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Abstract: Toe-in and toe-out gait modifications have received increasing attention as an effective,
conservative treatment for individuals without severe osteoarthritis because of its potential for
improving knee adduction moment (KAM) and knee flexion moment (KFM). Although toe-in and
toe-out gaits have positive effects on tibiofemoral (TF) joint pain in the short term, negative impacts
on other joints of the lower extremity may arise. The main purpose of this study was to quantitatively
compare the effects of foot progression angle (FPA) gait modification with normal walking speeds in
healthy individuals on lower-extremity joint, ground reaction force (GRF), muscle electromyography,
joint moment, and TF contact force. Experimental measurements using the Vicon system and
multi-body dynamics musculoskeletal modelling using OpenSim were conducted in this study. Gait
analysis of 12 subjects (n = 12) was conducted with natural gait, toe-in gait, and toe-out gait. One-way
repeated measures of ANOVA (p < 0.05) with Tukey’s test was used for statistical analysis. Results
showed that the toe-in and toe-out gait modifications decreased the max angle of knee flexion by 8.8
and 12.18 degrees respectively (p < 0.05) and the max angle of hip adduction by 1.28 and 0.99 degrees
respectively (p < 0.05) compared to the natural gait. Changes of TF contact forces caused by FPA gait
modifications were not statistically significant; however, the effect on KAM and KFM were significant
(p < 0.05). KAM or combination of KAM and KFM can be used as surrogate measures for TF medial
contact force. Toe-in and toe-out gait modifications could relieve knee joint pain probably due to
redistribution of TF contact forces on medial and lateral condylar through changing lateral contact
centers and shifting bilateral contact locations.

Keywords: gait modification; toe-in and toe-out; electromyography; musculoskeletal model

1. Introduction

Being a critical load-bearing and movement joint for the lower extremity, the knee joint is often
afflicted by diseases, and a variety of complicated factors are associated with the development,
maintenance, and health of the joint tissues [1,2]. It is not surprising that a significant level of research
is devoted to the knee joint. For patients with mild knee disease, joint replacement and medication
(associated with a high risk of side effects) are not necessarily required to reduce knee joint load and
pain [3]. Therefore, there is a need for conservative treatments to reduce peak values of tibiofemoral
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(TF) contact force or knee joint reaction force (JRF), such as valgus knee bracing [4], variable-stiffness
shoes [5], lateral wedges [6], and gait modification/retraining [7,8].

Gait modification includes adjustments in trunk lean, walking speed, and the foot progression
angle (FPA). It has been reported that gait modifications have a significant effect on ground reaction
force (GRF) and knee adduction moment (KAM) during stance phases [9–11], the effects of which
depend on participant type (age, gender, and with osteoarthritis or healthy), gait modification type, and
implementation level of gait modification. Trunk lean is reported to be highly efficient in reducing peak
KAM values, while potential adverse effects including lower back discomfort, imbalance, and difficulty
in maintenance for a long time [12,13]. Although the toe-in and toe-out gait patterns could alleviate the
progression of knee OA (osteoarthritis), the detailed mechanism is still vague [14,15]. Gait modification
has showed positive benefits at the knee joint, but it might be associated with negative effects on other
joints; the longer-term effects of the toe-in and toe-out gait modifications in patients with knee OA is
unknown. Previous work reported that peak value of KAM is positively related to walking speed;
however, whilst peak KAM reduces with decreasing walking speed, the load duration on the knee
joint increases and the effect of gait modifications on neuromuscular function is less [16,17]. Bennet
et al. [18] reported that toe-in and toe-out with wider step width gaits seem to be viable options to
reduce peak adduction moment but that sagittal and transverse knee loadings should be monitored.
Controlling FPA implies modifying the gait by either toe-in or toe-out adjustment. Individualized
toe-in and toe-out would lead to immediate quadricep and hamstring co-contraction increases in
healthy adults. However, after adjusting the gait for a short period of time, the co-activations of these
muscles were not significant [11].

The effective outcome of FPA gait modification is mainly adjusting the peak values of KAM in a
short period of time [10,11]. Because it is very difficult to directly measure TF contact forces, KAM has
often been used for predicting total TF force and has been considered as a proxy for medial TF contact
force [9,16,19]. From literature, it is not clear whether KAM should be used as a surrogate measure for
total TF force or medial TF contact force. Higher KAM is related to radiographic structure changes at
knee joints and cartilage degeneration [1,20]. Some research work also has suggested that the knee
flexion moment (KFM) also plays an important role in knee loading and that it should also be taken
into account [14,21]. Richards et al. [14] suggested that the combination of KAM and KFM yields an
improved surrogate measure for TF contact force than KAM alone; however, it improved only the first
peak values not the second peak values of knee contact force during the stance phase. While FPA gait
modification showed that the first peak KAM is reduced, it remains unclear whether these treatments
subsequently increased the peak KFM and TF contact force. Previous studies showed that the reduced
peak KFM also carries the risk of causing quadricep weakness, which might be associated with
developing knee osteoarthritis (OA) [7,21]. Increasing quadricep strength could improve functional
outcomes and could alleviate pain in patients with OA [22]. However, it is still unclear whether an
increase in KFM is related to quadriceps strength and whether it would increase the KAM and/or the
TF contact force, which further affects the progression of OA [20]. On the other hand, modified gait
patterns will involve changes at more than one body segment and one joint. Positive benefits at the
TF joint might be linked with negative impact on other joints concurrently [11]. Furthermore, muscle
coordination also plays a key role in contributing TF contact force [23–26]. Miller et al. [27] conducted
only computer simulations to predict contact forces by gait modification; they reported that gait
modification can reduce the peak KAM from normal walking. From the literature review, it was found
that there was little information on the study of Chinese subjects through gait modifications, especially
lacking analysis by using musculoskeletal modelling. To address the above issues, quantitatively
comparing differences in lower-extremity kinematics, dynamics, and electromyography caused by FPA
gait modification is important and will be conducted herein.

