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ABSTRACT 

This paper proposes and compares two approaches that can identify different gait 

types of patients with hip osteoarthritis (OA) quantitatively using machine learning tech-

niques. One is a simple and intuitive method that does not need clustering steps, and the 

other is a more detailed classification method that subdivides the gait classification results 

of the first method.  

Force plate measurements of 22 patients with hip OA and 18 healthy subjects without 

surgical history were collected and analyzed using principal component analysis (PCA) and 

Gaussian Mixture Model (GMM) to identify different types of gait. The physical meanings 

of the identified gait types are explained using the latent features of gait obtained from PCA 

and muscle forces calculated using OpenSim.  

The approaches will not only be useful for understanding the gait patterns of patients 

with hip OA but also will be applicable in analyzing different types of gait other than those 

of patients with hip OA. 

 

Keywords: Gait classification, Principal component analysis, Gaussian mixture model, 
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I Introduction

Hip osteoarthritis (OA) is a prevalent chronic musculature disease that limits movement and accom-

panies pain [1][2]. The joint impairment and pain associated with the disease often affect patients’ gait

patterns suffering from hip OA [3]. Therefore, understanding the various effects of the disease on gait is

necessary for the appropriate care of the disease [4][5][6].

Various features of the gait of hip OA patients were studied. Some research studied the kinematic

features of the gait of patients suffering from hip OA using instruments such as motion capture systems

[7][8][9]. Joint movements of the hip, knee, and ankle joints and other kinematic features such as stride

and gait velocity of patients with hip OA and healthy subjects are shown to be different [7][10][11].

Kinetic characteristics, including joint moments and ground reaction forces of patients with hip OA and

healthy subjects, were compared and analyzed using motion capture systems and force plates [12][13][14].

Differences in muscles of patients with hip OA and healthy subjects were also studied. For example, muscle

sizes measured using magnetic resonance imaging (MRI) and muscle activation periods obtained from

electromyography (EMG) of hip OA patients are shown to be different from those of healthy subjects

[15][16][17].

Although numerous studies provide detailed information on the effects of the hip OA on gait, one

limitation is that the findings are fragmentary. In other words, the kinematic, kinetic, and muscular

features of gait are superficially shown, lacking the composite discussions that encompass various features

of the gait of hip OA patients. This is because human gait is a complex motion [18] with high-dimensional

and variable measurements [19][20][21]. Several techniques, such as principal component analysis (PCA),

are used to analyze the gait data to overcome the above limitation of previous studies. PCA is a dimension

reduction method that reduces the dimension of the given data by deriving latent features of the given

data [22]. Multidimensional and correlated gait data can be transformed into a set of low-dimensional

and uncorrelated data using PCA [23][24][25]. Since the appropriate reduction of gait data is necessary

for an effective understanding of gait, the technique is frequently used for analyzing gait measurements

[22].

An additional limitation of the previous studies on the gait of hip OA patients is that a majority

of research on the gait diagnosis of the disease focus on the severity of the disease [16][26], neglecting

the possibility of the existence of various types of gait impairment induced by the disease. To overcome

the problem, some studies tried to identify different types of gait dysfunction using clustering techniques

[27] but did not clarify quantitative standards that can distinguish different types of gait other than the

degree of severity.

Moreover, most of the diagnosis of hip OA is made through subjective and qualitative methods

such as questionnaires [28][29] and radiography [30]. Lastly, the data measurement methods present
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some limitations, especially for the measurement of muscle forces. To this end, wearable sensors such

as electromyography (EMG) and inertial sensors are used to obtain various gait data [31]. However,

attaching sensors to the human body for gait analysis can be inconvenient and disturb the natural

human movement.

Thus, this paper proposes two approaches that can quantitatively identify different gait types of

patients with hip OA using machine learning techniques. The important features of the approaches are

explained and compared. Then, the features and physical interpretations of the identified gait types are

explained with the gait types’ force plate measurements and muscle forces. The overall process of the

proposed approach is shown in Fig. 1.

Figure 1: The overall process of the proposed approach of gait type classification of hip OA patients.

II Method

2.1 Subjects

The gait experiments were conducted on 22 hip OA patients (12 women and 10 men, age : 56±13

years, weight : 67±9kg, height : 164±6cm) and 18 healthy subjects (9 women and 9 men, age : 56±9

years, weight : 64±10kg, height : 163±6.7cm) with no previous surgery history. The subject information

of the subjects that participated in the experiments are shown in Table 1.

2.2 Instrument

The gait experiments were done using force plates (2EA, AMTI, Watertown, MA, USA), and gait

data analysis was done using Python (version 3.6.7, 64-bit) with NumPy 1.16.3, matplotlib 3.0.1, and

pandas 0.23.4 packages.
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Hip OA patients Sex Age Height (cm) Weight (kg) gait velocity (m/s) stride length (m) Affected leg
Subject 1 male 52 176 70.0 0.9 0.5 left
Subject 2 female 69 153 52.0 0.8 0.3 right
Subject3 female 71 157 60 0.4 0.3 left
Subject4 female 45 157 74 0.6 0.3 left
Subject5 female 71 144 52.1 0.7 0.4 right
Subject6 female 61 164 64 0.6 0.3 left
Subject7 female 46 156 78 0.6 0.3 left
Subject8 female 86 156 66 0.4 0.3 right
Subject9 female 48 164 66 0.7 0.4 left
Subject9 female 39 158 61 0.5 0.3 right
Subject10 male 61 174 74.8 0.5 0.3 right
Subject11 male 67 168 67.6 0.6 0.4 left
Subject12 male 49 170 77.2 0.8 0.5 left
Subject13 male 61 163 79.7 0.5 0.3 left
Subject14 female 60 155 49 0.7 0.4 right
Subject15 male 46 155 78.4 0.9 0.5 right
Subject16 male 59 166 67.7 0.8 0.5 right
Subject17 male 44 183 60.2 0.6 0.4 left
Subject18 female 62 150 60.7 0.4 0.3 left
Subject19 male 38 170 76 0.9 0.5 left
Subject20 male 51 164 73 0.7 0.4 left
Subject21 male 59 163 65 0.7 0.4 left
Subject22 male 35 173 73.7 0.8 0.5 right
Average 56±13 163±67 67±9 0.7±0.2 0.4±0.1

Healthy control Sex Age Height (cm) Weight (kg) gait velocity (m/s) stride length (m)
Subject23 male 48 178 78.1 0.5 0.3
Subject24 male 54 167 68.36 0.7 0.3
Subject25 male 75 166 65 0.9 0.5
Subject26 female 75 160 60.5 1.0 0.5
Subject27 female 47 161 52.55 1.1 0.5
Subject28 male 58 168 79.5 1.3 0.5
Subject29 female 51 154.5 49.5 1.0 0.5
Subject30 female 51 163 58.8 0.8 0.4
Subject31 female 57 162 65.6 1.0 0.5
Subject32 female 55 157 48.6 0.5 0.3
Subject33 male 62 161 58.3 1.2 0.5
Subject34 female 57 158 53 1.1 0.5
Subject35 female 60 163.5 61.4 1.0 0.5
Subject36 male 51 163 77.2 1.0 0.5
Subject37 female 49 170 63.8 1.2 0.5
Subject38 male 58 171 65.2 0.9 0.5
Subject39 male 64 160 83 0.7 0.4
Subject40 male 32 170 68 0.8 0.3
Average 56±9 164±6 64±10 0.9±0.2 0.4±0.1

Table 1: The subject information of patients with hip OA and healthy subjects who participated in the
gait experiment.
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2.3 Experiment protocol

To measure the natural gait of subjects, the subjects walked on the floor before the gait experiment

to induce natural movements. Then the subjects walked on the force plates several times, as shown in

Fig. 2. Wooden blocks with heights that are the same as the force plates were placed around the force

plates for appropriate gait measurements. About 7 trials per subject in which each leg stepped on the

force plates were selected for data analysis.

Figure 2: The gait experiment using force plates.

2.4 Measured variables

The ground reaction force (GRF) and the moment of subjects during the stance phase were obtained

from the gait experiments. The stance phase is the gait phase from heel strike until toe off [32][33] as

in Fig. 3. For the accurate data analysis, the directions of GRF and moment of the left and right foot

were aligned in the same direction. The resulting gait measurements are shown in Fig. 4. In the figure,

the blue line and red line indicate the average of the gait measurements of healthy subjects and hip OA

patients, respectively, and the standard deviation of the gait measurements are shown in lighter colors.

2.5 Institutional review board

Before the experiment, the subjects signed consent forms approved by the university Institutional

Review Board. This study followed the policy statement with respect to the Declaration of Helsinki.
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0~2% 10% 30% 50% 60% 100%

Stance Phase Swing Phase

Heel Contact Foot Flat Midstance Heel Off Toe Off

Figure 3: The gait phase description.

Figure 4: The gait measurements of healthy subjects and patients with hip OA from force plates.

2.6 Dimension reduction methods

In previous studies, classification or identification of different types of pathological gait was frequently

made using statistical analysis and machine learning techniques, including support vector machines

or artificial neural networks [34][35][36]. Although statistical analysis yields reliable results, machine

learning techniques are more advantageous since it is less sensitive to outliers and noise and automated

classification is possible [34].

When clustering or classifying different types of gait using machine learning techniques, some studies

used one clustering techniques to differentiate different types of gait [27]. In contrast, others first used

the dimension reduction method to either reduce the dimension or extract significant features of the

original data and then applied clustering or classification techniques [36][37].

For analyzing and understanding complicated features of gait, reducing the dimension of gait data is

known to be important [22] since human gait is a complex motion that yields correlated and multivariate

measurements [18][19][20][21].
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One of the dimension reduction techniques widely used for gait analysis is principal component

analysis [38]. PCA is a linear and deterministic dimension reduction method that obtains the latent

features of the given data by calculating orthogonal eigenvectors from the covariance matrix of the given

data [22]. The eigenvectors, which are called principal components, describe the directions where the data

variance is the largest [38]. Using PCA, the high-dimensional and correlated gait data can be converted

into low-dimensional and uncorrelated set of data [23][24][25]. The principal components become the

axes of the reduced dimension [38][39][40].

Non-negative matrix factorization (NMF) is a similar method that can be used for dimension reduc-

tion. NMF is a linear dimension reduction method applied to non-negative data [41][42]. NMF obtains

latent features of given data by calculating basis vectors that are additive linear combinations of variables

of the original data [42][43].

Other PCA-related methods include kernel PCA and probabilistic PCA (PPCA). Kernel PCA is a

nonlinear and deterministic method that derives nonlinear principal components using kernel functions

[44][45]. PPCA is a linear and probabilistic version of PCA known to be effective in dealing with missing

data [46].

There are also numerous nonlinear and probabilistic dimension reduction methods. Generative topo-

graphic mapping maps the data from latent space to original space using a mixture of Gaussians [47]. The

Gaussian process latent variable model (GPLVM) can be considered a generalized approach of PPCA

which calculates the joint density of data points in latent and original coordinates [48].

Other dimension reduction techniques, such as Sammon mapping or Isomap, use the distance between

data points to map the original data to lower dimension [48][49].

Since the goal is to classify different types of the gait of hip OA patients and identify the characteristics

of the identified types, the classification and interpretation of gait data should be made in the latent

space. Also, the gait measurements include the GRF and moment of anterior-posterior, medial-lateral,

and vertical directions, which contain both positive and negative values. Thus, PCA, which is a linear

and deterministic method, is selected to reduce the dimension of gait data for simple and intuitive

interpretation of latent gait features with both positive and negative values.

Important latent features that describe the force plate data can be derived using PCA for a simple

comparison between gait patterns of healthy subjects and patients with hip OA. Using PCA, complex,

correlated, and multivariate high-dimensional data can be converted to the uncorrelated set of data

in the low dimension defined by the principal components [38]. The principal components can also be

calculated using singular value decomposition (SVD). The main difference between SVD and PCA is

that SVD decomposes the original data that are centered and normalized to obtain the eigenvectors,

whereas PCA decomposes the covariance matrix [50].
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The SVD equation is as follows:

H = LΣRT (1)

where matrix H is the given data, L is the left eigenvector matrix, Σ is the diagonal singular value

matrix, and R is the right eigenvector matrix.

Given that the rows of matrix H are time instances (from 0% stance to 100% stance) and columns

of matrix H are the types of collected data from the force plates, which are the GRF and moment in

anterior-posterior, medial-lateral, and vertical directions, LΣ becomes the matrix of principal components

that capture time-dependent features of H (temporal component), and R becomes the matrix of principal

components that capture time-independent, spatial features of H (spatial component) as in [51].

2.7 Similarity of gait patterns

The temporal and spatial components can be derived for all gait trials. Therefore, the similarity

of principal components among different individuals can be calculated. To classify and distinguish the

different gait patterns of hip OA patients, it is necessary to determine how similar the gait patterns are

to one another.

The similarity of the temporal components (temporal similarity) can be calculated using the corre-

lation coefficient and the similarity of the spatial components (spatial similarity) can be obtained using

cosine similarities as in [51]. The equation for temporal similarity is as follows:

TSi,j,n = cov(λnui,n, λnuj,n)/σλnui,n
σλnuj,n

(2)

where TSi,j,n indicates for the temporal similarity between the nth temporal components of ith and jth

gait trials, cov represents the covariance, ui,n stands for nth temporal component of the ith gait trial, λn

stands for the nth singular value, and σλnui,n
stands for the standard deviation of λnui,n. The equation

for spatial similarity is as follows:

SSi,j,n = vi,n·vj,n/|vi,n||vj,n| (3)

where SSi,j,n stands for the spatial similarity between the nth spatial components of the ith and jth gait

trials, vi,n stands for the nth spatial component of the ith gait trial, and |vi,n| stands for the magnitude

of vi,n.

The temporal and spatial similarities present how similar a gait trial is with another gait trial, but

they do not explain how similar a gait trial is with the rest of the remaining gait trials. If most of the

measures show high values, which means that most gait trials are similar to each other, it is possible to
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assume that one type of gait is dominant compared with the other gait types rather than several types

having an equal or similar degree of dominance. In that case, the mean of the similarity measures can

be an index that can explain how similar a gait trial is with the other gait trials.

The similarity mean of a trial is the average of similarity measures obtained from comparing a trial

with the rest of the trials. The equation for the temporal similarity mean is as follows:

TSMi,n = (TS1,1,n + TS1,2,n + ...+ TS1,M,n)/M (4)

where TSMi,n stands for the temporal similarity mean of the nth temporal component of the ith gait

trial, TSi,j,n stands for the temporal similarity between the nth temporal components of the ith and jth

gait trials, and M stands for the total number of gait trials. The equation for the spatial similarity mean

is the following:

SSMi,n = (SS1,1,n + SS1,2,n + ...+ SS1,M,n)/M (5)

where SSMi,n stands for the spatial similarity mean of the nth temporal component of the ith gait trial,

SSi,j,n stands for the spatial similarity between the nth temporal components of the ith and jth gait

trials, and M stands for the total number of gait trials.

The gait characteristics can be explained using the degree of accordance of the gait to the correspond-

ing principal components. In other words, the values of each gait trial in a low dimension defined by

principal components (component scores) become the measures that explain the characteristics of each

gait trial. The component scores can be obtained by projecting the original data to principal components

[52].

2.8 Clustering methods

Clustering methods are a part of unsupervised learning [53]. One of the commonly used clustering

methods is k-means clustering, which iteratively updates the centers of each cluster [53]. However, this

method is known to be dependent on initial cluster centers [54]. Another clustering technique that is

similar to k-means clustering is fuzzy k-means clustering. This method allows each element in the given

data to belong to multiple different groups [55].

Probabilistic clustering is also possible through the Gaussian mixture model (GMM) [56]. GMM is

a model-based clustering technique that uses probability density functions to cluster and model data

[56]. The number of Gaussians in GMM can be selected with the Bayesian Information Criterion (BIC)

algorithm, which calculates the optimal number of Gaussians by considering the trade-off between the

fit and complexity of the model [27].

When analyzing and grouping gait patterns of each subject, one gait trial could belong to multiple
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types of gait with different degrees of membership. Therefore, GMM should be used to cluster different

types of gait affected by hip OA and identify the membership of each gait trial to the identified groups.

There are several methods to evaluate the validity of the clustering results. Dunn index evaluates the

validity of the clustering algorithm through the minimum distance ratio between different clusters to the

maximum distance inside a cluster [57]. Davies-Bouldin (DB) index calculates the dispersion of clusters

using the distances between the cluster centers [57][58]. Silhouette score evaluates the cluster validity for

each sample using the average of intra-cluster distance and the average of the distance to the nearest

cluster of a sample [57][59].

Silhouette score has many advantages compared to other validation methods. First, silhouette scores

can compute the validity of each sample as well as the validity of the full cluster results [57][59]. Also,

silhouette scores are bounded within the values of -1 and 1, which allows objective comparison between

the validity of clusters of different data [59]. Therefore, silhouette scores are used to calculate the validity

of the clustering of gait types in this paper.

2.9 Muscle force estimation

Estimating muscle force during motion can provide valuable information necessary to understand the

dynamical features of subjects during motion [60][61][62][63]. Therefore, lower limb muscle force of each

gait trial were estimated to understand and evaluate the physical and dynamical features of the classified

gait types.

One of the most common methods of muscle force estimation is using electromyography (EMG).

EMG can record the muscle activity by either inserting needle electrodes into the muscle or attaching

the instrument on the surface of the skin [64]. However, the main problem of using EMG is that the first

method is an invasive method which is hard to apply during gait experiments and the second method

cannot measure the activity of deep muscles [65][66][67].

Another method of estimating muscle force is using musculoskeletal simulators such as OpenSim

and Anybody [68][69][70][71]. The musculoskeletal simulators can estimate muscle force through static

optimization (SO) or computed muscle control (CMC) methods [72][73][74], which are the techniques

that calculate muscle force through inverse dynamics and optimization [75][76][77][78] or through forward

dynamics and iterative calculation [79][80][81]. From pretests, it was shown that the statistical difference

of accuracy between SO and CMC were not significant. However, the calculation time of CMC was 41

times longer than SO. The difference in calculation time between the two algorithms is known to occur

because CMC performs several integration calculations [82]. Another notable point is that CMC is more

appropriate to estimate muscle force during motion with an acceleration since CMC estimates muscle

force through the iterative calculation of motion data and SO estimates muscle force by minimizing the
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Muscle names Abbreviations Muscle names Abbreviations

gluteus medius glut med rectus femoris rect fem
gluteus minimus glut min vastus medialis vas med

semimembranosus semimem vastus intermedius vas int
semitendinosus semiten vastus lateralis vas lat

bicep femoris long head bifemlh medial gastrocnemius med gas
bicep femoris short head bifemsh lateral gastrocnemius lat gas

sartorius sar soleus soleus
adductor longus add long tibialis posterior tib post
adductor brevis add brev flexor digitorum longus flex dig

adductor magnus add mag flexor hallucis longus flex hal
tensor fasciae latae tfl tibialis anterior tib ant

pectineus pect peroneus brevis per brev
gracilis grac peroneus longus per long

gluteus maximus glut max peronous tertius per tert
iliacus iliacus extensor digitorum ext dig
psoas psoas extensor hallucis ext hal

quadriceps femoris quad fem erector spinae ercspn
gemelli gem interior oblique intobl

piriformis piri and external oblique extobl

Table 2: The muscles calculated from OpenSim.

sum of squared muscle activation [83].

