that you do not wish
to complete and may stop at any time.
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Risks

There are no foreseeable risks or discomforts associated with this study. You can still skip any
question you do not wish to answer, skip any activity, or stop participation at any time.

Benefits

If you participate, there are no direct benefits to you. This research may increase the body of
knowledge in the subject area of this study.

Privacy and Data Protection

We will take reasonable measures to protect the security of all your personal information, but we
cannot guarantee confidentiality of your research data. In addition to us, the following people
and offices will have access to your data:

e The WWAU Institutional Review Board

We will securely store your data for 3 years.

How the Results Will Be Used

We will publish the results in Emily Lovekin’s thesis, and in Harsh Buddhadev’s and Emily
Lovekin’s research presentations and publications. Participants will not be identified in the
results.

Contact Information

If you have questions, you can contact me at: lovekie@wwu.edu.

My Faculty Advisor’s name is Dr. Harsh Buddhadev. He works at Western Washington
University and are supervising me on the research. You can contact him at: buddhah@wwu.edu.

If you have questions about your rights in the research or if a problem or injury has occurred
during your participation, please contact the WWU Institutional Review Board at
compliance@wwu.edu or 360-650-3220.

Voluntary Participation

If you decide not to participate, or if you stop participation after you start, there will be no
penalty to you: you will not lose any benefit to which you are otherwise entitled.
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The Foot & Ankle Disability Index (FADI) Score

Appendix C: The Foot & Ankle Disability Index (FADI) Score

Clinician's name (or ref)

Patient's name (or ref

Please answer every question with one response that most closely describes your condition within the past week. If the
activity in question is limited by something cther than your foot or ankle, mark NAA

No difficulty Slight

Moderate

Extreme

difficulty  difficulty  difficulty ~ onapletodo
1. Standing ] O O o O
2. Walking on even ground ) O ] i O
3. Walking on even ground without shoes 9 2 O o 9]
4. Walking up hills O O O O O
5. Walking down hilis 7 O O O O
6. Going up stairs 9 o O o o
7. Going down stairs 0 O o O o
8. Walking on uneven ground O O O ] o
9. Stepping up and down curves O 0 o o 9]
10. Squatting O O O o O
11. Sleeping O O O O o
12. Coming up to vour toes O O O o O
13. Walking initially O O O O
14. Walking 5 minutes or less O O O o O
15. Walking approximately 10 minutes O O O o O
16. Walking 15 minutes or greater ) O O O ]
17. Home responsibilities O o o ]
18. Activities of daily living O O o o o
18. Personal care 0 O ) O O
20. Light to moderate work (standing, walking) O O ) o )]
21. Heawy work (push/pulling, climbing, carrying) O O ] o o
22. Recreational activities ] O O 9] o
NO PAIN MODERATE SEVERE UNBEARAELE
23. General level of pain @ O o o O
24. Pain at rest @] o O O o
25. Pain during your normal activity g O O o O
26. Pain first thing in the morning QO O O O O

Thank you very much for completing all the gquestions in this questionnaire.
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Appendix: D: Personal Health Questionnaire

PERSONAL HEALTH HISTORY

Please complete this as accurately and completely as possible.

CIRCLE ONE

Are you able to walk continuously at a comfortable walking speed for
10 minutes without major discomfort or needtorest? ................ocooiiiinl. YES / NO
If NO, do not proceed further with the questionnaire.

Do you have flat feet?. .. ..o YES / NO

Have you ever had any surgery on your feet?. ...t YES / NO

Have you recently (i.e. in the past year) had any injury to your feet?.. ................ YES / NO
If YES, do not proceed further with the questionnaire.

Do you have any other health issues (e.g., pain, numbness, etc.) that
restrict or prevent normal walking ability?...........ccuuiiiiiiii s YES / NO
If YES, do not proceed further with the questionnaire.
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Appendix E: Participant Recruitment Flyer

Participants Needed!

Research: To Determine Foot Motion During Walking

What will you do?
1 Testing session lasting 1.5 hours
“ You will stand and walk barefoot during the session

Who can participate?

¢ Adults ages 18-30 years

¢ Able to walk continuously for +10 minutes
“* No foot/ankle surgeries or injuries

“* No difficulty walking

** No flat feet

Please email lovekie@wwu.edu to find out if you are
eligible!
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