Therefore, the first objective of this paper was to study the effects of toe-in and toe-out gaits through
experimental measurement and computer modelling at normal walking speeds on lower-extremity
joint angles, GRF, electromyography (EMG) of muscles crossing the knee joint, lower-extremity joint
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moment, and TF contact force during level walking. The second objective was to evaluate whether
KAM can be used as a surrogate measure for medial or total TF contact force.

2. Methods

2.1. Experimental Data

Twelve healthy participants (6 males and 6 females) were recruited in this study; the mean values
of the participants are as follows: age 24.3 ± 2.12 years old, weight 57.6 ± 11.58 kg, height 1.7 ± 0.07 m,
and BMI 19.8 ± 2.67 kg/m2. All participants have no history of lower-extremity injury that required
surgery and no joint instability phenomenon within the previous six months. The study was approved
by the University Research Ethics Committee, Taiyuan University of Technology, and all participants
agreed to and signed consent forms for the study.

Three-dimensional body motion was recorded by using the 10-camera Vicon system and 16
light-reflecting skin markers of 14-mm diameter, with a sampling frequency of 100 Hz. The Vicon
Plug-in Gait markers were attached at anatomical landmarks of the lower extremity; upper limb
kinematic data were not collected. Detailed information on the markers and the surface EMG
locations are shown in Figure 1a; the locations of the markers were selected based on the anatomical
skeleton landmarks with the help of an orthopedist. Prior to attaching the markers, anthropometric
measurements (leg length, knee width, and ankle width) were taken for scaling and establishing the
lower-extremity model in the Vicon system. After attaching surface markers, EMG data of nine muscles
(rectus femoris, vastus medialis, vastus lateralis, peroneus longus, tibialis anterior, semitendinosus,
biceps femoris, gastrocnemius medialis, and gastrocnemius laterialis) surrounding the right knee
were sampled at 1500 Hz using surface electrodes to qualitatively compare muscle activations that
are directly related to muscle forces [28,29]. EMG electrode locations of the muscles were identified
from the muscle belly or muscle orientation; participants were asked to make specified postures and to
touch the muscles by hand. Prior to application of electrodes, selected sites were shaven, abraded, and
cleaned with alcohol based on published guidelines [30]. GRF data were collected synchronously at
1500 Hz using three AMTI force plates embedded in the laboratory floor during the gait trials and a
metronome-controlled frequency of approximately 1.58 Hz (95 steps/min), which was chosen after
measuring subjects’ walking speed. Three gait patterns including natural, toe-in, and toe-out were
selected and measured to understand their influence on lower-extremity joint kinematics, dynamics,
and muscle forces [9,10,31]. To control the FPA of participants, prior to collecting each gait pattern
data, the participants were asked to adapt their FPA to the required angles for the toe-in and toe-out
gait patterns, which are shown Figure 2; the FPA were marked on the floor with white tapes. Five
trials were conducted for each gait pattern. The study hypothesized that the FPAs of the five trials for
each gait were consistent and would not affect the validity of the results.
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Figure 2. Schematic diagram for foot progression angle in the toe-out and toe-in gait patterns: L
represents the left foot position, R the right foot position, and the arrow represents the forward direction
while walking.

2.2. Musculoskeletal Model

An adapted model was developed in OpenSim 3.3 to analyze the joint inverse dynamics (ID) and
TF contact force of the lower extremity based on the generic musculoskeletal model Gait2354_Simbody
(Figure 1b). The model consists of pelvis, left and right thigh, shank, and foot. The lower extremity—a
five degrees-of-freedom (DOF) hip—was modelled as a ball-and-socket joint (3 DOFs), and the knee and
ankle were modeled as revolute joints, with one DOF. In order to obtain the knee abduction/adduction
moment, the right knee was assigned an additional one DOF in the frontal plane. All DOFs were free
to move, except for knee adduction/abduction, which was locked during the inverse kinematics (IK)
solution. However, knee adduction/abduction DOF was permitted when using the ID tool. After
scaling the generic model based on the static trial and anthropometric measurements, a sequence of
calculations including IK, ID, static optimization (SO), and JRF analysis was performed to estimate
joint moment and TF contact forces. IK calculated model joint angles that best match the experimental
motion data. Obtaining high-accuracy results from IK was essential for using ID, SO, and JRF analysis
tools. ID determined the net forces and torques at each joint responsible for a given movement and
GRF. SO predicted muscle forces based on the objective function, which is the minimization of the sum
of squared muscle activations [32]. OpenSim’s JRF analysis was used to compute joint reaction forces
using the SO results as inputs, following the previous study [33].

2.3. Data Analysis

The experimental results (joint angle, GRF, and EMG signal) and modelling results (joint moment
and TF joint contact force) were analyzed. The dynamic Plug-in Gait model in the Vicon system was
used to generate required joint angles. Data processing for the recorded markers, EMGs, and GRFs
were based on previous study [34]. Raw marker data and GRFs were stored in .C3D file formats;
they need to be converted to OpenSim file formats (.trc and .mot files) by a Matlab programme with
zero-lag second-order low pass Butterworth filter at the cutoff frequencies of 6 Hz and 8 Hz respectively.
Considering the delay of 312 ms, preprocessed EMGs of each muscle were normalized to the peak
values, which were obtained from a series of gait trials and exported to .mot files. The processed
marker trajectories and GRFs were imported into OpenSim software to compute joint moments and
JRF of the TF joint using ID, OS, and JRF analysis sequentially. The compressive TF contact force was
computed as a component of the resultant force acting on the tibia and parallel to the long axis of the
tibia [17]. A complete gait cycle (from the right heel strike to the next right heel strike) of three gait
patterns (natural, toe-in, and toe-out) was analyzed to obtain lower limb joint angle, muscle EMG, joint
moment, TF, and JRF. The stance phase (right heel strike to right toe off) was analyzed to produce the
GRF curves.