To understand the classified gait types’ physical features, estimating lower limb muscle forces during

gait, including the deep muscles, was necessary. Therefore, the CMC technique from OpenSim was used

to estimate the muscle force of the lower limb during gait to understand the physical features of gait

types.

The gait 2392 model from OpenSim (release 3.3), which is the most widely used gait model with

validated accuracy [84][85], was used to calculate the lower limb muscle force during gait experiments.

The gait model settings, which include muscle length, stiffness, location, maximum contraction velocity,

and maximum metric force, were set to default values. The muscles divided into several sections (gluteus

medius, gluteus maximus, gluteus minimus, vasti muscles, biceps femoris, and gastrocnemius) were com-

bined using the root sum squares of each section. The estimated muscle force of each subject was divided

by the subject’s weight for the appropriate comparison of muscle forces between different subjects. The

names and abbreviations of the muscles calculated from OpenSim for gait pattern analysis are shown in

table 2.

III Result

3.1 Gait type classification using similarity of principal components

Since the dimension of the gait measurements of force plates is large, the principal components of force

plate measurements of each subject during stance were obtained from PCA for the gait analysis of healthy

subjects (healthy gait) and hip OA patients (affected-limb gait) in the reduced dimension. As a result,
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Figure 5: The pairwise similarities of the first principal components of each gait trial of the affected limbs
of patients with hip OA and healthy subjects.

principal components with time-dependent gait features (temporal component) and time-independent

gait features (spatial component) were obtained [51].

The temporal and spatial components with the largest eigenvalue, which are called the first temporal

and spatial components, were used to compare healthy gait and affected-limb gait characteristics. By

calculating the similarities of the first temporal and spatial components of gait trials, it is possible to

compare and distinguish the healthy gait and affected-limb gait.

The similarities between the temporal and spatial components between different gait trials are shown

in Fig. 5. In Fig. 5, gait trial pairs with high similarity are indicated in a bright color, and gait trial

pairs with low similarity are indicated in dark color. The color bar explains the relationship between the

similarity value and the corresponding color, in which the highest similarity value is 1, and the lowest

similarity value is 0. The label ticks explain the indices of gait trials.

The temporal and spatial similarities explain the pairwise similarity of different gait trials, but the

similarities cannot explain the similarity between one gait trial to the rest of the remaining gait trials.

Therefore, similarity mean values for each gait trial were calculated for a better comparison between gait

trials. The average of the temporal similarities was 0.70, and the average of the spatial similarities was

0.65, which implies that the similarity means can be used to explain the similarity of one gait trial to

the rest of the gait trials quantitatively.

The similarity means of healthy gait and affected-limb gait are plotted in Fig. 6. From the similarity

means, it is shown that the majority of healthy gait are similar to one another because 96.36% of the

healthy gait had the temporal and spatial similarity mean over 0.5. However, the similarity means of

affected-limb gait showed that several affected-limb gait trials were different from the other affected-limb

- 11 -



Figure 6: Temporal and spatial similarity mean values of healthy subjects and affected limbs of hip OA
patients.

gait trials.

Therefore, it is shown that the affected-limb gait can be grouped into different types with the temporal

and spatial similarity means. The temporal and spatial similarity means of 0.5 were used to quantitatively

group the affected-limb gait because the value can group healthy gait into approximately single type and

divide the affected-limb gait into several different types.

The affected-limb gait can be divided into 4 similarity-based groups. The first group (group A) is

the group of affected-limb gait with temporal and spatial similarity means over 0.5, which 79.27% of the

affected-limb gait belongs to this group. The second group (group B) is the group of affected-limb gait

with temporal similarity mean over 0.5 but spatial similarity mean under 0.5, and 8.54% of the affected-

limb gait belong to this group. The third group (group C) is the affected-limb gait group with temporal

and spatial similarity means under 0.5, and 3.66% of the affected-limb gait belongs to this group. The

fourth group (group D) is the group of affected-limb gait with temporal similarity mean under 0.5, but

spatial similarity mean over 0.5, and 8.54% of the affected-limb gait belong to this group.

3.2 Gait type classification using Gaussian Mixture Model

Using GMM, different gait patterns can be distinguished from each gait trial’s temporal and spatial

components without the need to calculate the similarity means. The first principal components of each

gait trial were used in the clustering process. The optimal number of clusters needed to cluster different

gait types were selected through the BIC algorithm. For the gait trials of healthy subjects and patients
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with hip OA, 5 was chosen to be the optimal number of Gaussians to cluster the spatial components,

and 2 was chosen to be the optimal number of Gaussians to cluster the temporal components.

The clustering results of spatial components of healthy subjects are shown in Fig 7. In Fig 7, the

blue dots indicate the values of the spatial components, and black dots indicate the center positions

of each Gaussian. The clustering results of spatial components of patients with hip OA are shown in

Fig 8. In Fig 8, the red dots indicate the values of the spatial components, and black dots indicate the

center positions of each Gaussian. The mixture model results show that the gait trials of both healthy

subjects and patients with hip OA can be distinguished into 5 distinct types with the values of spatial

components.

Figure 7: Gaussian mixture model of the spatial components of healthy subjects.

Figure 8: Gaussian mixture model of the spatial components of patients with hip OA.

The weights and center positions of each Gaussian of the spatial components of healthy subjects and

patients with hip OA are shown in table 3 and table 4. The weights of Gaussians indicate the proportion

of the gait trials comprised in the Gaussians, so large weight indicates that the Gaussian or gait type is
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Features Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4 Gaussian 5

Weights 0.24 0.28 0.17 0.14 0.17

GRF x 0.48 0.5 0.49 0.53 0.47
GRF y -0.19 0.12 -0.28 0.18 0.3
GRF z -0.49 -0.5 -0.48 -0.53 -0.47

Moment x -0.36 0.37 -0.26 -0.01 0.4
Moment y -0.49 -0.46 -0.46 -0.51 -0.38
Moment z -0.27 0.3 0.31 -0.31 -0.31

Table 3: The weights and Gaussian center positions of the spatial GMM of healthy subjects.

Features Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4 Gaussian 5

Weights 0.33 0.08 0.06 0.04 0.49

GRF x 0.46 0.19 -0.27 -0.32 0.44
GRF y -0.08 -0.41 0.35 -0.06 0.15
GRF z -0.49 -0.38 -0.27 0.48 -0.48

Moment x 0.25 -0.47 0.39 -0.47 -0.15
Moment y -0.47 -0.43 0.4 0.48 -0.47
Moment z 0.35 -0.17 -0.05 0.24 -0.36

Table 4: The weights and Gaussian center positions of the spatial GMM of patients with hip OA.

more dominant than the other Gaussians or gait types.

The Gaussian center positions of temporal components of healthy subjects and patients with hip OA

are shown in Fig 9 instead of the clustering results plotted with the temporal component values since

the dimension of the temporal component is too large to visualize. In Fig 9, each dot represents the

center position of Gaussians in each stance phase. The weight of the Gaussians of temporal components

of healthy gait was 0.48 for Gaussian 1 and 0.52 for Gaussian 2. The weight of the Gaussians of temporal

components of affected-limb gait was 0.66 for Gaussian 1 and 0.34 for Gaussian 2.

Figure 9: Gaussian center positions of temporal components of healthy subjects and patients with hip
OA.

From the Gaussian mixture model clustering of the temporal and spatial components of healthy gait

and affected-limb gait, it is shown that both healthy gait and affected-limb gait can be divided into 5

groups in the spatial aspects (spatial component-based groups) and 2 groups in the temporal aspects
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(temporal component-based groups).

3.3 Muscle forces of the identified gait types

Force plate measurements and muscle forces of the classified gait types were analyzed to understand

the classified gait types’ physical interpretations and meanings. There were no significant differences in

the force plate measurements of different gait groups for both similarity-based groups and component-

based groups. This is assumed to be because the similarity-based groups and component-based groups

are derived using the temporal and spatial components of gait trials, which are the latent features of gait

obtained by reducing the dimension of the force plate measurements. Therefore, it is assumed that the

similarity-based method and component-based method captured the different types of gait, which is not

easily visible in the force plate measurements.

For the comparison of muscle forces of the similarity-based groups and component-based groups in

spatial aspects, the maximum muscle force values of each gait trial during stance were calculated, and

the significance in the difference of the maximum muscle force values between groups was analyzed

through one-way analysis of variance (ANOVA). The average and standard deviation of the maximum

muscle force values during stance of each similarity-based group are shown in table 5. The p-values of

the maximum muscle force values during stance for different similarity-based groups are shown in table

6. The average and standard deviation of the maximum muscle force values of each spatial component-

based group are shown in table 7. The p-values of the maximum muscle force values during stance for

different spatial component-based groups are shown in table 8.

For the comparison of muscle forces of the similarity-based groups and component-based groups in

temporal aspects, the maximum muscle force values of each gait trial during each stance phase were

calculated, and the significance in the difference of the maximum muscle force values between groups

was analyzed through one-way ANOVA. The calculation and comparison of muscle forces for the groups

divided in the temporal aspect were separately made for each stance phase to determine the groups’

phase characteristics and differences.

The average and standard deviation of the maximum muscle force values for all stance phases (heel

contact, foot flat, mid-stance, heel off, toe off) of each similarity-based group are shown in table 9.

The p-values of the maximum muscle force values during stance for different similarity-based groups are

shown in table 10. The average and standard deviation of the maximum muscle force values for all stance

phases of each temporal component-based group are shown in table 11. The p-values of the maximum

muscle force values during stance for different similarity-based groups are shown in table 12.
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Muscle Healthy Group A Group B Group C Group D
Mean (std) Mean (std) Mean (std) Mean (std) Mean (std)

glut med 12.97 (4.55) 9.91 (5.47) 7.55 (3.7) 8.29 (2.59) 9.74 (5.84)
glut min 5.12 (2.58) 3.74 (2.56) 2.29 (1.68) 2.22 (1.46) 4.02 (2.71)
semimem 4.94 (2.62) 3.78 (3.09) 3.09 (3.41) 1.8 (0.38) 9.49 (3.11)
semiten 1.74 (1.39) 1.64 (1.63) 0.84 (1.33) 0.74 (0.4) 3.46 (1.6)
bifemlh 4.25 (1.96) 3.83 (3.13) 3.03 (3) 1 (0.62) 7.9 (3.41)
bifemsh 7.54 (2.74) 7.07 (3.21) 5.85 (2.75) 5.48 (4.16) 8.74 (2.8)

sar 1.93 (0.76) 1.63 (0.86) 1.28 (0.74) 1.7 (1.31) 1.7 (1.09)
add long 3.29 (2.69) 3.58 (3.48) 2.16 (3.13) 2.15 (2.05) 5.93 (2.63)
add brev 2.38 (2.06) 2.52 (2.91) 1.44 (2.23) 0.47 (0.33) 4.55 (2.87)
add mag 2.85 (2.05) 2.99 (3.41) 1.46 (1.96) 0.76 (0.49) 5.27 (3.87)

tfl 2.88 (1.26) 2.22 (1.11) 1.67 (0.88) 2.25 (1.28) 1.94 (1.07)
pect 1.11 (1.04) 1.36 (1.59) 0.67 (1.07) 2.23 (2.59) 2 (1.51)
grac 0.58 (0.64) 0.64 (0.8) 0.3 (0.58) 0.17 (0.12) 1.31 (0.85)

glut max 6.18 (3.08) 4.9 (4.53) 2.99 (2.79) 1.16 (1.44) 7.16 (6.1)
iliacus 11.65 (17.33) 9.47 (6.41) 5.45 (4.05) 9.79 (8.03) 10.46 (4.9)
psoas 9.74 (6.6) 10.25 (6.39) 6.14 (3.88) 11.82 (10.24) 11.29 (5.3)

quad fem 3.06 (1.51) 3.16 (2.48) 2.59 (1.5) 3.41 (3.22) 3.91 (3.08)
gem 1.12 (2.4) 1.12 (2.05) 0.59 (0.8) 1.01 (1.11) 1.34 (1.35)
peri 2.87 (2.19) 2.02 (2.15) 1.49 (1.8) 1.36 (1.96) 2.54 (2.42)

rect fem 13.58 (5.58) 14.02 (7.61) 12.81 (4.63) 17.24 (12.09) 11.31 (8.49)
vas med 3.3 (1.97) 2.31 (2.89) 1.28 (0.78) 3.55 (5.08) 1.84 (2.01)
vas int 4.27 (2.2) 2.81 (3.33) 1.57 (0.95) 4.35 (6.28) 2.09 (2.33)
vas lat 6.46 (3.56) 4.49 (5.39) 2.39 (1.82) 7.3 (10.86) 3.48 (4.14)

med gas 8.98 (4.78) 10.24 (5.39) 9.77 (5.01) 8.4 (6.77) 14.22 (5.29)
lat gas 5.18 (3.4) 4.4 (3.57) 3.05 (2.66) 1.75 (1.61) 7.65 (2.34)
soleus 18.67 (14) 19.18 (14.46) 12.96 (7.86) 10.69 (8.7) 33.75 (10.37)

tib post 17.74 (7.91) 14.61 (11.42) 10.84 (7.72) 14.97 (13.55) 22.85 (9.01)
flex dig 2.63 (1.29) 2.22 (1.86) 1.28 (0.93) 2.91 (2.26) 3.55 (1.44)
flex hal 2.98 (1.47) 2.39 (2.03) 1.19 (1.35) 2.19 (2.79) 3.97 (1.44)
tib ant 11.9 (3.68) 10.67 (5.62) 7.16 (4.18) 12.72 (8.34) 12.71 (4.98)

per brev 6.11 (2.78) 5.93 (3.28) 5.3 (1.89) 3.71 (2.42) 4.75 (4.24)
per long 11.51 (4.7) 11.36 (6.03) 10.9 (2.6) 8.16 (4.6) 9.68 (7.89)
per tert 2.77 (1.09) 2.49 (1.32) 2.85 (1) 2.34 (1.15) 1.83 (1.53)
ext dig 7.77 (2.17) 7.05 (2.42) 7.7 (1.4) 7.34 (1.55) 5.88 (3.22)
ext hal 2.26 (0.66) 1.94 (1.04) 1.55 (0.87) 2.55 (1.31) 1.89 (1.51)
ercspn 11.05 (6.2) 10.2 (8.92) 9.61 (9.08) 8.74 (8.46) 15.61 (13.33)
intobl 4.5 (1.87) 4.48 (3.77) 3.74 (2.73) 4 (4.85) 5.67 (4.31)
extobl 5.03 (2.61) 3.25 (2.99) 2.2 (2.21) 1.37 (0.52) 3.18 (2.05)

Table 5: The average and standard deviation of the maximum muscle force values of similarity-based
groups during stance.
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Table 6: The p-values of the comparison of the maximum muscle force values among similarity-based groups during stance.

Healthy Healthy Healthy Healthy Group A Group A Group A Group B Group B Group C

vs Group A vs Group B vs Group C vs Group D vs Group B vs Group C vs Group D vs Group C vs Group D vs Group D

glut med 0.00 0.01 0.38 0.26 0.55 0.97 1.00 1.00 0.83 0.99

glut min 0.01 0.00 0.17 0.64 0.33 0.76 1.00 1.00 0.45 0.73

semimem 0.11 0.27 0.23 0.00 0.94 0.68 0.00 0.94 0.00 0.00

semiten 0.99 0.33 0.71 0.00 0.42 0.77 0.00 1.00 0.00 0.02

bifemlh 0.89 0.63 0.16 0.00 0.88 0.27 0.00 0.71 0.00 0.00

bifemsh 0.88 0.39 0.68 0.71 0.68 0.84 0.37 1.00 0.13 0.33

sar 0.20 0.11 0.99 0.92 0.65 1.00 1.00 0.91 0.73 1.00

add long 0.98 0.79 0.96 0.06 0.58 0.90 0.11 1.00 0.03 0.23

add brev 1.00 0.78 0.60 0.06 0.65 0.52 0.08 0.97 0.03 0.05

add mag 1.00 0.56 0.64 0.07 0.43 0.57 0.08 0.99 0.01 0.06

tfl 0.00 0.01 0.82 0.07 0.52 1.00 0.93 0.91 0.98 0.99

pect 0.83 0.85 0.54 0.27 0.50 0.75 0.57 0.31 0.14 1.00

grac 0.99 0.74 0.81 0.01 0.56 0.72 0.02 1.00 0.01 0.05

glut max 0.30 0.10 0.12 0.94 0.55 0.38 0.37 0.94 0.09 0.08

iliacus 0.76 0.41 1.00 1.00 0.77 1.00 1.00 0.96 0.81 1.00

psoas 0.99 0.38 0.97 0.94 0.22 0.99 0.98 0.53 0.28 1.00

quad fem 1.00 0.96 1.00 0.73 0.91 1.00 0.80 0.97 0.58 0.99

gem 1.00 0.93 1.00 1.00 0.92 1.00 1.00 1.00 0.90 1.00

peri 0.11 0.25 0.66 0.99 0.93 0.98 0.93 1.00 0.75 0.88

rect fem 1.00 1.00 0.85 0.84 0.98 0.90 0.71 0.81 0.98 0.58
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Table 6

vas med 0.11 0.08 1.00 0.35 0.67 0.87 0.97 0.52 0.98 0.77

vas int 0.02 0.03 1.00 0.12 0.63 0.84 0.93 0.46 0.99 0.66

vas lat 0.08 0.05 1.00 0.27 0.60 0.78 0.96 0.38 0.98 0.63

med gas 0.57 0.99 1.00 0.01 1.00 0.96 0.09 0.99 0.22 0.29

lat gas 0.62 0.27 0.28 0.14 0.69 0.54 0.01 0.96 0.01 0.02

soleus 1.00 0.68 0.79 0.00 0.57 0.74 0.00 1.00 0.00 0.03

tib post 0.32 0.19 0.98 0.49 0.74 1.00 0.06 0.95 0.03 0.65

flex dig 0.53 0.06 1.00 0.38 0.32 0.92 0.06 0.41 0.01 0.96

flex hal 0.26 0.01 0.91 0.41 0.19 1.00 0.03 0.87 0.00 0.43

tib ant 0.55 0.02 1.00 0.99 0.15 0.93 0.67 0.30 0.05 1.00

per brev 1.00 0.92 0.56 0.63 0.96 0.63 0.73 0.90 0.99 0.98

per long 1.00 1.00 0.77 0.84 1.00 0.79 0.86 0.91 0.98 0.99

per tert 0.63 1.00 0.96 0.11 0.88 1.00 0.41 0.95 0.26 0.95

ext dig 0.32 1.00 1.00 0.08 0.89 1.00 0.47 1.00 0.31 0.81

ext hal 0.25 0.13 0.98 0.74 0.68 0.73 1.00 0.38 0.91 0.76

ercspn 0.97 0.98 0.98 0.43 1.00 1.00 0.23 1.00 0.41 0.62

intobl 1.00 0.95 1.00 0.79 0.95 1.00 0.76 1.00 0.59 0.9

extobl 0.00 0.01 0.07 0.20 0.72 0.66 1.00 0.99 0.91 0.78
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Table 7: The average and standard deviation of the maximum muscle force values of each spatial component-based group.