One-way repeated measures of ANOVA were performed for maximum joint angles, GRFs, JRFs,
and joint moment to detect statistically significant differences among the gait patterns; Tukey’s test
was used to determine statistically significant difference between the gaits. Variables with statistically
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significant differences are denoted by * or # in the paper. The alpha level was set to 0.05; all statistical
analysis was carried out using OriginPro 9. Maximum joint angles, GRFs, JRFs, and joint moment
were presented in tables as mean ± SD (standard deviation) of the 12 participants with 5 trials of each
gait pattern. However, mean ± SD of peak EMG/activation of 5 trials for each muscle of an individual
participant were presented in Appendix A due to large differences among 12 participants.

3. Results

3.1. Joint Angles

The lower-extremity joint angles during the gait cycle of the three gait patterns are presented in
Figure 3, and statistical analysis of maximum values are listed in Table 1. The results in Figure 3 and
the following figures will be qualitatively described. Three gait patterns showed similar trends for
joint angles in the sagittal plane (hip flexion, knee flexion, and ankle plantarflexion). Compared to
the natural gait, a post hoc test revealed that the toe-in and toe-out gaits decreased the max angle of
knee flexion by 8.8 and 12.18 degrees respectively (p < 0.05) and the max angle of hip adduction by
1.28 and 0.99 degrees respectively (p < 0.05). The toe-in gait reduced the max angle of hip abduction
by 2.19 degrees (p < 0.05), while the toe-out gait increased it by 2.34 degrees (p < 0.05). The toe-out
gait reduced the hip adduction angles and ankle adduction angles (stance phase cycle) in the frontal
plane. The toe-in gait pattern increased hip adduction angles during the early stance and swing phases;
however, the ankle adduction angles were decreased during the stance phase. Change of angles in the
transverse plane (hip rotation and ankle rotation) was directly linked to the angle differences caused
by the FPA gait modifications. More information on the joint angle changes are shown in Figure 3 and
Table 1.
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Table 1. Max joint angles of hip, knee, and ankle joints (mean ± SD).

Joint Angle (Degree) Natural Toe-In Toe-Out p-Value

Max hip flexion 34.46 (2.94) 36.73 (5.65) 37.95 (4.45) 0.13
Max hip extension 5.26 (3.63) 4.6 (4.51) 4.18 (4.90) 0.21
Max hip adduction 7.17 (1.72) 5.89 (3.35) * 6.18 (1.71) # 0.04
Max hip abduction 5.96 (5.25) 3.77 (2.41) * 8.30 (3.26) *# 0.01

Max hip internal 2.71 (5.88) 10.54 (4.11) * −2.70 (4.08) *# 0.01
Max hip external 9.67 (9.66) −3.02 (9.95) * 19.15 (8.50) *# 0.03
Max knee flexion 75.60 (8.86) 67.43 (8.83) * 63.42 (7.84) *# 0.03
Min knee flexion 8.95 (0.92) 10.93 (2.27) 9.64 (0.69) 0.07

Max ankle dorsiflexion 19.46 (18.90) 19.01 (17.80) 30.71 (2.69) 0.29
Max ankle plantar 4.42 (14.93) 2.52 (13.47) −10.25 (7.46) 0.07

Max ankle adduction 38.41 (4.37) 34.33 (5.50) 38.28 (3.84) 0.06
Max ankle internal 17.16 (12.78) 22.99 (15.73) * 7.07 (7.24) *# 0.01

* Significantly different from natural gait, # significantly different from toe-in gait.

3.2. Ground Reaction Force

The mean measured GRFs of 12 participants with 5 trials of the natural, toe-in, and toe-out gait
patterns during the stance phase are presented in Figure 4, and statistical analysis of maximum and
peak values are listed in Table 2. The second peak force in the Medial-Lateral (ML) direction was
statistical significantly different among the three gait patterns (p = 0.04). Tukey’s test did not reveal
significant differences between the natural gait and the toe-in gait. However, the toe-out increased
the second peak value in the ML direction by 20% compared to the natural gait. GRF differences
caused by the toe-in and toe-out gait patterns in the Anterior-Posterior (AP) and vertical directions
were not significant.
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Table 2. GRFs in three directions (mean ± SD).

GRF (BW) Natural Toe-In Toe-Out p-Value

Max posterior force 0.134 (0.02) 0.142 (0.02) 0.128 (0.02) 0.23
Max anterior force 0.099 (0.02) 0.095 (0.01) 0.098 (0.01) 0.42

1st peak in the SI direction 0.97 (0.02) 0.96 (0.04) 0.96 (0.03) 0.57
2nd peak in the SI direction 0.99 (0.03) 0.99 (0.02) 0.99 (0.03) 0.44
1st peak in the ML direction 0.05 (< 0.01) 0.05 (0.01) 0.05 (0.01) 0.43
2nd peak in the ML direction 0.05 (0.05) 0.04 (0.02) 0.06 (0.01) # 0.04

SI: supior-inferior, ML: medial-lateral, # significantly different from toe-in gait.

3.3. Electromyography

The measured muscle activations of each participant with three gait conditions are shown in
Appendix A. The results showed that each muscle of the same participant has similar EMG trends
among the three gaits but that the trends are different from other participants (Figures A1–A12).
In order to compare EMG/activation of each muscles caused by FPA modifications, EMG data that
satisfy the following criteria were presented: when SD of muscle EMG data of the natural gait is less
than 0.1 and when SD of muscle EMG of both modified gaits is less than 0.1 (Tables A1–A12). Total
number of trials of each muscle’s EMG satisfying the criteria is named as number of significant EMG
data. Frequencies of increase or decrease of activation time of each muscle over number of significant
EMG data are presented in Table 3. In most cases, the toe-in and toe-out gaits resulted in higher
values for quadriceps (rectus femoris, vastus medialis, and vastus lateralis) and peroneus longus while
reduced peak values for biceps femoris and gastrocnemius lateralis. Toe-in and toe-out gaits showed
opposite effects on tibialis anterior, semitendinosus, and gastrocnemius medialis.

Table 3. Frequency of increase or decrease of activation of each muscles/number of significant EMG data.

Muscles RF VM VL PL TA ST BF GM GL

Toe-in 3/7 ↑ 2/3 ↑ 1/1 ↑ 1/1 ↑ 1/2 ↑ 1/1 ↑ 3/5 ↓ 1/2 ↑ 1/1 ↓
Toe-out 2/2 ↑ 2/3 ↑ 3/3 ↑ 2/3 ↑ 2/2 ↓ 3/4 ↓ 4/6 ↓ 2/2 ↓ 4/5 ↓

RF: rectus femoris, VM: vastus medialis, VL: vastus laterals, PL: peroneus longus, TA: tibialis anterior,
ST: semitendinosus, BF: biceps femoris, GM: gastrocnemius medialis, GL: gastrocnemius lateralis, ↑ increase
of activation, ↓ decrease of activation.

3.4. Joint Moment

The joint moment results calculated with inverse dynamics tool in OpenSim are presented in
Figure 5, and statistical analysis results are listed in Table 4. Although the results showed that
differences among hip joint moments (flexion, adduction, and rotation moment) and knee flexion
moment were not statistically significant (p > 0.05), differences in knee adduction moment and ankle
plantarflexion moment were statistically significant (p < 0.05). Compared to the natural gait, Tukey’s
test revealed that the first peak of KAM was reduced by 11.7% in the toe-in gait but that the toe-out
gait showed an increase of the first peak by 0.8%. The second peak of KAM was reduced by 5.7% in
the toe-out gait. Compared to the natural gait, the toe-in gait and the toe-out gaits decreased the ankle
joint plantarflexion moment by 3.7% and 1.7% respectively (p = 0.04).
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forces were not changed by the toe-in and toe-out gaits. 

Figure 5. Joint moments (mean and standard deviation) calculated from the musculoskeletal model for
the natural, toe-in, and toe-out gait patterns (12 participants and 5 trials for each gait patterns).

Table 4. Joint moments of hip, knee, and ankle (mean ± SD).

Joint Moment (%BW*Ht) Natural Toe-In Toe-Out p-Value

Max hip flexion 3.21 (0.94) 3.54 (0.86) 3.34 (0.77) 0.19
Max hip extension 3.16 (0.43) 2.89 (0.57) 3.22 (0.51) 0.43
1st hip adduction 4.43 (0.66) 3.97 (0.85) 4.46 (0.70) 0.12
2nd hip adduction 4.77 (0.95) 4.51 (1.05) 4.65 (0.85) 0.55
Peak hip rotation 0.79 (0.39) 0.74 (0.35) 0.90 (0.37) 0.07

1st peak knee flexion 2.35 (0.41) 2.29 (0.55) 3.23 (0.65) 0.22
2nd peak knee flexion 1.63 (1.12) 1.45 (0.94) 1.60 (0.99) 0.50

1st knee adduction 2.23 (0.35) 1.97 (0.43) * 2.25 (0.29) # 0.04
2nd peak adduction 2.45 (0.54) 2.06 (0.72) 2.31 (0.57) # 0.03

Peak ankle plantarflexion 8.48 (0.45) 8.17 (0.59) * 8.34 (0.24) *# 0.04

BW: body weight, Ht: height, * significantly different from natural gait, # significantly different from toe-in gait.

3.5. Tibiofemoral Contact Force

The JRFs extracted from the musculoskeletal model are shown in Figure 6, and statistical analysis
of peak values are listed in Table 5. The differences of JRFs caused by the FPA modification were not
statistically significant based on the p-values (p > 0.05). In other words, the TF joint contact forces were
not changed by the toe-in and toe-out gaits.

Table 5. JRFs of the tibiofemoral (TF) joint (mean ± SD).

JRF (%BW*Ht) Natural Toe-In Toe-Out p-Value

1st peak in the AP direction 0.34 (0.05) 0.34 (0.09) 0.40 (0.05) 0.27
2nd peak in the AP direction 0.45 (0.11) 0.36 (0.07) 0.46 (0.11) 0.20

1st peak in the compressive direction −1.19 (0.05) −1.19 (0.10) −1.25 (0.08) 0.20
2nd peak in the compressive direction −1.24 (0.05) −1.21 (0.04) −1.26 (0.03) 0. 35

Peak in the ML direction 0.10 (0.02) 0.12 (0.01) 0.09 (0.01) 0.26

AP: anterior-posterior.
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4. Discussion

This study used the experimental measurements and musculoskeletal modeling to study and
compare the effects of toe-in and toe-out gaits at normal walking speeds on the lower-extremity
kinematics, dynamics, and EMGs. The results showed that the toe-in and toe-out gaits indeed
influenced these values, especially on the joint moments and EMGs. This study also showed that the
peak value of JRFs does not decrease with reducing peak KAM, which is consistent with previous
research findings [35].

Gait modification changed moments and angle of joints; for example, the toe-in gait changed joint
rotation angles at the ankle and hip joints, as shown in Table 1, and knee adduction moments at knee
joint, as shown in Figure 5. The obtained joint angles and joint moments during the natural gait are
slightly different from those reported by Hamner et al. [25], who used the IK and residual reduction
algorithm (RRA) tool to calculate joint angles during a running gait. Both the toe-in and toe-out gaits
have no statistically significant effects on reducing the peak values of GRFs in the three directions
except for the second peak ML force in the toe-out gait, as shown in Table 2.