Healthy gait Affected-limb gait

Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4 Gaussian 5 Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4 Gaussian 5

Mean (std) Mean (std) Mean (std) Mean (std) Mean (std) Mean (std) Mean (std) Mean (std) Mean (std) Mean (std)

glut med 16.68 (4.68) 11.04 (2.72) 12.54 (4.11) 10.83 (2.65) 12.45 (5.35) 9.2 (5.36) 9.2 (6.55) 8.03 (3.37) 8.22 (2.32) 10.22 (5.6)

glut min 6.64 (2.66) 4.8 (1.82) 4.44 (2.22) 3.5 (1.43) 5.99 (3.24) 3.8 (2.53) 3.39 (3.38) 2.27 (1.53) 2.89 (1.54) 3.74 (2.58)

semimem 5.61 (3.22) 4.69 (1.99) 4.7 (2.17) 4.11 (2.04) 5.34 (3.49) 6.26 (3.96) 4.86 (3.95) 2.51 (2.68) 5.28 (4.93) 3.25 (2.75)

semiten 1.91 (1.3) 1.19 (1.09) 1.64 (1.18) 1.15 (0.63) 2.46 (2.01) 2.53 (1.99) 2.01 (2.05) 0.49 (0.47) 2.55 (2.6) 1.38 (1.3)

bifemlh 4.22 (1.62) 3.78 (1.36) 4.21 (2.11) 3.49 (1.14) 5.03 (2.53) 5.7 (3.55) 3.61 (3.87) 2.72 (2.34) 5.18 (4.84) 3.35 (2.95)

bifemsh 8.99 (2.54) 6.68 (1.35) 6.83 (2.22) 6.02 (2.49) 8.81 (3.76) 8.28 (2.83) 6.95 (4.12) 5.26 (2.01) 7 (3.99) 6.72 (3.24)

sar 2.13 (0.61) 1.97 (0.59) 1.78 (0.73) 1.59 (0.9) 2.16 (0.97) 1.77 (0.96) 1.46 (1.13) 1.1 (0.52) 1.18 (0.53) 1.65 (0.86)

add long 3.86 (3.22) 1.93 (1.69) 2.88 (2.56) 2.63 (2.09) 4.78 (2.75) 5.09 (3.47) 5.36 (4.3) 1.11 (1.99) 4.16 (4.45) 3.05 (3.09)

add brev 2.82 (2.33) 1.68 (1) 2.07 (1.91) 1.48 (1.22) 3.47 (2.58) 3.83 (3.1) 3.71 (3.65) 0.65 (1.06) 2.64 (3.46) 2.06 (2.62)

add mag 3.47 (2.26) 2.26 (1.1) 2.54 (2.01) 1.78 (0.93) 3.78 (2.45) 4.56 (3.7) 3.79 (4.07) 0.78 (0.99) 3.6 (4.68) 2.39 (2.99)

tfl 3.5 (1.21) 3.11 (1.12) 2.52 (1.06) 2.25 (0.9) 3.15 (1.67) 1.93 (1.12) 1.87 (1.23) 1.61 (0.8) 1.75 (0.67) 2.39 (1.09)

pect 1.4 (1.13) 0.86 (0.57) 0.94 (1) 0.85 (0.95) 1.48 (1.28) 2.21 (1.69) 1.73 (1.78) 0.26 (0.21) 1.55 (2.13) 1.08 (1.41)

grac 0.63 (0.64) 0.38 (0.54) 0.49 (0.56) 0.34 (0.44) 0.97 (0.81) 1.01 (0.92) 0.85 (1.02) 0.13 (0.16) 0.95 (1.2) 0.5 (0.67)

glut max 6.02 (3.82) 5.61 (1.91) 6.81 (3.03) 5.25 (2.55) 5.96 (3.44) 5.26 (4.94) 4.55 (5.23) 2.81 (2.71) 3.61 (2.61) 5.01 (4.75)

iliacus 9.43 (7.36) 4.57 (1.66) 13.63 (20.24) 20.86 (36.97) 10.02 (5.73) 11.06 (5.3) 8.8 (5.81) 4.11 (2.26) 11.39 (6.84) 8.82 (6.63)

psoas 8.03 (3.53) 7.03 (2.1) 9.91 (7.1) 11.24 (12.12) 12.18 (6.13) 12.16 (5.69) 9.05 (5.33) 4.94 (2.61) 12.11 (7.06) 9.55 (6.59)

quad fem 3.11 (2.02) 2.41 (0.56) 2.85 (1.18) 2.5 (1.09) 4.13 (1.75) 3.97 (2.78) 3.38 (3.15) 2.14 (1.29) 1.81 (0.76) 3.05 (2.4)

gem 2.43 (5.31) 0.72 (0.41) 0.86 (0.58) 0.48 (0.32) 0.91 (0.76) 1.13 (1.19) 1.02 (1.06) 0.41 (0.78) 0.19 (0.12) 1.26 (2.35)

peri 2.8 (2.51) 2.45 (0.47) 3.31 (2.29) 2.4 (1.91) 2.59 (2.62) 2.09 (2.19) 2.36 (2) 1.05 (1.67) 0.57 (0.56) 2.19 (2.22)
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Table 7

rect fem 13.79 (4.07) 13.56 (4.06) 12.72 (5.46) 11.2 (4.68) 16.32 (7.79) 14.22 (8.28) 11.91 (8.48) 12.29 (4.22) 10.34 (5.59) 14.19 (7.77)

vas med 2.55 (1.55) 3.28 (1.53) 3.39 (1.71) 2.58 (0.99) 4.25 (3.02) 2.06 (1.96) 1.43 (1.02) 0.99 (0.46) 1.6 (1.51) 2.59 (3.39)

vas int 3.41 (1.79) 4.04 (1.78) 4.42 (1.99) 3.55 (1.45) 5.34 (3.14) 2.42 (2.33) 1.68 (1.2) 1.24 (0.65) 2 (1.91) 3.16 (3.91)

vas lat 5.07 (3.46) 6.17 (2.13) 6.7 (2.96) 5.36 (2) 8.12 (5.41) 3.94 (4.14) 2.78 (2.34) 1.72 (1.03) 3.07 (3.37) 5.08 (6.29)

med gas 10.07 (3.57) 8.58 (4.27) 9.09 (5.39) 6.35 (3.83) 9.24 (5.47) 11.33 (5.28) 12.89 (4.62) 9.03 (4.69) 13.64 (7.06) 9.84 (5.51)

lat gas 6.3 (3.91) 5.09 (3.45) 4.22 (2.98) 4.85 (4.17) 6.2 (3.22) 5.79 (3.54) 5.59 (4.05) 2.38 (2.05) 5.2 (4) 3.99 (3.43)

soleus 23.98 (17.16) 13.66 (10.98) 18.45 (13.66) 14.41 (11.81) 19.24 (14.26) 26.26 (16.24) 22.8 (11) 12.28 (7.5) 18.62 (8.02) 17.31 (13.69)

tib post 19.81 (7.89) 15.92 (8.11) 15.57 (7.59) 15.89 (10.12) 22.12 (5.95) 20.61 (10.52) 17.98 (10.75) 8.85 (7.89) 13.92 (8.19) 12.99 (11.29)

flex dig 3.14 (1.53) 2.88 (1.07) 2.18 (1.24) 2.46 (1.3) 2.94 (1.14) 2.98 (1.71) 2.4 (1.97) 1.21 (0.9) 2.21 (1.22) 2.08 (1.92)

flex hal 3.85 (1.27) 3.34 (1.52) 2.36 (1.48) 2.63 (1.64) 3.31 (1.09) 3.19 (2.01) 2.52 (2.36) 1.02 (1.23) 2.4 (1.79) 2.23 (2.01)

tib ant 13.78 (2.34) 9.17 (2.34) 10.62 (3.15) 9.35 (2.47) 15.67 (3.29) 11.48 (6.19) 9.13 (4.77) 7.13 (4.39) 12.78 (4.94) 10.59 (5.5)

per brev 6.91 (2.3) 5.06 (2.18) 5.94 (2.34) 4.73 (2.54) 7.07 (4.09) 5.66 (3.52) 5.1 (3.47) 5.25 (2.25) 4.53 (3.01) 5.92 (3.31)

per long 12.06 (3.97) 10.53 (3.05) 11.32 (4.09) 9.37 (4.92) 13.05 (6.97) 10.77 (6.53) 10.44 (6.46) 11.2 (2.87) 8 (5.07) 11.49 (6.04)

per tert 3 (0.93) 2.61 (0.76) 2.62 (0.99) 2.57 (0.86) 3.07 (1.66) 2.19 (1.27) 2.17 (1.36) 3.03 (0.97) 1.71 (1.25) 2.59 (1.36)

ext dig 8.45 (1.75) 7.08 (1.23) 7.14 (1.84) 6.47 (1.22) 9.46 (2.93) 6.68 (2.27) 6.74 (2.9) 7.87 (1.32) 5.44 (2.38) 7.21 (2.56)

ext hal 2.61 (0.44) 1.96 (0.24) 1.98 (0.49) 1.61 (0.51) 3 (0.59) 2.04 (1.2) 1.52 (1.25) 1.66 (0.89) 2.03 (0.99) 1.92 (1.07)

ercspn 12.67 (6.52) 7.8 (2.64) 11.04 (6.47) 9.94 (6.58) 12.17 (6.81) 14.1 (11.05) 14.11 (11.9) 6.29 (3.54) 4.58 (2.4) 9.73 (8.77)

intobl 5.77 (1.99) 2.75 (0.82) 4.27 (1.55) 3.72 (1.53) 5.27 (1.94) 5.38 (3.44) 4.79 (3.54) 3.03 (1.97) 2.38 (1.97) 4.46 (4.15)

extobl 7.5 (3.16) 2.98 (1.24) 4.49 (2.15) 4 (2.4) 5.55 (1.78) 3.9 (2.69) 4.29 (2.8) 1.39 (0.78) 1.55 (0.58) 2.95 (3.04)
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Table 8: The p-values of the muscles that showed significant difference (p-value ≤ 0.05) in at least one comparison of the maximum muscle
force values among spatial component-based groups during stance. HG stands for Gaussians of healthy gait and AG stands for Gaussians
of the gait of hip OA patients.

HG 1 HG 1 HG 1 HG 1 HG 1 HG 1 HG 1 HG 1 HG 1 HG 2 HG 2 HG 2

vs HG 2 vs HG 3 vs HG 4 vs HG 5 vs AG 1 vs AG 2 vs AG 3 vs AG 4 vs AG 5 vs HG 3 vs HG 4 vs HG 5

glut med 0.29 0.36 0.36 0.55 0.00 0.08 0.00 0.03 0.00 1.00 1.00 1.00

glut min 0.84 0.26 0.25 1.00 0.02 0.21 0.00 0.08 0.01 1.00 0.99 0.99

semimem 1.00 1.00 0.99 1.00 1.00 1.00 0.37 1.00 0.32 1.00 1.00 1.00

semiten 0.99 1.00 0.99 1.00 0.97 1.00 0.47 1.00 0.98 1.00 1.00 0.72

bifemlh 1.00 1.00 1.00 1.00 0.88 1.00 0.97 1.00 0.99 1.00 1.00 0.99

add long 0.93 1.00 1.00 1.00 0.97 0.99 0.53 1.00 1.00 1.00 1.00 0.57

add brev 0.99 1.00 0.99 1.00 0.97 1.00 0.61 1.00 0.99 1.00 1.00 0.88

add mag 1.00 1.00 0.98 1.00 0.98 1.00 0.48 1.00 0.98 1.00 1.00 0.98

tfl 1.00 0.28 0.44 1.00 0.00 0.10 0.00 0.06 0.05 0.95 0.92 1.00

pect 1.00 0.99 1.00 1.00 0.76 1.00 0.63 1.00 1.00 1.00 1.00 0.99

grac 1.00 1.00 1.00 0.98 0.85 1.00 0.85 1.00 1.00 1.00 1.00 0.75

psoas 1.00 1.00 0.99 0.84 0.62 1.00 0.98 0.95 1.00 0.98 0.97 0.73

vas int 1.00 0.99 1.00 0.83 0.99 0.97 0.77 0.99 1.00 1.00 1.00 0.99

vas lat 1.00 0.99 1.00 0.86 1.00 0.99 0.83 1.00 1.00 1.00 1.00 1.00

tib post 1.00 0.97 1.00 1.00 1.00 1.00 0.21 0.97 0.45 1.00 1.00 0.93

flex hal 1.00 0.37 0.94 1.00 0.99 0.90 0.01 0.85 0.12 0.95 1.00 1.00

tib ant 0.54 0.71 0.72 0.99 0.92 0.66 0.05 1.00 0.54 1.00 1.00 0.10

ext dig 0.95 0.84 0.77 0.99 0.38 0.89 1.00 0.20 0.78 1.00 1.00 0.40

ext hal 0.89 0.69 0.51 0.99 0.73 0.38 0.35 0.97 0.37 1.00 1.00 0.32
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Table 8

extobl 0.01 0.04 0.18 0.71 0.00 0.29 0.00 0.00 0.00 0.92 1.00 0.48

HG 2 HG 2 HG 2 HG 2 HG 2 HG 3 HG 3 HG 3 HG 3 HG 3 HG 3 HG 3

vs AG 1 vs AG 2 vs AG 3 vs AG 4 vs AG 5 vs HG 4 vs HG 5 vs AG 1 vs AG 2 vs AG 3 vs AG 4 vs AG 5

glut med 1.00 1.00 0.96 0.99 1.00 1.00 1.00 0.27 0.91 0.33 0.68 0.64

glut min 0.99 0.99 0.50 0.92 0.98 1.00 0.76 0.99 1.00 0.38 0.94 0.97

semimem 0.96 1.00 0.90 1.00 0.97 1.00 1.00 0.68 1.00 0.69 1.00 0.63

semiten 0.43 0.99 0.99 0.82 1.00 1.00 0.88 0.46 1.00 0.60 0.95 1.00

bifemlh 0.80 1.00 1.00 1.00 1.00 1.00 1.00 0.64 1.00 0.93 1.00 0.96

add long 0.21 0.55 1.00 0.94 0.99 1.00 0.76 0.17 0.75 0.88 1.00 1.00

add brev 0.49 0.90 1.00 1.00 1.00 1.00 0.87 0.22 0.93 0.90 1.00 1.00

add mag 0.58 0.99 0.99 1.00 1.00 1.00 0.97 0.21 0.99 0.84 1.00 1.00

tfl 0.18 0.56 0.13 0.43 0.79 1.00 0.85 0.63 0.96 0.50 0.90 1.00

pect 0.26 0.97 1.00 1.00 1.00 1.00 0.98 0.02 0.96 0.95 0.99 1.00

grac 0.43 0.97 1.00 0.91 1.00 1.00 0.70 0.17 0.99 0.95 0.93 1.00

psoas 0.54 1.00 1.00 0.89 0.99 1.00 0.99 0.94 1.00 0.52 1.00 1.00

vas int 0.92 0.89 0.57 0.95 1.00 1.00 1.00 0.22 0.55 0.10 0.72 0.72

vas lat 0.97 0.95 0.62 0.97 1.00 1.00 1.00 0.48 0.73 0.14 0.81 0.92

tib post 0.97 1.00 0.89 1.00 1.00 1.00 0.68 0.65 1.00 0.72 1.00 0.98

flex hal 1.00 1.00 0.17 0.99 0.83 1.00 0.90 0.78 1.00 0.61 1.00 1.00

tib ant 0.97 1.00 1.00 0.94 1.00 1.00 0.10 1.00 1.00 0.67 0.99 1.00

ext dig 1.00 1.00 1.00 0.95 1.00 1.00 0.11 1.00 1.00 1.00 0.83 1.00

ext hal 1.00 1.00 1.00 1.00 1.00 1.00 0.07 1.00 0.99 1.00 1.00 1.00
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Table 8

extobl 1.00 1.00 0.96 0.99 1.00 1.00 0.98 1.00 1.00 0.05 0.28 0.27

HG 4 HG 4 HG 4 HG 4 HG 4 HG 4 HG 5 HG 5 HG 5 HG 5 HG 5 AG 1

vs HG 5 vs AG 1 vs AG 2 vs AG 3 vs AG 4 vs AG 5 vs AG 1 vs AG 2 vs AG 3 vs AG 4 vs AG 5 vs AG 2

glut med 1.00 1.00 1.00 0.99 1.00 1.00 0.65 0.95 0.56 0.80 0.92 1.00

glut min 0.60 1.00 1.00 0.99 1.00 1.00 0.21 0.53 0.02 0.27 0.11 1.00

semimem 1.00 0.86 1.00 0.99 1.00 1.00 1.00 1.00 0.51 1.00 0.50 0.99

semiten 0.78 0.56 0.99 1.00 0.85 1.00 1.00 1.00 0.08 1.00 0.41 1.00

bifemlh 0.99 0.78 1.00 1.00 0.99 1.00 1.00 0.99 0.69 1.00 0.70 0.83

add long 0.92 0.72 0.87 0.99 1.00 1.00 1.00 1.00 0.14 1.00 0.73 1.00

add brev 0.87 0.54 0.89 1.00 1.00 1.00 1.00 1.00 0.22 1.00 0.76 1.00

add mag 0.93 0.48 0.97 1.00 0.99 1.00 1.00 1.00 0.31 1.00 0.88 1.00

tfl 0.84 1.00 1.00 0.99 1.00 1.00 0.04 0.40 0.04 0.27 0.49 1.00

pect 1.00 0.43 0.98 1.00 1.00 1.00 0.85 1.00 0.54 1.00 1.00 1.00

grac 0.78 0.54 0.97 1.00 0.91 1.00 1.00 1.00 0.17 1.00 0.57 1.00

psoas 1.00 1.00 1.00 0.63 1.00 1.00 1.00 0.99 0.17 1.00 0.95 0.98

vas int 0.97 1.00 0.98 0.88 1.00 1.00 0.08 0.26 0.03 0.39 0.33 1.00

vas lat 0.98 1.00 1.00 0.9 1.00 1.00 0.21 0.43 0.05 0.51 0.57 1.00

tib post 0.96 0.99 1.00 0.93 1.00 1.00 1.00 1.00 0.05 0.81 0.09 1.00

flex hal 1.00 1.00 1.00 0.78 1.00 1.00 1.00 1.00 0.09 0.99 0.67 1.00

tib ant 0.22 0.99 1.00 1.00 0.97 1.00 0.23 0.18 0.00 0.97 0.03 0.99

ext dig 0.21 1.00 1.00 0.97 1.00 1.00 0.01 0.33 0.83 0.02 0.05 1.00

ext hal 0.09 0.99 1.00 1.00 1.00 1.00 0.07 0.05 0.03 0.56 0.01 0.97
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Table 8

extobl 0.97 1.00 1.00 0.63 0.83 0.99 0.68 0.99 0.01 0.07 0.05 1.00

AG 1 AG 1 AG 1 AG 2 AG 2 AG 2 AG 3 AG 3 AG 4

vs AG 3 vs AG 4 vs AG 5 vs AG 3 vs AG 4 vs AG 5 vs AG 4 vs AG 5 vs AG 5

glut med 1.00 1.00 0.99 1.00 1.00 1.00 1.00 0.96 1.00

glut min 0.79 1.00 1.00 1.00 1.00 1.00 1.00 0.77 1.00

semimem 0.03 1.00 0.00 0.91 1.00 0.97 0.78 1.00 0.88

semiten 0.01 1.00 0.01 0.65 1.00 0.99 0.21 0.79 0.73

bifemlh 0.11 1.00 0.00 1.00 1.00 1.00 0.82 1.00 0.90

add long 0.01 1.00 0.05 0.18 1.00 0.76 0.65 0.69 1.00

add brev 0.02 0.99 0.03 0.37 1.00 0.89 0.89 0.83 1.00

add mag 0.01 1.00 0.01 0.59 1.00 0.98 0.68 0.83 0.99

tfl 1.00 1.00 0.64 1.00 1.00 0.99 1.00 0.57 0.95

pect 0.00 0.99 0.00 0.53 1.00 0.98 0.71 0.76 1.00

grac 0.02 1.00 0.03 0.64 1.00 0.98 0.46 0.88 0.91

psoas 0.04 1.00 0.62 0.96 1.00 1.00 0.44 0.48 0.99

vas int 0.98 1.00 0.97 1.00 1.00 0.97 1.00 0.63 1.00

vas lat 0.95 1.00 0.98 1.00 1.00 0.98 1.00 0.54 0.99

tib post 0.03 0.88 0.01 0.74 1.00 0.97 0.99 0.97 1.00

flex hal 0.03 0.99 0.25 0.84 1.00 1.00 0.90 0.61 1.00

tib ant 0.28 1.00 1.00 1.00 0.95 1.00 0.42 0.53 0.99

ext dig 0.91 0.97 0.98 0.99 0.99 1.00 0.55 1.00 0.72

ext hal 0.98 1.00 1.00 1.00 0.99 0.99 1.00 1.00 1.00

extobl 0.18 0.57 0.77 0.48 0.72 0.97 1.00 0.75 0.96

-
24

-



Table 9: The average and standard deviation of the maximum muscle force values of similarity-based groups for each stance phase.

Heel contact Foot flat

Healthy Group A Group B Group C Group D Healthy Group A Group B Group C Group D

glut med 3.16 (3.35) 5.89 (4.3) 4.58 (2.23) 9.07 (4.36) 1.58 (1.32) glut med 7.05 (4.72) 9.84 (4.7) 11.66 (3.15) 12.69 (2.78) 7.08 (3.61)

glut min 1.06 (1.75) 2.12 (2.3) 1.25 (1.08) 3.34 (2.75) 0.44 (0.3) glut min 2.47 (2.36) 3.69 (2.67) 5.11 (2.43) 5.06 (2.34) 2.43 (1.88)

semimem 1.89 (2.52) 4.05 (2.73) 1.95 (1.59) 5.66 (3.36) 2.76 (1.46) semimem 2.82 (2.8) 5.5 (3.55) 3.55 (2.91) 6.07 (4.71) 5.64 (3.29)

semiten 0.47 (0.59) 1.01 (1) 0.53 (0.26) 0.75 (0.97) 0.53 (0.39) semiten 0.99 (1.01) 1.71 (1.68) 1.05 (1.13) 2.02 (2.6) 1.87 (1.72)

bifemlh 1.41 (1.67) 3.64 (2.49) 2.71 (2.65) 4.72 (3.69) 1.99 (1.58) bifemlh 2.42 (2.06) 4.88 (3.14) 4.7 (2.94) 4.86 (4.29) 4.93 (3.19)

bifemsh 2.5 (1.9) 4.61 (3.79) 4.39 (3.07) 3.81 (2.35) 1.71 (2.69) bifemsh 4.45 (2.63) 6.18 (3.65) 6.3 (3.32) 7.01 (5.26) 5.43 (4.24)

sar 0.52 (0.5) 1.11 (0.9) 1.55 (0.84) 1.46 (0.53) 0.3 (0.52) sar 1.02 (0.68) 1.57 (0.88) 2.1 (0.74) 2 (1.12) 1.32 (1.02)

add long 0.64 (1.1) 1.68 (1.96) 0.37 (0.38) 1.85 (2.44) 0.54 (0.38) add long 1.35 (1.62) 2.45 (2.27) 0.81 (1.43) 4.8 (5.49) 3.22 (2.19)

add brev 0.5 (1.05) 1.3 (1.53) 0.25 (0.23) 1.36 (2.42) 0.42 (0.31) add brev 1.08 (1.48) 1.85 (1.99) 0.52 (0.86) 3.43 (4.05) 2.66 (2.52)

add mag 0.63 (0.99) 1.53 (1.35) 0.95 (0.45) 1.19 (2.06) 0.73 (0.61) add mag 1.19 (1.4) 2.32 (2.1) 1.3 (0.9) 3.49 (4.21) 3.13 (2.78)

tfl 0.68 (0.65) 1.22 (1.13) 0.66 (0.6) 1.52 (0.78) 0.3 (0.4) tfl 1.42 (1.02) 2.17 (1.35) 2.84 (1.5) 2.42 (0.82) 1.48 (0.96)

pect 0.23 (0.51) 0.62 (0.77) 0.31 (0.34) 0.74 (0.84) 0.16 (0.24) pect 0.43 (0.72) 0.9 (1.09) 0.32 (0.32) 1.76 (1.98) 0.94 (1.3)

grac 0.11 (0.2) 0.32 (0.47) 0.06 (0.02) 0.36 (0.63) 0.12 (0.15) grac 0.27 (0.41) 0.57 (0.76) 0.11 (0.12) 0.92 (1.19) 0.77 (0.84)

glut max 1.59 (1.94) 3.12 (3.16) 1.68 (2.15) 4.14 (3.54) 1.27 (0.98) glut max 3.01 (3.27) 5.85 (3.45) 6.59 (3.56) 7.4 (3.62) 5.17 (3.84)

iliacus 2.58 (2.24) 4.31 (4.95) 0.9 (1.27) 6.43 (6.65) 0.85 (1.02) iliacus 4.84 (3.75) 6.4 (8.97) 1.8 (1.69) 10.45 (8.58) 9.28 (13.07)

psoas 3.02 (2.39) 4.62 (4.45) 1 (1.53) 6.5 (6.42) 1.16 (1.49) psoas 5.53 (3.51) 6.85 (5.87) 3.72 (4.46) 10.63 (7.84) 6.5 (6.51)

quad fem 0.78 (0.9) 1.96 (2.3) 1.58 (0.78) 1.9 (1.88) 0.84 (0.62) quad fem 1.43 (1.04) 2.37 (2.13) 2.35 (0.83) 2.32 (1.86) 2.54 (2.39)

gem 0.47 (2.42) 0.76 (3.08) 0.04 (0.07) 0.65 (0.76) 0.08 (0.07) gem 0.72 (2.34) 0.89 (3.09) 0.11 (0.24) 0.58 (0.74) 0.73 (1)

peri 0.63 (1.09) 1.38 (1.39) 1.2 (1.04) 1.93 (1.98) 0.49 (0.6) peri 1.62 (1.98) 2.04 (1.6) 2.17 (1.15) 1.94 (2.15) 2.2 (2.18)

rect fem 3.04 (3.05) 6.91 (5.34) 6.46 (4.17) 9.4 (5.68) 1.52 (1.02) rect fem 7.55 (4.66) 10.64 (5.63) 12.63 (6.02) 14.15 (3.57) 7.63 (6)
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vas med 0.97 (0.85) 1.23 (0.96) 1.01 (0.76) 2.63 (3.66) 0.55 (0.23) vas med 2.02 (1.85) 2.22 (1.67) 2.25 (2.34) 6.12 (7.32) 1.23 (1.07)

vas int 1.15 (1.07) 1.6 (1.29) 1.29 (0.98) 2.97 (3.77) 0.64 (0.29) vas int 2.48 (2.04) 2.89 (2.12) 2.81 (2.63) 7.03 (7.28) 1.46 (1.31)

vas lat 1.77 (1.91) 2.38 (2.17) 1.97 (1.8) 3.91 (4.76) 0.96 (0.52) vas lat 3.72 (3.46) 4.44 (3.17) 4.09 (3.52) 9.46 (8.87) 2.44 (2.39)

med gas 1.53 (1.41) 3.81 (3.62) 4.45 (3.43) 4.55 (4.54) 1.17 (0.62) med gas 4.04 (2.76) 7.48 (4.78) 6.8 (3.55) 11.04 (9.55) 6.8 (6.35)

lat gas 0.82 (1.14) 2.59 (2.51) 2.59 (1.54) 1.53 (1.57) 0.65 (0.94) lat gas 1.73 (1.76) 3.95 (3.06) 3.18 (2.07) 4.64 (3.66) 4.95 (3.64)

soleus 2.17 (2) 9.77 (10.06) 5.31 (9.11) 5.77 (8.63) 2.49 (3.26) soleus 6.69 (6.31) 13.11 (9.39) 8.65 (8.69) 15.63 (16.27) 12.68 (7.89)

tib post 5.77 (4.3) 10.8 (7.56) 9.21 (6.45) 14.24 (8.36) 3.68 (2.47) tib post 9.22 (3.68) 13.23 (6.67) 11.93 (5.63) 17.68 (10.2) 13.52 (5.68)

flex dig 0.78 (0.93) 1.47 (1.28) 1.45 (1.09) 1.58 (1.42) 0.3 (0.21) flex dig 1.19 (1) 1.88 (1.18) 1.63 (0.93) 3.49 (3.26) 1.84 (0.97)

flex hal 0.79 (1.09) 1.5 (1.4) 1.58 (1.06) 1.62 (1.44) 0.31 (0.31) flex hal 1.29 (1.2) 1.97 (1.34) 1.73 (0.96) 3.67 (2.83) 2.12 (1.23)

tib ant 5.73 (3.7) 9.07 (4.86) 10.25 (3.72) 8.85 (5.21) 4.53 (4.59) tib ant 7.84 (4.04) 10.37 (4.42) 11.13 (3.59) 11.17 (3.72) 9.46 (5.72)

per brev 1.75 (1.09) 3.64 (2.7) 4.11 (2.13) 5.29 (3.6) 1.26 (1.75) per brev 2.65 (1.65) 5.21 (2.89) 7.01 (2.24) 6.83 (2.41) 3.83 (2.46)

per long 4.01 (2.16) 6.51 (4.53) 7.26 (3.23) 9.91 (4.72) 2.68 (2.41) per long 5.47 (2.71) 9.46 (4.83) 13.41 (4.8) 13.12 (3.53) 7.14 (3.46)

per tert 0.55 (0.6) 1.57 (1.28) 1.69 (1.2) 2.53 (1.49) 0.41 (0.5) per tert 1.33 (1.01) 2.38 (1.33) 2.89 (1.02) 2.99 (1.09) 1.76 (1.28)

ext dig 3.26 (1.56) 4.64 (2.97) 5.28 (2.79) 7.89 (3.67) 2.13 (1.55) ext dig 5.23 (1.94) 6.22 (2.43) 7.12 (1.55) 7.84 (2.78) 4.59 (2.96)

ext hal 0.61 (0.61) 1.49 (1.07) 1.68 (1.01) 1.83 (1.09) 0.66 (1.13) ext hal 1.3 (0.84) 2 (0.95) 2.27 (0.56) 2.36 (0.88) 1.72 (1.17)

ercspn 3.21 (4.34) 5.23 (5.68) 3.92 (3.11) 6.82 (5.71) 2.23 (1.12) ercspn 7.64 (5.54) 7.31 (5.84) 10.11 (6.62) 7.29 (3.94) 6.16 (3.13)

intobl 1.48 (1.71) 3.02 (3.15) 2.63 (2.45) 4.33 (4.37) 0.53 (0.23) intobl 2.65 (1.64) 3.34 (2.83) 4.05 (3.85) 4.53 (3.4) 1.85 (1.05)

extobl 1.5 (1.53) 2.18 (2.23) 1.76 (2.44) 3.04 (2.38) 0.69 (0.19) extobl 2.38 (2.13) 2.62 (2.2) 2.41 (3.24) 3.89 (1.85) 1.31 (0.64)

Mid-stance Heel off

Healthy Group A Group B Group C Group D Healthy Group A Group B Group C Group D

glut med 7.55 (4.2) 11.53 (5.32) 13.03 (4.45) 10.09 (3.94) 13.95 (6.27) glut med 5.19 (2.94) 12.01 (5.6) 15.58 (3.94) 8.88 (6.2) 10.73 (7.76)

glut min 2.66 (1.97) 4.27 (2.66) 5.9 (2.56) 3.99 (1.62) 5.71 (3.22) glut min 1.7 (1.66) 4.73 (2.7) 6.86 (2.03) 4.03 (1.43) 4.48 (3.65)

semimem 2.5 (2.66) 4.92 (4.76) 2.88 (4.18) 3.08 (5.61) 9.9 (3.71) semimem 1.95 (1.78) 4.15 (4.16) 3.2 (4.05) 0.63 (0.51) 9.14 (4.56)
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semiten 0.94 (1.09) 1.54 (1.97) 0.8 (1.4) 1.15 (1.99) 3.44 (1.85) semiten 0.77 (1.09) 1.39 (1.82) 0.73 (1.37) 0.17 (0.1) 3.42 (1.97)

bifemlh 2.21 (1.89) 4.4 (4.16) 4.39 (4.17) 2.99 (4.68) 8.93 (3.54) bifemlh 2.12 (1.54) 3.52 (3.79) 4.01 (4.02) 0.44 (0.28) 7.99 (3.9)

bifemsh 5.18 (3.13) 5.71 (4) 5.9 (3.99) 5.82 (6.39) 10.44 (1.84) bifemsh 5 (3.64) 6.67 (3.93) 8.22 (3.11) 4.43 (4.18) 9.44 (3.61)

sar 1.3 (0.82) 1.69 (0.93) 2.24 (0.81) 1.94 (1.17) 2.4 (0.84) sar 1.19 (0.97) 1.89 (0.88) 2.36 (0.57) 2.05 (1.28) 1.82 (1.3)

add long 1.52 (1.85) 2.29 (3.21) 1.1 (2.48) 1.88 (2.78) 6.4 (3.42) add long 2.07 (2.26) 2.74 (3.62) 1.89 (2.99) 2.43 (4) 5.28 (3.17)

add brev 1.04 (1.33) 1.76 (2.65) 0.92 (2.2) 1 (1.46) 5.36 (2.98) add brev 1.26 (1.27) 2.03 (2.84) 1.46 (2.44) 0.49 (0.62) 4.12 (2.83)

add mag 1.21 (1.3) 2.23 (3.03) 0.97 (1.9) 1.52 (2.55) 5.86 (3.43) add mag 1.61 (1.27) 2.24 (3.08) 1.35 (2.11) 1 (1.53) 4.08 (2.9)

tfl 1.69 (1.24) 2.46 (1.32) 3.46 (1.39) 2.68 (1.11) 2.56 (1.47) tfl 1.24 (0.94) 2.55 (1.3) 3.8 (1.09) 2.8 (0.85) 2.16 (1.81)

pect 0.51 (0.72) 0.8 (1.31) 0.38 (0.99) 1.75 (1.94) 2.48 (1.45) pect 0.52 (0.66) 1.07 (1.54) 0.63 (1.12) 2.1 (2.39) 1.9 (1.57)

grac 0.26 (0.38) 0.6 (0.94) 0.15 (0.25) 0.27 (0.43) 1.62 (0.87) grac 0.19 (0.32) 0.54 (0.81) 0.36 (0.63) 0.06 (0.02) 1.16 (0.91)

glut max 3.33 (3.05) 5.89 (4.02) 6.75 (3.69) 3.77 (1.9) 8.73 (5.44) glut max 1.79 (1.66) 5.68 (4.16) 7.08 (3.53) 1.72 (2.36) 7.34 (5.24)

iliacus 4.81 (3.48) 6.31 (5.85) 2.77 (4.7) 6.99 (8.04) 11.44 (4.44) iliacus 7.33 (17.9) 8.58 (7.21) 3.62 (5.7) 8.67 (8.4) 9.96 (6.39)

psoas 5.68 (3.82) 7.17 (6.24) 2.66 (4.37) 8.97 (9.65) 11.38 (3.93) psoas 5.48 (7.44) 9.37 (7.36) 3.95 (5.66) 11.49 (10.7) 11.27 (5.38)

quad fem 1.63 (0.96) 1.85 (2.34) 2.05 (1.48) 1.14 (0.99) 5.21 (2.88) quad fem 1.55 (1.33) 2.41 (2.18) 3.04 (1.55) 2.04 (2.06) 3.62 (1.64)

gem 0.41 (0.33) 0.84 (2.99) 0.25 (0.7) 0.41 (0.72) 2.05 (1.62) gem 0.2 (0.26) 0.97 (2.37) 0.69 (0.84) 0.6 (1.14) 1.21 (1.27)

peri 1.98 (1.73) 1.96 (1.88) 1.8 (1.63) 1.19 (1.4) 3.82 (3.09) peri 1.1 (1.18) 2.27 (2.17) 2.62 (1.95) 1.46 (1.77) 2.86 (3.08)

rect fem 8.52 (5.36) 11.9 (6.41) 14.29 (6.1) 14.87 (5.7) 12.96 (7.48) rect fem 6.51 (5.3) 14.42 (7.45) 18.81 (4.44) 18.52 (9.44) 10.66 (8.4)

vas med 2.18 (1.5) 2.46 (2.24) 2.15 (1.81) 4.44 (5.52) 1.55 (1.56) vas med 1.74 (1.68) 2.69 (2.65) 1.87 (1.62) 5.61 (8.37) 1.4 (1.36)

vas int 3.11 (1.71) 3.16 (2.82) 2.84 (2.43) 5.69 (7.18) 1.83 (1.87) vas int 2.1 (1.94) 3.41 (3.35) 2.4 (2.21) 7.15 (10.58) 1.59 (1.58)