EMG is used to detect and assess muscle coordination and activation levels; EMG signal across
different gaits may be able to provide insight into muscular force production and function of individual
muscles during movement. The use of EMG has been controversial because of considerable variations
between subjects; however, it still has reference value in individual cases where a baseline has been
established. The EMG profiles recorded for the knee-crossing muscles revealed there were differences
in EMG activations among the three gait patterns. As shown in Table 3, the toe-in and toe-out gaits
resulted in higher values for quadriceps and peroneus longus; however, they reduced EMG values for
biceps femoris and gastrocnemius lateralis. The toe-in and toe-out gaits resulted in the opposite effect
on the activations of tibialis anterior, semitendinosus, and gastrocnemius medialis.

Many studies suggested that an elevated KAM value represents an elevated TF contact force
or medial TF contact force, which has been considered as one of the important contributors to knee
osteoarthritis [36–38]. The toe-out gait increased the first peak KAM and decreased the second peak



Appl. Sci. 2019, 9, 5245 10 of 22

KAM, as shown in Table 4, which is consistent with the existing literature [9]. The second peak value
of the KAM, as shown in Figure 5, is higher than the first peak which is inconsistent with those in
the literature during the natural and toe-in gaits. It might be due to variations in the placement of
markers and because healthy individuals were measured in this paper while other studies measured
subjects with OA or TKA [14,17,35]. However, the results in Figures 4 and 6 showed that the toe-in
and toe-out gaits had little effects on the GRFs and TF joint contact forces (p > 0.05) but that it has
significant influence on the KAM and KFM during the stance phase (p < 0.05), as shown in Figure 5.
The toe-in and toe-out gaits, on the one hand, are able to relieve pain by laterally changing the center
of contact location [31,39,40]. On the other hand, a shift in the bilateral contact point locations caused
by the gait patterns also has a direct effect on the lower limb joint moment and redistribution of TF
contact forces [41]. Based on the results of significant changes in KAM, KAM or a combination of KAM
and KFM can be used as surrogate measures for TF medial contact force but not total contact force.

Although very good outcomes were obtained in this paper, there are a number of shortcomings
that should be addressed in future studies. First, participants only walking at a single speed were
studied; previous work showed that peak value of KAM is positively related to walking speed [16,17].
Therefore, the results may not be applicable to the healthy or knee OA population, especially to
people with knee arthroplasty. Second, the musculoskeletal model used in OpenSim was scaled using
weight of the subject and 16 markers. The simulation of the joint moments and knee JRFs could
be improved by using more markers. Third, the musculoskeletal model does not include ligament
and soft tissues, which also are associated with TF contact forces directly. Finally, the difference in
lower-limb kinematics, dynamics, and EMG caused by FPA gait modification were compared in this
paper but long-term effects were not assessed. Further work is needed to address these limitations, the
TF contact force may alter over time [14].

The results presented in the paper were based on an exploratory study with a relatively small
sample size; however, FPA modification results might be used by physiotherapists to help OA patients
to relieve pain and could provide loading information for engineers when they design knee replacement
implants for patients who may have toe-in or toe-out gaits. It seems more reasonable to assume that
toe-in and toe-out gaits could relieve patient pain by redistributing TF contact forces of medial and
lateral condylar due to the change of lateral contact center and the shift of bilateral contact points.
When exploring new conservative treatment methods of OA in the future, it might be more reasonable
to study the joint contact forces, contact locations, and contact areas in addition to TF joint KAM
and KFM.

5. Conclusions

The paper found that the effects of the toe-in and toe-out gaits on lower-extremity joint angles and
joint moment are statistically significant at normal walking speed. The results showed that the toe-in
and toe-out gaits reduced the maximum angle of knee flexion by 8.8 and 12.18 degrees respectively
(p < 0.05) and the maximum angle of hip adduction by 1.28 and 0.99 degrees respectively (p < 0.05)
with reference to the natural gait. The toe-in and toe-out gaits caused opposite effects on the first
peak KAM during the early stance. EMG results showed large differences in trend and magnitude of
each muscle among the participants; however, the same participant showed similar trends of each
muscle. In most cases, the toe-in and toe-out gaits resulted in higher values for quadriceps (rectus
femoris, vastus medialis, and vastus lateralis) and peroneus longus, while they reduced peak values of
biceps femoris and gastrocnemius lateralis. The differences of TF contact forces caused by FPA gait
modification were not statistically significant, while the effects on KAM and KFM were significant.
The results supported that KAM or a combination of KAM and KFM can be used as surrogate measures
for TF medial contact force.
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Figure A1. Peak EMGs/activations of nine muscles for subject 1. 

Table A1. Peak EMGs/activations of nine muscles for subject 1. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.12 < 0.01 0.14 0.01 0.56 0.23 
Vastus medialis 0.59 0.01 0.55 < 0.01 0.70 0.13 
Vastus laterals 0.51 0.08 0.50 0.13 0.71 0.07 

Peroneus longus 0.64 0.19 0.59 0.18 0.53 0.11 
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Table A1. Peak EMGs/activations of nine muscles for subject 1.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.12 < 0.01 0.14 0.01 0.56 0.23
Vastus medialis 0.59 0.01 0.55 < 0.01 0.70 0.13
Vastus laterals 0.51 0.08 0.50 0.13 0.71 0.07

Peroneus longus 0.64 0.19 0.59 0.18 0.53 0.11
Tibialis anterior 0.42 0.08 0.57 0.11 0.44 0.14
Semitendinosus 0.32 0.07 0.60 0.23 0.19 0.06
Biceps femoris 0.20 0.01 0.21 0.03 0.20 0.15

Gastrocnemius medialis 0.47 0.07 0.58 0.16 0.45 0.07
Gastrocnemius lateralis 0.38 0.04 0.68 0.22 0.19 0.03
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Tibialis anterior 0.39 0.08 0.33 0.04 0.37 0.06 
Semitendinosus 0.50 0.19 0.50 0.07 0.59 0.08 
Biceps femoris 0.45 0.06 0.39 0.19 0.53 0.08 
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Gastrocnemius lateralis 0.69 0.09 0.57 0.16 0.64 0.14 
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Figure A3. Peak EMGs/activations of nine muscles for subject 3. 