vas lat 3.99 (3.05) 4.94 (4.44) 4.3 (3.83) 8.5 (10.96) 3.25 (3.59) vas lat 3.4 (3.45) 5.42 (5.45) 3.58 (3.3) 10.52 (15.28) 2.72 (2.94)

med gas 6.37 (5.01) 7.86 (6.34) 7.13 (5.98) 7.81 (6.21) 13.6 (7.58) med gas 6.29 (5.48) 11.18 (7.12) 11.69 (6.91) 9.31 (8.79) 13.11 (8.03)

lat gas 3.29 (2.69) 4.38 (4.2) 1.77 (3.56) 2.4 (2.98) 9.88 (3.39) lat gas 4.29 (3.67) 4.59 (4.09) 3.22 (3.41) 2.2 (2.94) 8.6 (2.68)

soleus 10.89 (8.82) 13.15 (12.44) 6.6 (7.49) 5.2 (3.13) 35.68 (11.7) soleus 16.12 (15.37) 17.67 (15.21) 13.41 (10.29) 8.56 (8.09) 34.19 (11.62)
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tib post 12.4 (7.47) 12.67 (9.94) 7.39 (9.86) 14.66 (14.63) 26.02 (8.93) tib post 14.42 (9.36) 12.71 (11.43) 9.34 (10.22) 13.89 (16.5) 21.87 (8.76)

flex dig 1.43 (1.03) 1.6 (1.4) 0.87 (1.5) 3.06 (3.25) 3.84 (1.4) flex dig 1.73 (1.4) 1.78 (1.73) 1.09 (1.61) 2.62 (2.9) 3.48 (1.16)

flex hal 1.52 (1.31) 1.72 (1.58) 0.88 (1.66) 2.22 (3.55) 4.35 (1.54) flex hal 1.97 (1.68) 1.9 (1.95) 1.14 (1.87) 1.65 (3.01) 3.91 (1.62)

tib ant 7.87 (3.64) 8.56 (4.2) 8.55 (4.67) 9.29 (4.56) 13.58 (3.5) tib ant 8.58 (4.49) 8.63 (5.58) 8.5 (5.04) 11.65 (7.42) 10.98 (2.38)

per brev 3.21 (2.32) 6.01 (2.86) 7.64 (2.24) 5.09 (3.66) 6.93 (3.83) per brev 3.21 (2.82) 6.25 (3.25) 8.07 (2.05) 4.52 (3.34) 5.05 (4.2)

per long 6.85 (4.03) 11.46 (5.12) 15.37 (4.8) 11.12 (7.04) 14.13 (7.47) per long 6.09 (5.15) 11.92 (6.06) 16.47 (4.24) 9.46 (6.31) 10.21 (8.65)

per tert 1.51 (1.07) 2.36 (1.19) 2.96 (0.84) 2.03 (0.85) 2.66 (1.57) per tert 1.15 (1.15) 2.25 (1.31) 3.34 (0.62) 1.92 (1.4) 1.84 (1.55)

ext dig 5.18 (2.29) 6.17 (2.55) 7.84 (1.39) 6.85 (0.68) 6.49 (3.65) ext dig 4.13 (3.24) 5.87 (2.82) 8.25 (1.18) 6.13 (1.8) 4.71 (3.81)

ext hal 1.26 (0.8) 1.87 (0.81) 2.21 (0.58) 2.04 (0.83) 2.31 (0.66) ext hal 1.29 (0.99) 1.82 (0.92) 2.28 (0.69) 2.39 (1.08) 1.9 (0.74)

ercspn 7.93 (5.15) 6.59 (5.28) 7.33 (7.6) 3.93 (1.87) 13.27 (7.4) ercspn 4.74 (4.13) 7.77 (6.02) 7.77 (7.2) 6.14 (4.49) 13.08 (10.57)

intobl 3.29 (1.84) 3.57 (2.53) 3.18 (3.92) 1.73 (0.78) 5.26 (3.06) intobl 3.39 (1.52) 4.25 (3.04) 3.27 (2.99) 3.1 (1.85) 5.3 (3.93)

extobl 3.66 (2.31) 2.82 (1.95) 2.26 (3.18) 1.95 (1.4) 2.94 (3.04) extobl 4.01 (2.3) 3.36 (2.2) 2.32 (1.18) 1.93 (1) 2.86 (3.01)

Toe off

Healthy Group A Group B Group C Group D Healthy Group A Group B Group C Group D

glut med 9.42 (5.78) 9.91 (5.47) 7.55 (3.7) 8.29 (2.59) 9.74 (5.84) rect fem 11.29 (6.25) 14.02 (7.61) 12.81 (4.63) 17.24 (12.09) 11.31 (8.49)

glut min 3.48 (2.76) 3.74 (2.56) 2.29 (1.68) 2.22 (1.46) 4.02 (2.71) vas med 2.52 (1.69) 2.31 (2.89) 1.28 (0.78) 3.55 (5.08) 1.84 (2.01)

semimem 3.02 (2.38) 3.78 (3.09) 3.09 (3.41) 1.8 (0.38) 9.49 (3.11) vas int 3.18 (2) 2.81 (3.33) 1.57 (0.95) 4.35 (6.28) 2.09 (2.33)

semiten 1.16 (1.11) 1.64 (1.63) 0.84 (1.33) 0.74 (0.4) 3.46 (1.6) vas lat 4.95 (3.16) 4.49 (5.39) 2.39 (1.82) 7.3 (10.86) 3.48 (4.14)

bifemlh 2.85 (2.28) 3.83 (3.13) 3.03 (3) 1 (0.62) 7.9 (3.41) med gas 6.34 (4.2) 10.24 (5.39) 9.77 (5.01) 8.4 (6.77) 14.22 (5.29)

bifemsh 5.71 (2.19) 7.07 (3.21) 5.85 (2.75) 5.48 (4.16) 8.74 (2.8) lat gas 4.05 (3.09) 4.4 (3.57) 3.05 (2.66) 1.75 (1.61) 7.65 (2.34)

sar 1.41 (0.84) 1.63 (0.86) 1.28 (0.74) 1.7 (1.31) 1.7 (1.09) soleus 16.54 (13.85) 19.18 (14.46) 12.96 (7.86) 10.69 (8.7) 33.75 (10.37)

add long 2.87 (2.79) 3.58 (3.48) 2.16 (3.13) 2.15 (2.05) 5.93 (2.63) tib post 15.16 (9.16) 14.61 (11.42) 10.84 (7.72) 14.97 (13.55) 22.85 (9.01)

add brev 1.78 (1.88) 2.52 (2.91) 1.44 (2.23) 0.47 (0.33) 4.55 (2.87) flex dig 2.1 (1.41) 2.22 (1.86) 1.28 (0.93) 2.91 (2.26) 3.55 (1.44)
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add mag 2.19 (1.86) 2.99 (3.41) 1.46 (1.96) 0.76 (0.49) 5.27 (3.87) flex hal 2.35 (1.6) 2.39 (2.03) 1.19 (1.35) 2.19 (2.79) 3.97 (1.44)

tfl 1.92 (1.55) 2.22 (1.11) 1.67 (0.88) 2.25 (1.28) 1.94 (1.07) tib ant 10.93 (4.28) 10.67 (5.62) 7.16 (4.18) 12.72 (8.34) 12.71 (4.98)

pect 0.63 (0.8) 1.36 (1.59) 0.67 (1.07) 2.23 (2.59) 2 (1.51) per brev 5.23 (3.24) 5.93 (3.28) 5.3 (1.89) 3.71 (2.42) 4.75 (4.24)

grac 0.41 (0.53) 0.64 (0.8) 0.3 (0.58) 0.17 (0.12) 1.31 (0.85) per long 9.94 (5.43) 11.36 (6.03) 10.9 (2.6) 8.16 (4.6) 9.68 (7.89)

glut max 3.92 (3.21) 4.9 (4.53) 2.99 (2.79) 1.16 (1.44) 7.16 (6.1) per tert 2.45 (1.26) 2.49 (1.32) 2.85 (1) 2.34 (1.15) 1.83 (1.53)

iliacus 6.21 (6.44) 9.47 (6.41) 5.45 (4.05) 9.79 (8.03) 10.46 (4.9) ext dig 7.21 (2.36) 7.05 (2.42) 7.7 (1.4) 7.34 (1.55) 5.88 (3.22)

psoas 6.17 (4.21) 10.25 (6.39) 6.14 (3.88) 11.82 (10.24) 11.29 (5.3) ext hal 2.03 (0.85) 1.94 (1.04) 1.55 (0.87) 2.55 (1.31) 1.89 (1.51)

quad fem 2.68 (1.66) 3.16 (2.48) 2.59 (1.5) 3.41 (3.22) 3.91 (3.08) ercspn 7.39 (5.13) 10.2 (8.92) 9.61 (9.08) 8.74 (8.46) 15.61 (13.33)

gem 0.55 (0.61) 1.12 (2.05) 0.59 (0.8) 1.01 (1.11) 1.34 (1.35) intobl 3.64 (1.51) 4.48 (3.77) 3.74 (2.73) 4 (4.85) 5.67 (4.31)

peri 1.68 (2) 2.02 (2.15) 1.49 (1.8) 1.36 (1.96) 2.54 (2.42) extobl 3.96 (2.33) 3.25 (2.99) 2.2 (2.21) 1.37 (0.52) 3.18 (2.05)

Table 10: The p-values of the muscles that showed significant difference (p-value ≤ 0.05) in at least one comparison of the maximum
muscle force values among similarity-based groups for each stance phase.

Heel contact

Healthy Healthy Healthy Healthy Group A Group A Group A Group B Group B Group C

vs Group A vs Group B vs Group C vs Group D vs Group B vs Group C vs Group D vs Group C vs Group D vs Group D

glut med 0.00 0.75 0.02 0.67 0.79 0.46 0.00 0.23 0.29 0.01

glut min 0.01 1.00 0.17 0.87 0.61 0.75 0.05 0.37 0.86 0.09

semimem 0.00 1.00 0.03 0.81 0.06 0.73 0.47 0.09 0.94 0.28

semiten 0.00 1.00 0.96 1.00 0.32 0.97 0.32 0.99 1.00 0.99

bifemlh 0.00 0.34 0.03 0.92 0.66 0.88 0.11 0.52 0.93 0.21

bifemsh 0.00 0.31 0.93 0.93 1.00 0.99 0.02 1.00 0.22 0.77

-
29

-



Table 10

sar 0.00 0.00 0.11 0.89 0.31 0.89 0.00 1.00 0.00 0.06

add long 0.00 0.98 0.58 1.00 0.06 1.00 0.13 0.50 1.00 0.61

add brev 0.00 0.97 0.71 1.00 0.07 1.00 0.18 0.58 1.00 0.72

add mag 0.00 0.92 0.89 1.00 0.48 0.98 0.17 1.00 0.99 0.96

tfl 0.00 1.00 0.41 0.68 0.28 0.97 0.01 0.50 0.87 0.15

pect 0.00 0.99 0.54 1.00 0.55 1.00 0.14 0.78 0.98 0.52

grac 0.00 0.99 0.68 1.00 0.14 1.00 0.39 0.61 0.99 0.79

glut max 0.00 1.00 0.34 1.00 0.39 0.94 0.15 0.49 1.00 0.33

iliacus 0.05 0.65 0.32 0.62 0.04 0.83 0.03 0.10 1.00 0.10

psoas 0.05 0.40 0.34 0.48 0.01 0.85 0.02 0.07 1.00 0.08

quad fem 0.00 0.61 0.74 1.00 0.96 1.00 0.24 1.00 0.85 0.84

peri 0.00 0.59 0.25 1.00 0.99 0.91 0.14 0.85 0.63 0.27

rect fem 0.00 0.10 0.04 0.81 1.00 0.81 0.00 0.78 0.05 0.02

vas med 0.50 1.00 0.01 0.67 0.95 0.04 0.17 0.04 0.79 0.00

vas int 0.19 1.00 0.04 0.68 0.93 0.19 0.09 0.13 0.70 0.01

vas lat 0.38 1.00 0.26 0.72 0.97 0.59 0.17 0.48 0.75 0.10

med gas 0.00 0.01 0.27 1.00 0.95 0.99 0.03 1.00 0.05 0.27

lat gas 0.00 0.04 0.96 1.00 1.00 0.83 0.01 0.89 0.12 0.94

soleus 0.00 0.71 0.90 1.00 0.34 0.85 0.02 1.00 0.90 0.95

tib post 0.00 0.42 0.07 0.83 0.92 0.83 0.00 0.64 0.21 0.03

flex dig 0.00 0.32 0.64 0.66 1.00 1.00 0.01 1.00 0.09 0.28

flex hal 0.00 0.24 0.69 0.73 1.00 1.00 0.01 1.00 0.08 0.35

tib ant 0.00 0.01 0.65 0.91 0.91 1.00 0.01 0.98 0.01 0.44
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per brev 0.00 0.01 0.02 0.95 0.96 0.59 0.00 0.89 0.01 0.01

per long 0.00 0.04 0.02 0.79 0.97 0.37 0.01 0.73 0.02 0.01

per tert 0.00 0.01 0.00 0.99 1.00 0.38 0.00 0.64 0.02 0.00

ext dig 0.01 0.08 0.00 0.60 0.92 0.08 0.01 0.37 0.02 0.00

ext hal 0.00 0.00 0.09 1.00 0.96 0.95 0.03 1.00 0.06 0.20

intobl 0.00 0.64 0.22 0.78 0.99 0.87 0.02 0.79 0.29 0.09

Foot flat

Healthy Healthy Healthy Healthy Group A Group A Group A Group B Group B Group C

vs Group A vs Group B vs Group C vs Group D vs Group B vs Group C vs Group D vs Group C vs Group D vs Group D

glut med 0.00 0.01 0.11 1.00 0.69 0.73 0.27 0.99 0.10 0.20

glut min 0.02 0.01 0.27 1.00 0.34 0.82 0.47 1.00 0.07 0.36

semimem 0.00 0.96 0.31 0.05 0.30 1.00 1.00 0.67 0.52 1.00

semiten 0.02 1.00 0.66 0.32 0.59 0.99 1.00 0.78 0.65 1.00

bifemlh 0.00 0.08 0.45 0.04 1.00 1.00 1.00 1.00 1.00 1.00

bifemsh 0.02 0.42 0.59 0.89 1.00 0.99 0.95 1.00 0.97 0.93

sar 0.00 0.00 0.14 0.78 0.22 0.84 0.86 1.00 0.14 0.60

add long 0.01 0.93 0.01 0.04 0.09 0.19 0.76 0.01 0.04 0.70

add brev 0.09 0.88 0.11 0.06 0.14 0.46 0.62 0.06 0.04 0.95

add mag 0.00 1.00 0.14 0.01 0.43 0.76 0.65 0.29 0.14 1.00

tfl 0.00 0.00 0.51 1.00 0.39 0.99 0.36 0.98 0.05 0.68

pect 0.03 1.00 0.07 0.48 0.31 0.43 1.00 0.08 0.54 0.60

grac 0.04 0.94 0.30 0.11 0.15 0.83 0.86 0.20 0.10 0.99

glut max 0.00 0.01 0.09 0.27 0.96 0.90 0.97 0.99 0.85 0.79
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quad fem 0.01 0.47 0.87 0.28 1.00 1.00 1.00 1.00 1.00 1.00

gem 1.00 0.95 1.00 1.00 0.87 1.00 1.00 1.00 0.98 1.00

rect fem 0.00 0.02 0.12 1.00 0.74 0.70 0.35 0.99 0.15 0.21

vas med 0.97 1.00 0.00 0.71 1.00 0.00 0.47 0.01 0.72 0.00

vas int 0.80 0.99 0.00 0.62 1.00 0.00 0.25 0.01 0.60 0.00

vas lat 0.70 1.00 0.01 0.76 1.00 0.03 0.32 0.05 0.76 0.00

med gas 0.00 0.27 0.02 0.27 0.99 0.50 0.99 0.45 1.00 0.45

lat gas 0.00 0.42 0.22 0.00 0.88 0.99 0.74 0.88 0.49 1.00

soleus 0.00 0.95 0.25 0.17 0.43 0.98 1.00 0.61 0.77 0.97

tib post 0.00 0.57 0.04 0.13 0.95 0.56 1.00 0.42 0.96 0.72

flex dig 0.00 0.75 0.00 0.39 0.96 0.05 1.00 0.05 0.99 0.10

flex hal 0.01 0.82 0.00 0.26 0.98 0.08 1.00 0.08 0.95 0.25

tib ant 0.00 0.11 0.57 0.76 0.98 1.00 0.96 1.00 0.88 0.96

per brev 0.00 0.00 0.01 0.55 0.12 0.7 0.36 1.00 0.01 0.21

per long 0.00 0.00 0.00 0.70 0.02 0.41 0.35 1.00 0.00 0.09

per tert 0.00 0.00 0.06 0.79 0.63 0.86 0.45 1.00 0.14 0.39

ext dig 0.06 0.07 0.17 0.90 0.70 0.63 0.13 0.98 0.05 0.10

ext hal 0.00 0.01 0.15 0.57 0.87 0.94 0.85 1.00 0.57 0.74

Mid-stance

Healthy Healthy Healthy Healthy Group A Group A Group A Group B Group B Group C

vs Group A vs Group B vs Group C vs Group D vs Group B vs Group C vs Group D vs Group C vs Group D vs Group D

glut med 0.00 0.00 0.86 0.00 0.86 0.98 0.50 0.84 0.99 0.66

glut min 0.00 0.00 0.83 0.00 0.20 1.00 0.32 0.66 1.00 0.75
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semimem 0.00 1.00 1.00 0.00 0.48 0.90 0.00 1.00 0.00 0.03

semiten 0.18 1.00 1.00 0.00 0.60 0.99 0.00 1.00 0.00 0.12

bifemlh 0.00 0.29 0.99 0.00 1.00 0.94 0.00 0.96 0.01 0.03

bifemsh 0.91 0.97 1.00 0.00 1.00 1.00 0.00 1.00 0.02 0.19

sar 0.05 0.01 0.62 0.00 0.25 0.98 0.07 0.98 0.99 0.90

add long 0.44 0.99 1.00 0.00 0.63 1.00 0.00 0.99 0.00 0.04

add brev 0.29 1.00 1.00 0.00 0.75 0.97 0.00 1.00 0.00 0.01

add mag 0.10 1.00 1.00 0.00 0.48 0.98 0.00 1.00 0.00 0.02

tfl 0.00 0.00 0.58 0.21 0.09 1.00 1.00 0.84 0.44 1.00

pect 0.53 1.00 0.23 0.00 0.76 0.49 0.00 0.24 0.00 0.80

grac 0.05 0.99 1.00 0.00 0.29 0.92 0.00 1.00 0.00 0.02

glut max 0.00 0.03 1.00 0.00 0.95 0.81 0.10 0.65 0.70 0.15

iliacus 0.37 0.71 0.92 0.00 0.15 1.00 0.01 0.60 0.00 0.55

psoas 0.44 0.39 0.76 0.01 0.05 0.97 0.08 0.25 0.00 0.94

quad fem 0.96 0.96 0.99 0.00 1.00 0.95 0.00 0.93 0.00 0.00

peri 1.00 1.00 0.93 0.02 1.00 0.93 0.01 0.98 0.07 0.12

rect fem 0.01 0.02 0.26 0.14 0.71 0.88 0.98 1.00 0.98 0.98

med gas 0.55 0.99 0.99 0.00 0.99 1.00 0.02 1.00 0.06 0.45

lat gas 0.35 0.68 0.99 0.00 0.13 0.82 0.00 1.00 0.00 0.00

soleus 0.71 0.72 0.85 0.00 0.29 0.61 0.00 1.00 0.00 0.00

tib post 1.00 0.42 0.99 0.00 0.33 0.99 0.00 0.65 0.00 0.20

flex dig 0.93 0.69 0.13 0.00 0.40 0.21 0.00 0.04 0.00 0.86

flex hal 0.93 0.69 0.91 0.00 0.40 0.97 0.00 0.57 0.00 0.12
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tib ant 0.83 0.98 0.96 0.00 1.00 1.00 0.00 1.00 0.02 0.35

per brev 0.00 0.00 0.67 0.00 0.29 0.97 0.81 0.49 0.97 0.77

per long 0.00 0.00 0.46 0.00 0.08 1.00 0.40 0.58 0.97 0.83

per tert 0.00 0.00 0.90 0.01 0.43 0.98 0.92 0.63 0.97 0.88

ext dig 0.11 0.01 0.69 0.45 0.18 0.98 0.99 0.96 0.66 1.00

ext hal 0.00 0.00 0.31 0.00 0.62 0.99 0.36 1.00 1.00 0.98

ercspn 0.57 1.00 0.62 0.02 0.99 0.88 0.00 0.82 0.06 0.03

Heel off

Healthy Healthy Healthy Healthy Group A Group A Group A Group B Group B Group C

vs Group A vs Group B vs Group C vs Group D vs Group B vs Group C vs Group D vs Group C vs Group D vs Group D

glut med 0.00 0.00 0.60 0.00 0.13 0.73 0.92 0.13 0.12 0.97

glut min 0.00 0.00 0.33 0.00 0.03 0.98 1.00 0.25 0.11 1.00

semimem 0.00 0.79 0.95 0.00 0.90 0.29 0.00 0.71 0.00 0.00

semiten 0.11 1.00 0.95 0.00 0.65 0.55 0.00 0.97 0.00 0.00

bifemlh 0.06 0.33 0.85 0.00 0.99 0.32 0.00 0.30 0.02 0.00

bifemsh 0.05 0.05 1.00 0.00 0.66 0.77 0.12 0.41 0.93 0.14

sar 0.00 0.00 0.38 0.20 0.49 1.00 1.00 0.98 0.63 0.99

add long 0.69 1.00 1.00 0.01 0.90 1.00 0.07 1.00 0.06 0.52

add brev 0.27 1.00 0.97 0.00 0.93 0.71 0.03 0.95 0.05 0.06

add mag 0.54 1.00 0.99 0.02 0.78 0.87 0.12 1.00 0.06 0.21

tfl 0.00 0.00 0.09 0.11 0.01 0.99 0.82 0.61 0.01 0.89

pect 0.08 1.00 0.13 0.01 0.82 0.53 0.23 0.29 0.13 1.00

grac 0.01 0.94 1.00 0.00 0.90 0.63 0.03 0.94 0.03 0.04
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glut max 0.00 0.00 1.00 0.00 0.69 0.18 0.54 0.06 1.00 0.05

psoas 0.01 0.96 0.49 0.08 0.11 0.98 0.91 0.37 0.10 1.00

quad fem 0.04 0.08 0.99 0.00 0.80 1.00 0.21 0.89 0.94 0.59

gem 0.05 0.90 0.99 0.36 0.98 0.99 0.99 1.00 0.95 0.98

peri 0.00 0.10 1.00 0.03 0.98 0.93 0.86 0.84 1.00 0.73

rect fem 0.00 0.00 0.01 0.29 0.21 0.76 0.36 1.00 0.03 0.26

vas med 0.13 1.00 0.02 0.99 0.81 0.14 0.43 0.07 0.99 0.03

vas int 0.07 1.00 0.01 0.98 0.82 0.12 0.30 0.06 0.97 0.01

vas lat 0.09 1.00 0.04 0.99 0.75 0.26 0.39 0.11 0.99 0.05

med gas 0.00 0.08 0.91 0.01 1.00 0.98 0.88 0.97 0.99 0.86

lat gas 0.99 0.90 0.83 0.00 0.77 0.73 0.01 0.99 0.01 0.03

soleus 0.97 0.98 0.86 0.00 0.88 0.74 0.00 0.98 0.00 0.02

tib post 0.87 0.56 1.00 0.17 0.84 1.00 0.04 0.95 0.03 0.69

flex dig 1.00 0.73 0.82 0.01 0.64 0.85 0.01 0.48 0.00 0.89

flex hal 1.00 0.62 1.00 0.01 0.67 1.00 0.00 0.99 0.00 0.22

per brev 0.00 0.00 0.92 0.33 0.32 0.82 0.72 0.28 0.12 1.00

per long 0.00 0.00 0.8 0.17 0.08 0.92 0.88 0.23 0.07 1.00

per tert 0.00 0.00 0.75 0.39 0.03 0.98 0.82 0.27 0.03 1.00

ext dig 0.00 0.00 0.68 0.97 0.07 1.00 0.7 0.73 0.03 0.92

ext hal 0.00 0.01 0.13 0.21 0.47 0.73 1.00 1.00 0.85 0.89

ercspn 0.02 0.48 0.99 0.00 1.00 0.98 0.03 0.99 0.18 0.25

Toe off

Healthy Healthy Healthy Healthy Group A Group A Group A Group B Group B Group C
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vs Group A vs Group B vs Group C vs Group D vs Group B vs Group C vs Group D vs Group C vs Group D vs Group D

semimem 0.48 1.00 0.92 0.00 0.94 0.66 0.00 0.94 0.00 0.00

semiten 0.25 0.96 0.98 0.00 0.37 0.74 0.00 1.00 0.00 0.01

bifemlh 0.22 1.00 0.72 0.00 0.89 0.30 0.00 0.73 0.00 0.00

bifemsh 0.03 1.00 1.00 0.01 0.64 0.81 0.31 1.00 0.10 0.28

add long 0.64 0.95 0.99 0.02 0.59 0.90 0.11 1.00 0.03 0.24

add brev 0.38 0.99 0.85 0.00 0.63 0.51 0.07 0.96 0.02 0.04

add mag 0.44 0.93 0.87 0.01 0.42 0.56 0.08 0.99 0.01 0.05

pect 0.01 1.00 0.15 0.01 0.46 0.72 0.53 0.27 0.11 1.00

grac 0.28 0.99 0.96 0.00 0.52 0.69 0.01 1.00 0.00 0.04

iliacus 0.01 1.00 0.80 0.20 0.22 1.00 0.99 0.75 0.28 1.00

psoas 0.00 1.00 0.29 0.03 0.12 0.98 0.98 0.40 0.17 1.00

med gas 0.00 0.19 0.93 0.00 1.00 0.95 0.07 0.99 0.19 0.26

lat gas 0.97 0.87 0.65 0.00 0.66 0.51 0.01 0.96 0.01 0.02

soleus 0.76 0.92 0.92 0.00 0.57 0.74 0.00 1.00 0.00 0.03

tib post 1.00 0.68 1.00 0.13 0.76 1.00 0.07 0.96 0.04 0.68

flex dig 0.99 0.52 0.88 0.04 0.34 0.93 0.07 0.43 0.01 0.96

flex hal 1.00 0.26 1.00 0.04 0.20 1.00 0.04 0.88 0.00 0.45
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Table 11: The average and standard deviation of the maximum muscle force values of temporal component-based groups for each stance
phase.

Heel contact Foot flat Mid-stance

Healthy Healthy Affected-limb Affected-limb Healthy Healthy Affected-limb Affected-limb Healthy Healthy

Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2

glut med 3.07 (3.2) 3.28 (3.59) 6.36 (4.25) 4.12 (3.72) 7.21 (4.81) 6.81 (4.67) 10.46 (4.59) 8.94 (4.35) 7.57 (4.24) 7.53 (4.23)

glut min 1.07 (1.76) 1.05 (1.77) 2.22 (2.25) 1.47 (2) 2.58 (2.51) 2.33 (2.17) 4.02 (2.64) 3.36 (2.58) 2.51 (1.76) 2.87 (2.25)

semimem 1.97 (2.78) 1.77 (2.15) 4.16 (2.78) 3.2 (2.38) 2.96 (3) 2.63 (2.54) 5.49 (3.36) 5.12 (3.76) 2.71 (2.8) 2.21 (2.49)

semiten 0.5 (0.59) 0.43 (0.6) 1.12 (1.06) 0.59 (0.55) 1.15 (1.08) 0.77 (0.88) 1.7 (1.59) 1.63 (1.78) 1.08 (1.22) 0.75 (0.87)

bifemlh 1.36 (1.64) 1.47 (1.73) 3.87 (2.63) 2.77 (2.19) 2.51 (2.04) 2.28 (2.11) 4.88 (3.08) 4.85 (3.22) 2.4 (1.99) 1.96 (1.76)

bifemsh 2.3 (1.58) 2.77 (2.28) 4.89 (3.81) 3.4 (3.27) 4.56 (2.59) 4.3 (2.73) 6.1 (3.71) 6.21 (3.71) 5.24 (3.21) 5.11 (3.08)

sar 0.48 (0.45) 0.58 (0.57) 1.22 (0.9) 0.89 (0.86) 1.04 (0.68) 1 (0.69) 1.64 (0.87) 1.57 (0.94) 1.26 (0.8) 1.36 (0.85)

add long 0.39 (0.39) 0.98 (1.59) 1.6 (1.99) 1.22 (1.58) 1.33 (1.49) 1.37 (1.82) 2.15 (2.07) 2.85 (2.81) 1.58 (1.89) 1.44 (1.83)

add brev 0.46 (1.19) 0.56 (0.85) 1.2 (1.51) 0.99 (1.37) 1.12 (1.57) 1.02 (1.39) 1.65 (1.84) 2.14 (2.41) 0.95 (1.17) 1.17 (1.55)

add mag 0.6 (1.13) 0.69 (0.76) 1.47 (1.38) 1.25 (1.11) 1.24 (1.49) 1.11 (1.29) 2.13 (1.92) 2.63 (2.53) 1.19 (1.24) 1.24 (1.41)

tfl 0.58 (0.45) 0.83 (0.85) 1.25 (1.09) 0.85 (1.01) 1.4 (1.08) 1.44 (0.97) 2.32 (1.34) 1.98 (1.34) 1.59 (1.18) 1.83 (1.33)

pect 0.28 (0.66) 0.15 (0.14) 0.62 (0.78) 0.43 (0.61) 0.48 (0.79) 0.36 (0.62) 0.8 (0.99) 0.98 (1.26) 0.47 (0.67) 0.56 (0.8)

grac 0.08 (0.05) 0.15 (0.29) 0.32 (0.48) 0.21 (0.38) 0.28 (0.44) 0.26 (0.37) 0.52 (0.7) 0.6 (0.84) 0.25 (0.35) 0.28 (0.42)

glut max 1.5 (1.7) 1.71 (2.27) 3.35 (3.25) 2.09 (2.43) 3.27 (3.54) 2.66 (2.87) 6.21 (3.53) 5.47 (3.41) 3.43 (3.03) 3.19 (3.12)

iliacus 2.54 (2.13) 2.65 (2.42) 4.32 (4.51) 2.83 (4.92) 4.98 (3.75) 4.66 (3.82) 5.65 (4.96) 7.39 (12.93) 4.91 (3.49) 4.66 (3.52)

psoas 2.85 (2.12) 3.25 (2.75) 4.69 (4.7) 2.97 (3.56) 5.52 (3.24) 5.55 (3.91) 6.5 (5.31) 6.82 (6.77) 5.47 (3.73) 5.97 (4)

quad fem 0.77 (0.95) 0.79 (0.84) 2.04 (2.47) 1.48 (1.34) 1.4 (1.13) 1.47 (0.91) 2.41 (2.28) 2.35 (1.67) 1.5 (0.98) 1.81 (0.92)

gem 0.73 (3.17) 0.11 (0.16) 0.89 (3.51) 0.23 (0.39) 1.02 (3.04) 0.31 (0.33) 0.96 (3.51) 0.54 (0.73) 0.45 (0.38) 0.35 (0.25)
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peri 0.67 (1.1) 0.57 (1.11) 1.59 (1.42) 0.85 (1.08) 1.8 (2) 1.38 (1.96) 2.19 (1.53) 1.88 (1.76) 2.11 (1.92) 1.81 (1.45)

rect fem 2.91 (2.81) 3.22 (3.42) 6.99 (5.34) 5.59 (4.97) 7.3 (4.65) 7.9 (4.75) 10.74 (5.81) 10.53 (5.7) 7.67 (4.52) 9.69 (6.24)

vas med 1 (0.99) 0.92 (0.62) 1.22 (0.97) 1.14 (1.27) 2.15 (1.9) 1.83 (1.79) 2.32 (1.97) 2.16 (2.43) 2.18 (1.49) 2.17 (1.54)

vas int 1.21 (1.26) 1.07 (0.75) 1.58 (1.28) 1.43 (1.5) 2.68 (2.14) 2.2 (1.9) 3.01 (2.42) 2.69 (2.67) 3.13 (1.8) 3.09 (1.6)

vas lat 1.88 (2.22) 1.62 (1.37) 2.34 (2.17) 2.12 (2.22) 4.05 (3.77) 3.26 (2.98) 4.52 (3.49) 4.16 (3.64) 4.01 (3.06) 3.97 (3.1)

med gas 1.49 (1.36) 1.59 (1.49) 4.32 (3.84) 2.65 (2.76) 4.26 (2.72) 3.74 (2.83) 8.31 (4.59) 6.24 (5.37) 6.77 (5.37) 5.81 (4.51)

lat gas 0.83 (0.93) 0.8 (1.4) 2.81 (2.64) 1.73 (1.71) 1.85 (1.81) 1.56 (1.7) 4.05 (2.88) 3.92 (3.3) 3.28 (2.89) 3.3 (2.44)

soleus 2.19 (1.51) 2.13 (2.56) 9.52 (10.37) 6.98 (8.54) 7.51 (6.64) 5.56 (5.74) 12.98 (9.88) 12.33 (8.82) 11.33 (9.17) 10.28 (8.44)

tib post 6.34 (4.42) 4.98 (4.08) 10.61 (7.48) 9.26 (7.36) 9.05 (3.84) 9.46 (3.52) 13.05 (6.67) 13.61 (6.51) 12.16 (7.68) 12.73 (7.32)

flex dig 0.7 (0.85) 0.88 (1.05) 1.5 (1.26) 1.14 (1.2) 1.11 (0.9) 1.3 (1.14) 1.88 (1.14) 1.93 (1.43) 1.4 (1.05) 1.46 (1.02)

flex hal 0.82 (1.15) 0.73 (1.02) 1.56 (1.37) 1.17 (1.27) 1.27 (1.17) 1.31 (1.27) 1.94 (1.32) 2.13 (1.47) 1.51 (1.37) 1.53 (1.25)

tib ant 5.56 (3.95) 5.97 (3.4) 9.26 (4.76) 7.97 (5.05) 7.8 (4.11) 7.9 (4.02) 10.42 (4.33) 10.33 (4.63) 7.21 (3.27) 8.79 (3.97)

per brev 1.78 (1.26) 1.72 (0.83) 3.71 (2.57) 3.21 (2.88) 2.88 (1.79) 2.34 (1.42) 5.54 (2.88) 4.96 (2.81) 3.25 (2.07) 3.16 (2.67)

per long 4.12 (2.37) 3.85 (1.86) 6.65 (4.34) 5.85 (4.57) 5.62 (2.86) 5.26 (2.53) 10.01 (4.9) 9.36 (4.88) 6.7 (3.17) 7.07 (5.04)

per tert 0.54 (0.52) 0.56 (0.71) 1.65 (1.22) 1.29 (1.34) 1.41 (1.02) 1.21 (1.01) 2.5 (1.24) 2.23 (1.41) 1.48 (1.02) 1.54 (1.16)

ext dig 3.41 (1.35) 3.06 (1.83) 4.86 (2.96) 4.14 (3.06) 5.3 (2.11) 5.15 (1.71) 6.45 (2.19) 5.84 (2.84) 4.95 (2.21) 5.5 (2.41)

ext hal 0.57 (0.54) 0.67 (0.7) 1.54 (1.01) 1.3 (1.19) 1.34 (0.85) 1.23 (0.83) 2.11 (0.88) 1.88 (1.01) 1.24 (0.81) 1.28 (0.8)

ercspn 2.89 (2.93) 3.67 (5.8) 5.18 (4.83) 4.4 (5.83) 7.52 (5.31) 7.79 (5.94) 7.77 (5) 7.05 (6.59) 8.21 (5.55) 7.55 (4.62)

intobl 1.46 (1.41) 1.51 (2.08) 3.11 (3.04) 2.3 (3.03) 2.67 (1.51) 2.63 (1.83) 3.52 (2.71) 2.98 (3.07) 3.48 (2.17) 3.04 (1.24)

extobl 1.6 (1.77) 1.37 (1.14) 2.25 (2.4) 1.69 (1.78) 2.67 (2.52) 1.98 (1.37) 2.48 (2.13) 2.57 (2.41) 3.75 (2.67) 3.54 (1.73)