Table A3. Peak EMGs/activations of nine muscles for subject 3. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.41 0.03 0.26 0.03 0.56 0.08 
Vastus medialis 0.57 0.19 0.40 0.20 0.46 0.06 
Vastus laterals 0.64 0.28 0.73 0.16 0.82 0.06 

Peroneus longus 0.72 0.14 0.69 0.11 0.69 0.08 
Tibialis anterior 0.49 0.09 0.43 0.14 0.56 0.22 
Semitendinosus 0.47 0.11 0.52 0.21 0.36 0.08 
Biceps femoris 0.32 0.05 0.26 0.10 0.48 0.16 

Gastrocnemius medialis 0.54 0.17 0.37 0.14 0.49 0.20 
Gastrocnemius lateralis 0.28 0.16 0.52 0.23 0.20 0.05 

 

Figure A3. Peak EMGs/activations of nine muscles for subject 3.
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Table A2. Peak EMGs/activations of nine muscles for subject 2.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.31 0.04 0.30 0.04 0.30 0.28
Vastus medialis 0.68 0.21 0.61 0.03 0.57 0.14
Vastus laterals 0.52 0.12 0.49 0.08 0.57 0.13

Peroneus longus 0.55 0.11 0.55 0.08 0.46 0.09
Tibialis anterior 0.39 0.08 0.33 0.04 0.37 0.06
Semitendinosus 0.50 0.19 0.50 0.07 0.59 0.08
Biceps femoris 0.45 0.06 0.39 0.19 0.53 0.08

Gastrocnemius medialis 0.36 0.09 0.25 0.07 0.40 0.19
Gastrocnemius lateralis 0.69 0.09 0.57 0.16 0.64 0.14

Table A3. Peak EMGs/activations of nine muscles for subject 3.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.41 0.03 0.26 0.03 0.56 0.08
Vastus medialis 0.57 0.19 0.40 0.20 0.46 0.06
Vastus laterals 0.64 0.28 0.73 0.16 0.82 0.06

Peroneus longus 0.72 0.14 0.69 0.11 0.69 0.08
Tibialis anterior 0.49 0.09 0.43 0.14 0.56 0.22
Semitendinosus 0.47 0.11 0.52 0.21 0.36 0.08
Biceps femoris 0.32 0.05 0.26 0.10 0.48 0.16

Gastrocnemius medialis 0.54 0.17 0.37 0.14 0.49 0.20
Gastrocnemius lateralis 0.28 0.16 0.52 0.23 0.20 0.05
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Vastus laterals 0.60 0.15 0.76 0.08 0.70 0.17 

Peroneus longus 0.81 0.03 0.84 0.04 0.90 0.03 
Tibialis anterior 0.65 0.15 0.75 0.14 0.53 0.13 
Semitendinosus 0.55 0.14 0.38 0.06 0.37 0.07 
Biceps femoris 0.52 0.21 0.54 0.03 0.54 0.25 

Gastrocnemius medialis 0.76 0.06 0.73 0.06 0.75 0.09 
Gastrocnemius lateralis 0.26 0.02 0.46 0.10 0.25 0.11 
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Table A4. Peak EMGs/activations of nine muscles for subject 4.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.29 0.02 0.41 0.03 0.37 0.06
Vastus medialis 0.51 0.09 0.67 0.12 0.50 0.12
Vastus laterals 0.60 0.15 0.76 0.08 0.70 0.17

Peroneus longus 0.81 0.03 0.84 0.04 0.90 0.03
Tibialis anterior 0.65 0.15 0.75 0.14 0.53 0.13
Semitendinosus 0.55 0.14 0.38 0.06 0.37 0.07
Biceps femoris 0.52 0.21 0.54 0.03 0.54 0.25

Gastrocnemius medialis 0.76 0.06 0.73 0.06 0.75 0.09
Gastrocnemius lateralis 0.26 0.02 0.46 0.10 0.25 0.11
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Table A5. Peak EMGs/activations of nine muscles for subject 5.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.39 0.24 0.36 0.11 0.43 0.33
Vastus medialis 0.47 0.07 0.47 0.13 0.47 0.07
Vastus laterals 0.58 0.19 0.56 0.17 0.64 0.15

Peroneus longus 0.41 0.10 0.43 0.06 0.36 0.13
Tibialis anterior 0.44 0.11 0.50 0.14 0.77 0.21
Semitendinosus 0.76 0.12 0.77 0.19 0.45 0.07
Biceps femoris 0.46 0.10 0.47 0.21 0.46 0.22

Gastrocnemius medialis 0.69 0.15 0.71 0.18 0.56 0.11
Gastrocnemius lateralis 0.30 0.06 0.53 0.19 0.30 0.03
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Figure A6. Peak EMGs/activations of nine muscles for subject 6. 

Table A6. Peak EMGs/activations of nine muscles for subject 6. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.71 0.19 0.57 0.25 0.65 0.06 
Vastus medialis 0.63 0.03 0.47 0.29 0.59 0.12 
Vastus laterals 0.66 0.11 0.58 0.19 0.79 0.05 

Peroneus longus 0.30 0.08 0.41 0.23 0.38 0.13 
Tibialis anterior 0.43 0.11 0.50 0.23 0.44 0.09 
Semitendinosus 0.54 0.08 0.42 0.16 0.41 0.08 
Biceps femoris 0.58 0.06 0.51 0.25 0.56 0.14 

Gastrocnemius medialis 0.35 0.12 0.35 0.04 0.36 0.17 
Gastrocnemius lateralis 0.37 0.15 0.38 0.08 0.33 0.06 
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Figure A7. Peak EMGs/activations of nine muscles for subject 7. 