Mid-stance Heel off Toe off

Affected-limb Affected-limb Healthy Healthy Affected-limb Affected-limb Healthy Healthy Affected-limb Affected-limb
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Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2 Gaussian 1 Gaussian 2

glut med 12.16 (5.53) 11.44 (5.01) 4.97 (2.83) 5.51 (3.12) 12.87 (5.81) 11.08 (5.68) 10.23 (6.64) 8.3 (4.2) 9.84 (5.54) 9.29 (4.97)

glut min 4.71 (2.85) 4.36 (2.54) 1.34 (0.94) 2.2 (2.24) 5.13 (2.83) 4.55 (2.68) 3.57 (2.89) 3.36 (2.63) 3.61 (2.57) 3.53 (2.43)

semimem 4.88 (4.82) 5.53 (5.04) 2.07 (1.69) 1.78 (1.92) 4.43 (4.1) 4.42 (4.89) 2.97 (2.01) 3.09 (2.85) 4.02 (3.22) 4.48 (3.97)

semiten 1.54 (1.95) 1.8 (2.06) 0.85 (0.91) 0.67 (1.31) 1.37 (1.7) 1.65 (2.14) 1.01 (0.8) 1.38 (1.43) 1.49 (1.5) 2.03 (1.9)

bifemlh 4.42 (4.32) 5.33 (4.27) 2.19 (1.3) 2.02 (1.85) 3.82 (3.78) 4.05 (4.36) 2.82 (2.06) 2.9 (2.6) 3.86 (3.1) 4.34 (3.74)

bifemsh 6.03 (4.07) 6.43 (4.24) 4.96 (3.51) 5.05 (3.88) 7.11 (3.83) 6.89 (4.09) 5.64 (1.82) 5.8 (2.65) 6.98 (3.31) 7.18 (3.06)

sar 1.79 (0.94) 1.87 (0.95) 1.16 (0.93) 1.23 (1.03) 1.96 (0.89) 1.89 (0.97) 1.37 (0.74) 1.46 (0.98) 1.59 (0.88) 1.62 (0.89)

add long 2.3 (3.2) 2.95 (3.63) 2.2 (2.43) 1.89 (2.03) 2.86 (3.6) 2.95 (3.61) 2.75 (2.92) 3.05 (2.64) 3.51 (3.47) 3.79 (3.4)

add brev 1.85 (2.71) 2.23 (3) 1.3 (1.13) 1.22 (1.46) 2.15 (2.88) 2.11 (2.8) 1.62 (1.72) 2.01 (2.1) 2.45 (2.91) 2.69 (2.89)

add mag 2.23 (2.99) 2.74 (3.41) 1.72 (1.09) 1.45 (1.5) 2.31 (3) 2.27 (3.02) 2.08 (1.85) 2.35 (1.9) 2.79 (3.28) 3.28 (3.57)

tfl 2.57 (1.37) 2.58 (1.35) 1.12 (0.66) 1.39 (1.23) 2.63 (1.39) 2.67 (1.36) 1.89 (1.5) 1.97 (1.63) 2.11 (1.11) 2.19 (1.07)

pect 0.82 (1.29) 1.16 (1.56) 0.46 (0.5) 0.62 (0.83) 1.08 (1.53) 1.22 (1.6) 0.48 (0.66) 0.83 (0.94) 1.28 (1.56) 1.52 (1.63)

grac 0.59 (0.95) 0.72 (0.93) 0.18 (0.22) 0.21 (0.44) 0.54 (0.79) 0.61 (0.87) 0.33 (0.45) 0.52 (0.61) 0.58 (0.77) 0.76 (0.86)

glut max 6.49 (4.29) 5.75 (3.99) 1.87 (1.75) 1.68 (1.55) 6.28 (4.47) 5.24 (3.85) 4.39 (3.56) 3.27 (2.56) 4.95 (4.8) 4.6 (4.35)

iliacus 6.05 (5.8) 7.12 (6.2) 7.26 (17.67) 7.44 (18.57) 8.01 (6.88) 8.55 (7.55) 6.71 (7.3) 5.53 (5.07) 8.87 (6.07) 9.62 (6.42)

psoas 6.84 (6.24) 7.72 (6.32) 4.58 (6.85) 6.73 (8.16) 8.77 (7.16) 9.55 (7.55) 5.89 (2.85) 6.55 (5.63) 9.58 (6.07) 10.61 (6.63)

quad fem 2.1 (2.59) 2.28 (2.36) 1.39 (1.07) 1.76 (1.62) 2.53 (2.3) 2.65 (1.77) 2.44 (1.57) 3.01 (1.76) 3.15 (2.58) 3.24 (2.34)

gem 0.99 (3.4) 0.74 (1.16) 0.2 (0.24) 0.2 (0.28) 1.09 (2.65) 0.77 (1.04) 0.52 (0.55) 0.59 (0.7) 1.17 (2.27) 0.98 (1.11)

peri 2.12 (1.91) 2.07 (2.26) 1.27 (1.39) 0.87 (0.79) 2.5 (2.12) 2.09 (2.39) 1.8 (2.31) 1.5 (1.49) 2.07 (2.2) 1.9 (2.04)

rect fem 12.14 (6.56) 12.62 (6.35) 5.06 (3.09) 8.52 (6.93) 15.08 (7.39) 13.95 (7.79) 10.89 (5.79) 11.85 (6.92) 14.18 (7.24) 13.11 (8.12)

vas med 2.36 (2.26) 2.47 (2.41) 1.49 (1.07) 2.1 (2.25) 2.42 (2.38) 2.8 (3.4) 2.08 (1.05) 3.12 (2.18) 1.84 (1.78) 2.73 (3.72)

vas int 3.06 (2.87) 3.1 (3.06) 1.8 (1.22) 2.52 (2.61) 3.14 (3.15) 3.42 (4.18) 2.65 (1.3) 3.92 (2.55) 2.29 (2.28) 3.21 (4.17)
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vas lat 4.68 (4.36) 5.04 (5.01) 2.87 (2.3) 4.13 (4.55) 4.89 (4.9) 5.5 (6.68) 4.16 (2.29) 6.03 (3.87) 3.65 (3.96) 5.18 (6.68)

med gas 8.26 (6.04) 8.49 (7.36) 6.69 (5.87) 5.75 (4.96) 11.15 (6.91) 11.65 (7.61) 6.71 (4.3) 5.82 (4.1) 10.06 (4.8) 11.19 (6.3)

lat gas 4.29 (4.33) 5.06 (4.62) 4.22 (3.76) 4.38 (3.61) 4.51 (4.01) 5.15 (4.2) 3.88 (2.89) 4.28 (3.39) 4.23 (3.42) 4.89 (3.68)

soleus 12.96 (13.02) 16.63 (14.82) 17.69 (16.68) 13.95 (13.36) 17.54 (13.98) 20.07 (16.91) 17.64 (14.51) 15.02 (13.02) 17.89 (12.12) 22.38 (16.76)

tib post 12.29 (10.72) 15.31 (10.83) 13.65 (9.29) 15.48 (9.52) 12.68 (11.48) 14.24 (11.64) 14.28 (8.96) 16.38 (9.46) 14.54 (10.99) 15.82 (11.57)

flex dig 1.56 (1.52) 2.14 (1.79) 1.66 (1.39) 1.82 (1.44) 1.69 (1.69) 2.21 (1.91) 2.03 (1.5) 2.2 (1.28) 2.06 (1.67) 2.61 (2)

flex hal 1.7 (1.71) 2.21 (2.01) 1.92 (1.72) 2.02 (1.66) 1.86 (1.97) 2.23 (2.13) 2.33 (1.65) 2.39 (1.56) 2.2 (1.88) 2.75 (2.2)

tib ant 8.37 (4.64) 10.09 (3.87) 8 (4.42) 9.39 (4.54) 8.41 (5.85) 9.71 (4.54) 10.73 (3.61) 11.2 (5.14) 10 (5.62) 11.45 (5.57)

per brev 6.53 (2.86) 5.79 (3.06) 2.87 (2.12) 3.67 (3.57) 6.6 (3.17) 5.75 (3.47) 5.16 (2.96) 5.33 (3.65) 6.07 (3.1) 5.12 (3.45)

per long 12.49 (5.35) 11.52 (5.74) 5.57 (4.12) 6.82 (6.33) 12.76 (6.12) 11.2 (6.58) 10.04 (4.97) 9.79 (6.11) 11.61 (5.6) 10.22 (6.36)

per tert 2.53 (1.21) 2.31 (1.18) 1.03 (0.96) 1.31 (1.37) 2.51 (1.26) 2.02 (1.36) 2.39 (1.08) 2.53 (1.48) 2.68 (1.21) 2.13 (1.41)

ext dig 6.64 (2.61) 6.03 (2.53) 3.66 (2.57) 4.77 (3.96) 6.46 (2.87) 5.33 (2.79) 6.97 (1.89) 7.54 (2.9) 7.38 (2.2) 6.47 (2.64)

ext hal 1.98 (0.78) 1.91 (0.8) 1.14 (0.87) 1.49 (1.12) 1.91 (0.92) 1.86 (0.85) 1.92 (0.79) 2.19 (0.93) 1.88 (1.01) 1.96 (1.2)

ercspn 7.53 (6.04) 6.81 (5.99) 5.28 (4.72) 3.99 (3.08) 8.52 (6.61) 7.83 (7.05) 7.81 (5.93) 6.8 (3.8) 10.92 (9.51) 10.2 (9.46)

intobl 3.78 (2.89) 3.44 (2.55) 3.56 (1.56) 3.15 (1.47) 4.46 (3.27) 3.88 (2.86) 3.9 (1.48) 3.27 (1.51) 4.92 (3.71) 3.92 (3.76)

extobl 2.79 (2.2) 2.68 (2.18) 4.22 (2.48) 3.7 (2.03) 3.35 (2.24) 2.89 (2.14) 4.39 (2.34) 3.36 (2.22) 3.43 (3.1) 2.58 (2.28)
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Table 12: The p-values of the muscles that showed significant difference (p-value ≤ 0.05) in at least one comparison of the maximum
muscle force values among temporal component-based groups for each stance phase. HG stands for Gaussians of healthy gait and AG
stands for Gaussians of the gait of hip OA patients.

Heel contact Foot flat

HG 1 HG 1 HG 1 HG 2 HG 2 AG 1 HG 1 HG 1 HG 1 HG 2 HG 2 AG 1

vs HG 2 vs AG 1 vs AG 2 vs AG 1 vs AG 2 vs AG 2 vs HG 2 vs AG 1 vs AG 2 vs AG 1 vs AG 2 vs AG 2

glut med 1.00 0.00 0.59 0.00 0.8 0.01 0.99 0.00 0.31 0.00 0.22 0.27

glut min 1.00 0.03 0.8 0.06 0.82 0.19 0.98 0.03 0.49 0.02 0.33 0.49

semimem 0.99 0.00 0.13 0.00 0.10 0.18 0.98 0.00 0.01 0.00 0.01 0.93

semiten 0.98 0.00 0.96 0.00 0.84 0.00 0.75 0.26 0.45 0.03 0.08 0.99

bifemlh 1.00 0.00 0.02 0.00 0.08 0.04 0.99 0.00 0.00 0.00 0.00 1.00

bifemsh 0.94 0.00 0.38 0.02 0.85 0.05 0.99 0.12 0.12 0.09 0.09 1.00

sar 0.95 0.00 0.07 0.00 0.36 0.10 1.00 0.00 0.02 0.00 0.02 0.97

add long 0.49 0.00 0.09 0.35 0.93 0.59 1.00 0.25 0.01 0.40 0.03 0.30

add brev 0.99 0.03 0.28 0.16 0.56 0.82 1.00 0.53 0.07 0.48 0.07 0.50

add mag 0.99 0.00 0.06 0.02 0.20 0.76 0.99 0.12 0.01 0.11 0.01 0.51

tfl 0.74 0.00 0.55 0.21 1.00 0.10 1.00 0.00 0.15 0.01 0.29 0.45

pect 0.87 0.05 0.72 0.01 0.29 0.38 0.96 0.41 0.11 0.22 0.05 0.76

grac 0.86 0.01 0.35 0.22 0.91 0.43 1.00 0.28 0.11 0.32 0.14 0.90

glut max 0.99 0.00 0.74 0.03 0.94 0.05 0.90 0.00 0.02 0.00 0.00 0.64

iliacus 1.00 0.13 0.99 0.27 1.00 0.19 1.00 0.97 0.48 0.94 0.46 0.61

psoas 0.98 0.08 1.00 0.34 0.99 0.06 1.00 0.8 0.68 0.86 0.75 0.99

quad fem 1.00 0.00 0.26 0.01 0.38 0.32 1.00 0.03 0.07 0.10 0.17 1.00

peri 0.99 0.00 0.90 0.00 0.79 0.01 0.79 0.68 1.00 0.18 0.64 0.77
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rect fem 0.99 0.00 0.04 0.00 0.14 0.34 0.97 0.01 0.03 0.10 0.19 1.00

med gas 1.00 0.00 0.27 0.00 0.44 0.01 0.97 0.00 0.16 0.00 0.08 0.04

lat gas 1.00 0.00 0.17 0.00 0.21 0.02 0.97 0.00 0.00 0.00 0.00 0.99

soleus 1.00 0.00 0.03 0.00 0.06 0.31 0.81 0.01 0.05 0.00 0.01 0.98

tib post 0.85 0.01 0.17 0.00 0.03 0.68 0.99 0.00 0.00 0.03 0.02 0.95

flex dig 0.93 0.00 0.30 0.08 0.79 0.31 0.93 0.01 0.01 0.14 0.12 1.00

flex hal 0.99 0.02 0.59 0.02 0.48 0.34 1.00 0.07 0.02 0.17 0.05 0.87

tib ant 0.99 0.00 0.07 0.01 0.26 0.41 1.00 0.02 0.04 0.05 0.09 1.00

per brev 1.00 0.00 0.02 0.00 0.04 0.64 0.83 0.00 0.00 0.00 0.00 0.60

per long 0.99 0.01 0.17 0.01 0.14 0.67 0.99 0.00 0.00 0.00 0.00 0.84

per tert 1.00 0.00 0.01 0.00 0.03 0.28 0.92 0.00 0.01 0.00 0.00 0.62

ext dig 0.95 0.03 0.58 0.01 0.32 0.44 0.99 0.07 0.70 0.07 0.60 0.49

ext hal 0.98 0.00 0.00 0.00 0.03 0.51 0.97 0.00 0.03 0.00 0.02 0.52

ercspn 0.93 0.11 0.51 0.54 0.93 0.83 1.00 1.00 0.98 1.00 0.95 0.90

intobl 1.00 0.01 0.48 0.04 0.61 0.35 1.00 0.35 0.94 0.42 0.94 0.66

extobl 0.97 0.37 1.00 0.21 0.91 0.42 0.61 0.97 1.00 0.76 0.69 1.00

Mid-stance Mid-stance Heel off

HG 1 HG 1 HG 1 HG 2 HG 2 AG 1 HG 1 HG 1 HG 1 HG 2 HG 2 AG 1

vs HG 2 vs AG 1 vs AG 2 vs AG 1 vs AG 2 vs AG 2 vs HG 2 vs AG 1 vs AG 2 vs AG 1 vs AG 2 vs AG 2

glut med 1.00 0.00 0.00 0.00 0.01 0.86 0.98 0.00 0.00 0.00 0.00 0.21

glut min 0.95 0.00 0.00 0.01 0.06 0.88 0.52 0.00 0.00 0.00 0.00 0.57

semimem 0.97 0.06 0.01 0.03 0.01 0.84 0.99 0.01 0.02 0.01 0.02 1.00

semiten 0.88 0.57 0.23 0.19 0.06 0.85 0.97 0.41 0.12 0.25 0.07 0.81
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bifemlh 0.97 0.04 0.00 0.02 0.00 0.54 1.00 0.09 0.06 0.10 0.07 0.98

bifemsh 1.00 0.75 0.48 0.72 0.48 0.94 1.00 0.03 0.10 0.09 0.19 0.99

sar 0.98 0.02 0.01 0.15 0.09 0.96 0.99 0.00 0.00 0.00 0.02 0.98

add long 1.00 0.64 0.15 0.59 0.15 0.62 0.98 0.75 0.71 0.56 0.52 1.00

add brev 0.99 0.27 0.07 0.61 0.27 0.82 1.00 0.32 0.42 0.34 0.43 1.00

add mag 1.00 0.23 0.04 0.37 0.10 0.73 0.98 0.68 0.76 0.47 0.55 1.00

tfl 0.89 0.00 0.00 0.07 0.08 1.00 0.84 0.00 0.00 0.00 0.00 1.00

pect 0.99 0.52 0.05 0.80 0.18 0.42 0.96 0.10 0.04 0.42 0.24 0.94

grac 1.00 0.16 0.04 0.31 0.10 0.84 1.00 0.06 0.02 0.17 0.08 0.94

glut max 1.00 0.00 0.03 0.00 0.03 0.73 1.00 0.00 0.00 0.00 0.00 0.38

iliacus 1.00 0.72 0.22 0.66 0.22 0.69 1.00 0.99 0.96 1.00 0.98 0.99

psoas 0.99 0.63 0.25 0.91 0.56 0.82 0.67 0.03 0.01 0.62 0.39 0.94

quad fem 0.94 0.50 0.33 0.93 0.8 0.97 0.87 0.02 0.01 0.28 0.21 0.99

peri 0.93 1.00 1.00 0.89 0.94 1.00 0.86 0.01 0.21 0.00 0.05 0.66

rect fem 0.57 0.00 0.00 0.30 0.19 0.97 0.20 0.00 0.00 0.00 0.01 0.81

med gas 0.93 0.64 0.58 0.30 0.27 1.00 0.95 0.01 0.00 0.00 0.00 0.98

lat gas 1.00 0.59 0.17 0.70 0.26 0.72 1.00 0.98 0.71 1.00 0.85 0.82

soleus 0.99 0.92 0.20 0.78 0.14 0.37 0.78 1.00 0.89 0.73 0.35 0.81

tib post 1.00 1.00 0.46 1.00 0.70 0.34 0.91 0.97 0.99 0.67 0.97 0.86

flex dig 1.00 0.95 0.10 0.99 0.22 0.14 0.98 1.00 0.43 0.99 0.77 0.34

flex hal 1.00 0.94 0.23 0.97 0.34 0.36 1.00 1.00 0.89 0.98 0.97 0.74

tib ant 0.44 0.50 0.01 0.97 0.56 0.1 0.71 0.98 0.41 0.84 0.99 0.50

per brev 1.00 0.00 0.00 0.00 0.00 0.46 0.75 0.00 0.00 0.00 0.03 0.45
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per long 0.99 0.00 0.00 0.00 0.00 0.73 0.85 0.00 0.00 0.00 0.01 0.48

per tert 1.00 0.00 0.01 0.00 0.03 0.74 0.82 0.00 0.00 0.00 0.09 0.16

ext dig 0.82 0.00 0.20 0.19 0.82 0.54 0.47 0.00 0.05 0.06 0.86 0.17

ext hal 1.00 0.00 0.00 0.00 0.01 0.97 0.47 0.00 0.00 0.18 0.33 0.99

ercspn 0.97 0.94 0.68 1.00 0.95 0.91 0.84 0.04 0.22 0.01 0.04 0.92

intobl 0.90 0.94 1.00 0.57 0.91 0.89 0.93 0.36 0.95 0.14 0.67 0.64

extobl 0.98 0.15 0.13 0.46 0.39 0.99 0.80 0.22 0.03 0.90 0.43 0.67

Toe off

HG 1 HG 1 HG 1 HG 2 HG 2 AG 1

vs HG 2 vs AG 1 vs AG 2 vs AG 1 vs AG 2 vs AG 2

glut med 0.52 0.99 0.86 0.61 0.88 0.95

glut min 0.99 1.00 1.00 0.98 0.99 1.00

semimem 1.00 0.38 0.13 0.58 0.27 0.86

semiten 0.78 0.39 0.01 0.99 0.28 0.22

bifemlh 1.00 0.34 0.10 0.52 0.21 0.82

bifemsh 1.00 0.11 0.07 0.29 0.21 0.98

sar 0.98 0.62 0.55 0.92 0.87 1.00

add long 0.98 0.65 0.45 0.92 0.78 0.97

add brev 0.94 0.41 0.24 0.88 0.70 0.96

add mag 0.98 0.64 0.25 0.92 0.58 0.82

tfl 0.99 0.84 0.69 0.97 0.89 0.98

pect 0.76 0.02 0.00 0.48 0.16 0.78

grac 0.74 0.32 0.03 0.98 0.53 0.55

-
44

-



Table 12

glut max 0.73 0.91 1.00 0.30 0.55 0.97

iliacus 0.89 0.33 0.15 0.09 0.04 0.92

psoas 0.97 0.01 0.00 0.09 0.02 0.76

quad fem 0.76 0.40 0.37 0.99 0.98 1.00

peri 0.95 0.92 1.00 0.64 0.86 0.97

rect fem 0.95 0.11 0.49 0.49 0.89 0.85

med gas 0.90 0.01 0.00 0.00 0.00 0.63

lat gas 0.97 0.96 0.52 1.00 0.88 0.71

soleus 0.89 1.00 0.42 0.81 0.14 0.31

tib post 0.87 1.00 0.91 0.87 1.00 0.91

flex dig 0.98 1.00 0.39 0.98 0.74 0.28

flex hal 1.00 0.99 0.74 0.97 0.87 0.39

tib ant 0.99 0.90 0.92 0.74 1.00 0.43

per brev 1.00 0.51 1.00 0.75 0.99 0.38

per long 1.00 0.54 1.00 0.51 0.99 0.56

per tert 0.97 0.69 0.79 0.96 0.56 0.09

ext dig 0.79 0.84 0.77 0.99 0.25 0.17

ext hal 0.72 1.00 1.00 0.55 0.79 0.98

ercspn 0.97 0.26 0.55 0.13 0.33 0.97

intobl 0.87 0.39 1.00 0.10 0.84 0.31

extobl 0.43 0.28 0.01 1.00 0.62 0.30
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IV Discussion

4.1 Comparison of the identified gait types

4.1.1 Characteristics of the similarity-based groups

To compare and evaluate the characteristics of the identified groups, the average of the first temporal

and spatial components of healthy gait (projection components) was used to calculate the component

scores. The first components are the principal components with the largest eigenvalue, which means that

the first components contain the largest amount of variance or information of the original data [86][87].