Table A7. Peak EMGs/activations of nine muscles for subject 7. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.65 0.03 0.65 0.09 0.61 0.21 
Vastus medialis 0.27 0.07 0.43 0.03 0.33 0.08 
Vastus laterals 0.50 0.04 0.65 0.05 0.56 0.17 

Peroneus longus 0.47 0.07 0.67 0.15 0.53 0.05 
Tibialis anterior 0.43 0.08 0.50 0.07 0.39 0.05 
Semitendinosus 0.68 0.02 0.71 0.04 0.68 0.02 
Biceps femoris 0.90 0.01 0.88 0.02 0.83 0.01 

Gastrocnemius medialis 0.53 0.11 0.58 0.10 0.60 0.19 
Gastrocnemius lateralis 0.47 0.05 0.71 0.13 0.47 0.04 
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Table A6. Peak EMGs/activations of nine muscles for subject 6.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.71 0.19 0.57 0.25 0.65 0.06
Vastus medialis 0.63 0.03 0.47 0.29 0.59 0.12
Vastus laterals 0.66 0.11 0.58 0.19 0.79 0.05

Peroneus longus 0.30 0.08 0.41 0.23 0.38 0.13
Tibialis anterior 0.43 0.11 0.50 0.23 0.44 0.09
Semitendinosus 0.54 0.08 0.42 0.16 0.41 0.08
Biceps femoris 0.58 0.06 0.51 0.25 0.56 0.14

Gastrocnemius medialis 0.35 0.12 0.35 0.04 0.36 0.17
Gastrocnemius lateralis 0.37 0.15 0.38 0.08 0.33 0.06

Table A7. Peak EMGs/activations of nine muscles for subject 7.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.65 0.03 0.65 0.09 0.61 0.21
Vastus medialis 0.27 0.07 0.43 0.03 0.33 0.08
Vastus laterals 0.50 0.04 0.65 0.05 0.56 0.17

Peroneus longus 0.47 0.07 0.67 0.15 0.53 0.05
Tibialis anterior 0.43 0.08 0.50 0.07 0.39 0.05
Semitendinosus 0.68 0.02 0.71 0.04 0.68 0.02
Biceps femoris 0.90 0.01 0.88 0.02 0.83 0.01

Gastrocnemius medialis 0.53 0.11 0.58 0.10 0.60 0.19
Gastrocnemius lateralis 0.47 0.05 0.71 0.13 0.47 0.04
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Figure A8. Peak EMGs/activations of nine muscles for subject 8. 

Table A8. Peak EMGs/activations of nine muscles for subject 8. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.39 0.08 0.50 0.05 0.78 0.13 
Vastus medialis 0.82 0.05 0.67 0.17 0.83 0.05 
Vastus laterals 0.77 0.09 0.75 0.04 0.86 0.04 

Peroneus longus 0.08 0.01 0.22 0.39 0.07 <0.01 
Tibialis anterior 0.51 0.13 0.58 0.13 0.58 0.10 
Semitendinosus 0.43 0.15 0.55 0.11 0.75 0.03 
Biceps femoris 0.34 0.10 0.47 0.07 0.28 0.09 

Gastrocnemius medialis 0.53 0.14 0.55 0.2 0.61 0.17 
Gastrocnemius lateralis 0.48 0.2 0.72 0.29 0.54 0.07 

 

Figure A8. Peak EMGs/activations of nine muscles for subject 8.
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Table A8. Peak EMGs/activations of nine muscles for subject 8.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.39 0.08 0.50 0.05 0.78 0.13
Vastus medialis 0.82 0.05 0.67 0.17 0.83 0.05
Vastus laterals 0.77 0.09 0.75 0.04 0.86 0.04

Peroneus longus 0.08 0.01 0.22 0.39 0.07 <0.01
Tibialis anterior 0.51 0.13 0.58 0.13 0.58 0.10
Semitendinosus 0.43 0.15 0.55 0.11 0.75 0.03
Biceps femoris 0.34 0.10 0.47 0.07 0.28 0.09

Gastrocnemius medialis 0.53 0.14 0.55 0.2 0.61 0.17
Gastrocnemius lateralis 0.48 0.2 0.72 0.29 0.54 0.07

Appl. Sci. 2019, x, x 19 of 24 

 19
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Table A9. Peak EMGs/activations of nine muscles for subject 9. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.57 0.03 0.40 0.13 0.62 0.29 
Vastus medialis 0.76 0.21 0.69 0.10 0.77 0.16 
Vastus laterals 0.47 0.12 0.53 0.07 0.64 0.22 

Peroneus longus 0.68 0.21 0.40 0.12 0.42 0.09 
Tibialis anterior 0.61 0.06 0.44 0.14 0.53 0.19 
Semitendinosus 0.63 0.10 0.75 0.15 0.31 0.04 
Biceps femoris 0.79 0.16 0.70 0.21 0.37 0.06 

Gastrocnemius medialis 0.52 0.11 0.59 0.22 0.40 0.12 
Gastrocnemius lateralis 0.47 0.13 0.55 0.11 0.37 0.09 

 

Figure A9. Peak EMGs/activations of nine muscles for subject 9.

Table A9. Peak EMGs/activations of nine muscles for subject 9.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.57 0.03 0.40 0.13 0.62 0.29
Vastus medialis 0.76 0.21 0.69 0.10 0.77 0.16
Vastus laterals 0.47 0.12 0.53 0.07 0.64 0.22

Peroneus longus 0.68 0.21 0.40 0.12 0.42 0.09
Tibialis anterior 0.61 0.06 0.44 0.14 0.53 0.19
Semitendinosus 0.63 0.10 0.75 0.15 0.31 0.04
Biceps femoris 0.79 0.16 0.70 0.21 0.37 0.06

Gastrocnemius medialis 0.52 0.11 0.59 0.22 0.40 0.12
Gastrocnemius lateralis 0.47 0.13 0.55 0.11 0.37 0.09



Appl. Sci. 2019, 9, 5245 18 of 22

Appl. Sci. 2019, x, x 20 of 24 

 20 

 
Figure A10. Peak EMGs/activations of nine muscles for subject 10. 

Table A10. Peak EMGs/activations of nine muscles for subject 10. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.31 0.11 0.37 0.11 0.48 0.14 
Vastus medialis 0.47 0.13 0.54 0.12 0.51 0.18 
Vastus laterals 0.62 0.02 0.73 0.16 0.87 0.07 

Peroneus longus 0.37 0.17 0.49 0.16 0.44 0.14 
Tibialis anterior 0.28 0.11 0.30 0.06 0.41 0.07 
Semitendinosus 0.58 0.21 0.55 0.10 0.26 0.09 
Biceps femoris 0.30 0.07 0.45 0.02 0.29 <0.01 

Gastrocnemius medialis 0.28 0.12 0.27 0.12 0.41 0.11 
Gastrocnemius lateralis 0.32 0.11 0.53 0.09 0.42 0.05 
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Figure A11. Peak EMGs/activations of nine muscles for subject 11. 

Table A11. Peak EMGs/activations of nine muscles for subject 11. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.46 0.16 0.50 0.10 0.30 0.02 
Vastus medialis 0.76 0.07 0.84 0.10 0.85 0.11 
Vastus laterals 0.75 0.21 0.56 0.11 0.34 0.04 

Peroneus longus 0.45 0.17 0.61 0.13 0.57 0.26 
Tibialis anterior 0.52 0.06 0.67 0.16 0.56 0.19 
Semitendinosus 0.76 0.16 0.60 0.03 0.59 0.08 
Biceps femoris 0.54 0.11 0.37 0.07 0.53 0.08 

Gastrocnemius medialis 0.43 0.05 0.44 0.06 0.47 0.14 
Gastrocnemius lateralis 0.41 0.05 0.39 0.02 0.36 0.07 

 

Figure A11. Peak EMGs/activations of nine muscles for subject 11.
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Table A10. Peak EMGs/activations of nine muscles for subject 10.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.31 0.11 0.37 0.11 0.48 0.14
Vastus medialis 0.47 0.13 0.54 0.12 0.51 0.18
Vastus laterals 0.62 0.02 0.73 0.16 0.87 0.07

Peroneus longus 0.37 0.17 0.49 0.16 0.44 0.14
Tibialis anterior 0.28 0.11 0.30 0.06 0.41 0.07
Semitendinosus 0.58 0.21 0.55 0.10 0.26 0.09
Biceps femoris 0.30 0.07 0.45 0.02 0.29 <0.01

Gastrocnemius medialis 0.28 0.12 0.27 0.12 0.41 0.11
Gastrocnemius lateralis 0.32 0.11 0.53 0.09 0.42 0.05

Table A11. Peak EMGs/activations of nine muscles for subject 11.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.46 0.16 0.50 0.10 0.30 0.02
Vastus medialis 0.76 0.07 0.84 0.10 0.85 0.11
Vastus laterals 0.75 0.21 0.56 0.11 0.34 0.04

Peroneus longus 0.45 0.17 0.61 0.13 0.57 0.26
Tibialis anterior 0.52 0.06 0.67 0.16 0.56 0.19
Semitendinosus 0.76 0.16 0.60 0.03 0.59 0.08
Biceps femoris 0.54 0.11 0.37 0.07 0.53 0.08

Gastrocnemius medialis 0.43 0.05 0.44 0.06 0.47 0.14
Gastrocnemius lateralis 0.41 0.05 0.39 0.02 0.36 0.07
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Figure A12. Peak EMGs/activations of nine muscles for subject 12. 

Table A12. Peak EMGs/activations of nine muscles for subject 12. 

Muscles Normal Toe-in Toe-out 
 Mean SD Mean SD Mean SD 

Rectus femoris 0.63 0.02 0.51 0.04 0.61 0.12 
Vastus medialis 0.66 0.18 0.59 0.17 0.59 0.12 
Vastus laterals 0.30 0.27 0.11 0.02 0.15 0.02 

Peroneus longus 0.44 0.13 0.62 0.22 0.48 0.09 
Tibialis anterior 0.41 0.11 0.50 0.10 0.46 0.10 
Semitendinosus 0.40 0.03 0.64 0.16 0.37 0.06 
Biceps femoris 0.94 0.02 0.62 0.07 0.73 0.04 

Gastrocnemius medialis 0.48 0.17 0.51 0.22 0.53 0.12 
Gastrocnemius lateralis 0.46 0.08 0.56 0.10 0.40 0.10 
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Table A12. Peak EMGs/activations of nine muscles for subject 12.

Muscles
Normal Toe-In Toe-Out

Mean SD Mean SD Mean SD

Rectus femoris 0.63 0.02 0.51 0.04 0.61 0.12
Vastus medialis 0.66 0.18 0.59 0.17 0.59 0.12
Vastus laterals 0.30 0.27 0.11 0.02 0.15 0.02

Peroneus longus 0.44 0.13 0.62 0.22 0.48 0.09
Tibialis anterior 0.41 0.11 0.50 0.10 0.46 0.10
Semitendinosus 0.40 0.03 0.64 0.16 0.37 0.06
Biceps femoris 0.94 0.02 0.62 0.07 0.73 0.04

Gastrocnemius medialis 0.48 0.17 0.51 0.22 0.53 0.12
Gastrocnemius lateralis 0.46 0.08 0.56 0.10 0.40 0.10
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