The first temporal and spatial components of the healthy gait explained 56.5% of the data variance. The

shapes of projection components are shown in Fig. 10. In the figure, GRF stands for ground reaction

force, MO stands for moment, and x, y, and z stand for the medial-lateral, anterior-posterior, and vertical

directions, respectively. The temporal projection component had positive values at 17–85% stance and

negative values at the rest of the stance phase, with two positive peaks at 29% stance and 73% stance.

The spatial projection component had the largest value at the medial-lateral GRF.

Figure 10: The means of the first principal components of the gait patterns of healthy subjects (projection
components).

Figure 11: Temporal component scores of gait trials of healthy subjects and the affected limb of hip OA
patients.

The component scores of gait trials were obtained by projecting the gait measurements onto the
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Figure 12: Spatial component scores of gait trials of healthy subjects and the affected limb of hip OA
patients.

projection components. The temporal component scores, which are the gait data projected onto the

temporal projection component, are shown in Fig. 11. The spatial component scores, which are the gait

data projected onto the spatial projection component, are shown in Fig. 12. In the figures, GRF stands

for ground reaction force, MO stands for moment, and x, y, and z stand for medial-lateral, anterior-

posterior, and vertical direction, respectively, and the black markers indicate the average values for each

group. Using the component scores, the differences of the gait features of each group in both latent

temporal and spatial aspects can be explained.

The meaning of the projection components, which are the average principal components of healthy

subjects used for calculating component scores, can be defined from the magnitude of the principal

components [52]. Then, the features of the identified gait groups can be defined and compared using the

component scores with the derived meanings of the projection components.

The temporal projection component represents the amount of activity in the middle part of the

stance since the projection component captured the difference between the middle and early/latter part

of the stance. The temporal component scores of the healthy gait group indicate that this group showed

large force and moment along the medial-lateral and vertical directions in the middle part of the stance,

whereas the force and moment along the anterior-posterior direction were relatively small. This implies

that the group was highly stable and less likely to falter during the middle part of the stance. The

temporal component scores of group A had shapes similar to those of the healthy gait group. However,

the magnitude of the scores that peaked in the healthy gait group was slightly smaller in group A. This

implies that group A showed the gait pattern similar to the healthy group in general, but the force and

moment required to maintain stability were slightly weaker in group A. The temporal component scores

of group B indicate that the group had small force and moment along the medial-lateral direction in the

middle part of the stance. This implies that the group is less stable in the medial-lateral direction than

the other groups during the middle part of the stance. The temporal component scores of group C had

shapes similar to those of the healthy group, but the magnitude of the scores that peaked in the healthy

gait group was slightly smaller in group C than in the healthy gait group. Moreover, the decrease in
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magnitude was larger than that in group A, and the decrease in moment was larger than that of GRF.

This implies that group C was less stable than the healthy gait group and group A during the middle

part of the stance. In particular, it can be assumed that the group lost more moment than force to

maintain stability. The temporal component scores of group D had shapes similar to those of the healthy

gait group but with a smaller magnitude in general. This implies that the group did not exert enough

force and moment for maintaining stability. Moreover, compared with the other groups, the force used

to stand upright during the middle part of the stance was weak. Overall, group A was the most stable

group, group B was had the weakest stabilizing force and moment, group C was weak in terms of the

stabilizing moment, and group D was the group that did not exert enough force and moment overall.

The spatial projection component captured the force and moment along the medial-lateral direction.

The healthy gait group’s spatial component scores show that the force and moment along the medial-

lateral direction peaked at the early and late middle part of the stance. The spatial component scores

of group A show the force and moment along the medial-lateral direction peaked in the late middle

part of the stance. The spatial component scores of group B imply that the force and moment along

the medial-lateral direction were relatively weak in general. The spatial component scores of group C

imply that the force and moment along the medial-lateral direction peaked at the early middle part of

the stance. Finally, the spatial component scores of group D imply that the force and moment along

the medial-lateral direction were weak at the early half part of the stance and started to affect gait at

the late half part of the stance. Overall, the four groups differed in the time periods when the force and

moment along the medial-lateral direction were effectively exerted.

From the temporal and spatial component scores, the characteristics of the similarity-based groups

can be inferred. Group A was the most stable among the three groups, with the highest tendency to

maintain medial-lateral stability in the late middle part of the stance. This is reasonable since the healthy

gait group showed temporal and spatial component scores similar to those of group A. Group B was the

least stable and lacked the tendency to maintain medial-lateral stability in the middle part of the stance.

Group C lacked the ability to maintain stability using moment with the largest effort to maintain medial-

lateral stability in the early middle part of stance. Group D did not exert an appropriate amount of force

and moment to maintain stability in general and the effort to maintain medial-lateral stability seemed

to be effectively exerted only on the latter half of the stance.

Therefore, it is shown that the gait characteristics of patients with hip OA can be different by

subjects in terms of temporal and spatial aspects. It is also shown that the different types of gait can

be distinguished and grouped using the similarity of the temporal and spatial components of the gait

measurements. The similarity-based groups and the quantitative classification criteria used to distinguish

and identify the groups can help understand the conditions and track gait changes of patients with hip
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OA.

4.1.2 Characteristics of the component-based groups

The characteristics of the component-based groups can be inferred from the Gaussian center posi-

tions of each group. Each gait group’s center positions indicate the tendency or trend of the gait type

towards each feature, so a large magnitude of the center positions indicate a high tendency toward the

corresponding features.

The spatial characteristics of healthy gait can be inferred from the comparison of the Gaussians of

healthy gait. The center positions of the 5 Gaussians of healthy gait are similar for medial-lateral GRF,

vertical GRF, and anterior-posterior moment but dispersed for anterior-posterior GRF, medial-lateral

moment, and vertical moment. This implies that the medial-lateral features of healthy gait are similar

to one another, while the anterior-posterior features of healthy gait are different from one another.

The spatial characteristics of affected-limb gait can be inferred from the comparison of the Gaussians

of affected-limb gait. Unlike the Gaussians of healthy gait, the center positions of the 5 Gaussians of

affected-limb gait are different for all force plate measurement variables, which are the GRF and moment

in medial-lateral, anterior-posterior, and vertical directions. This implies that the affected-limb gait is

distinguishable with both medial-lateral and anterior-posterior features. The spatial characteristics of in-

dividual component-based groups of affected-limb gait can be inferred from comparing the corresponding

Gaussians of affected-limb gait and the Gaussians of healthy gait. Among the spatial component-based

groups of affected-limb gait, Gaussian 1 and Gaussian 5 are the Gaussians or groups that are the most

similar to the Gaussians of the spatial components of healthy gait. The similarities between the Gaussians

of spatial components of healthy gait and affected-limb gait can be inferred from the root-mean-square

deviation (RMSD) of the Gaussian center positions as shown in table 13. The Gaussians with the small-

est RMSD of center positions were Gaussian 1 of healthy gait and Gaussian 5 of affected-limb gait with

the RMSD value of 0.10, and the Gaussians with the second smallest RMSD of center positions were

Gaussian 2 of healthy gait and Gaussian 1 of affected-limb gait with the RMSD value of 0.16. Therefore,

Gaussian 1 and Gaussian 5 of the affected-limb gait are the groups that are similar to healthy gait, with

the difference between two groups lying on the movement along the anterior-posterior direction. The

Gaussian 2 is the group that is also similar to healthy gait but is slightly different in the medial-lateral

direction. The Gaussian 3 and 4 are the groups that are different from healthy gait in the movement

along the medial-lateral direction, with the difference between two groups lying on the movement along

the anterior-posterior direction.

A similar analysis can be done to the temporal component-based groups. The difference between the

two temporal component-based groups of healthy gait is expressed the most when the Gaussian center
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Healthy
Gaussian 1 Gaussian 2 Gaussian 3 Gaussian 4 Gaussian 5

Gaussian 1 0.36 0.10 0.22 0.31 0.32
Gaussian 2 0.17 0.47 0.26 0.35 0.48

Affected-limb Gaussian 3 0.62 0.51 0.62 0.55 0.46
Gaussian 4 0.68 0.55 0.65 0.74 0.76
Gaussian 5 0.16 0.39 0.33 0.08 0.24

Table 13: The root-mean-square deviation of the Gaussian center positions of spatial components of
healthy subjects and patients with hip OA.

Healthy
Gaussian 1 Gaussian 2

Affected-limb Gaussian 1 0.03 0.06
Gaussian 2 0.11 0.05

Table 14: The root-mean-square deviation of the Gaussian center positions of temporal components of
healthy subjects and patients with hip OA.

positions of the two groups peaked at. The difference between the two temporal component-based groups

of affected-limb gait is also expressed the most at similar time instances to those of the healthy gait.

Between the two temporal component-based groups of affected-limb gait, Gaussian 1 of healthy gait is

more similar to healthy gait than Gaussian 2 with the smallest RMSD value of Gaussian center positions

of 0.03 as in table 14.

4.1.3 Comparison of the similarity-based and component-based groups

The similarity-based groups and component-based groups were obtained through two different meth-

ods. The similarity-based groups were derived and characterized by the similarity of each gait trial to

healthy gait. The component-based groups were derived through the clustering of the temporal and

spatial component values.

One main common feature of the similarity-based grouping method and component-based grouping

method is that the two methods show similar results in distinguishing the affected-limb gait that is highly

similar to healthy gait. Among the similarity-based groups of affected-limb gait, group A and group D

are the groups which are similar to healthy gait in spatial aspect. Among the spatial component-based

groups of affected-limb gait, Gaussian 1 and Gaussian 5 are the Gaussians or groups that are the most

similar to the Gaussians of the spatial components of healthy gait. From the gait trials in group A

and group D of the similarity-based groups, 91.67% of the gait trials belonged to the Gaussian 1 and

Gaussian 2 of the spatial component-based groups of affected-limb gait. Similarly, among the temporal

component-based groups of affected-limb gait, group A and group B are the groups that are similar

to healthy gait in the temporal aspect. Among the temporal component-based groups of affected-limb

gait, Gaussian 1 is the Gaussian or group most similar to the Gaussians of the temporal components of

healthy gait. From the gait trials in group A and group B of the similarity-based groups, 72.92% of the
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gait trials belonged to the Gaussian 1 of the temporal component-based group of affected-limb gait. The

results imply that the similarity-based grouping method and component-based grouping method similarly

identify and distinguish the affected-limb gait trials similar to the healthy gait, which is reasonable since

the inherent characteristics of gait trials do not change with the methods used to analyze and group

them. Thus, the results show that both methods yield reasonable results in grouping affected-limb gait

trials that are similar to healthy gait.

One main difference between the similarity-based grouping method and component-based grouping

method is that the component-based grouping method yields a more specific differentiation of affected-

limb gait. The similarity-based groups are based on the overall similarity of temporal and spatial com-

ponents of gait trials. The component-based groups are based on the individual similarity of temporal

and spatial components of gait features, which are the GRF and moment for the spatial components and

time instances for the temporal components. The difference is clearly shown in the number of similarity-

based groups and component-based groups in spatial aspects. The similarity-based groups can be divided

into 2 groups in spatial aspect, in which the first group includes group A and group D and the second

group includes group B and group C. The difference between these two groups are explained using the

overall similarity to healthy gait or by the corresponding component scores which are explained as char-

acteristics related to the medial-lateral movement. On the other hand, the affected-limb gait is divided

into 5 different spatial component-based groups, and the characteristics of each group can be inferred

from the center positions of the corresponding Gaussians. Therefore, component-based groups are more

specific grouping results than the similarity-based groups. Moreover, it is possible to define the similar

or dissimilar part between different gait trials with the component-based grouping method, while it is

difficult to point out the specific part of the difference with the similarity-based grouping method.

4.2 Physical implications of the gait types

4.2.1 Muscle forces of the gait types in spatial aspect

From the comparison of the maximum muscle forces during stance of each similarity-based group

shown in table 5 and table 6, it is shown that the muscles that showed a significant difference between

the healthy gait group and group A were the hip, thigh, and trunk muscles related with balance and

stability (e.g., glut med, glut min, tfl, vas int, extobl) [88][89][90][91]. The muscle forces in healthy gait

group were larger than those of group A. Muscles that showed a significant difference between the healthy

gait group and group B were the hip, thigh, and trunk muscles related to balance and stability (e.g., glut

med, glut min, tfl, vas int, vas lat, extobl) and ankle muscles (e.g., flex hal, tib ant) [88][89][90][91][92].

The muscle forces in healthy gait group and group A were larger than those of group B. There were

no muscles that showed a significant difference between the healthy gait group and group C. This is
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assumed to be because the number of gait trials in group C was too small compared to those in the

healthy gait group to yield significant differences in muscle forces. Muscles that showed a significant

difference between the healthy gait group and group D were focused on the thigh muscles related to

stability (e.g., semimem, semiten, bifemlh) [93]. The muscle forces in the healthy gait group were smaller

than those of group D for the muscles. The comparison among the affected-limb gait groups showed

that group A, group B, and group C did not show a significant difference in maximum muscle forces.

On the other hand, group D showed a significant difference in maximum muscle forces with the other

affected-limb gait groups. Muscles that showed a significant difference between group A and group D

were focused on the thigh and calf muscles related to stability and balance (e.g., semimem, semiten,

bifemlh, soleus) [93][94]. The muscle forces in group D were larger than those of group A. Muscles that

showed a significant difference between group B and group D were focused on the thigh muscles related

to stability (e.g., semimem, semiten, bifemlh) [93] and ankle muscles (e.g., tib post, flex dig, flex hal, tib

ant). The muscle forces in group D were larger than those of group B. Muscles that showed a significant

difference between group C and group D were focused on the thigh and calf muscles related to stability

and balance (e.g., semimem, semiten, bifemlh, grac, lat gas, soleus) [93][94]. The muscle forces in group

D were larger than those of group C.

Several notable points can be derived from the maximum muscle forces of the similarity-based groups.

First, it is shown that there is a distinct difference between the healthy gait and the affected-limb gait

groups because the maximum muscle forces of the muscles related to balance and stability (e.g., glut med,

glut min, tfl, vas int, extobl) of healthy gait group were significantly different to those of affected-limb gait

groups. This accords with the previous research that showed the muscle strength of hip abductor muscles

(glut med, glut min, tfl) of hip OA patients are smaller than those of healthy subjects [95]. Among the

affected-limb gait groups, group D was the most different from other groups with large maximum muscle

force for the thigh muscles related to stability. This implies that group D tends to over-activate muscles

during gait.

Also, the connection between the latent features of the force plate measurements and the maximum

muscle forces of similarity-based groups can be explained by comparing healthy gait and affected-gait

groups. Group D was the only group that showed significantly larger muscle forces than the healthy

gait group. The muscles were the hamstring muscles (e.g., semimem, semiten, bifemlh) related to the

gait stability. For the latent features of the force plate measurements, group D was the only group that

showed a larger maximum spatial component score than that of the healthy gait group. Group A was the

group that was the most similar to healthy gait but showed a significant difference in the hip, thigh, and

trunk muscles related to balance and stability. For the spatial component scores, the magnitude of the

scores of group A for the variables related to medial-lateral directions (GRF x and moment y) are slightly
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smaller than those of the healthy gait group. Group B showed significant differences in more muscles

related to balance and stability than group A and the magnitude of the muscle forces were smaller than

those of healthy gait and group A. For the spatial component scores, except for group C that lacked the

number of gait trials necessary for meaningful comparison with the healthy gait group, group B had the

smallest magnitude of the spatial component scores for the variables related to medial-lateral directions

(GRF x and moment y). The connection between the muscle forces related to balance and stability and

the spatial component scores of the variables related to the medial-lateral direction is reasonable since

the abductor muscles (glut med, glut min, tfl) and hamstrings (semimem, semiten, bifemlh) are known

to generate lateral ground reaction forces [96].

From the comparison of the maximum muscle forces during stance of each spatial component-based

group shown in table 7 and table 8, it is shown that for the healthy spatial component-based groups,

which are the Gaussians of the spatial GMM of healthy gait, there was no significant difference in muscle

forces except for the comparison between healthy Gaussian 1 and healthy Gaussian 2,3 which showed a

significant difference in the trunk muscle (extobl). For the affected-limb spatial component-based groups,

which are the Gaussians of the spatial GMM of affected-limb gait, Gaussian 3 and Gaussian 5 showed a

significant difference in muscle force with Gaussian 1 for several common muscles (e.g., semimem, semiten,

add brev, add mag, pect, grac, tib post). Among the healthy and affected-limb spatial component-based

groups, healthy Gaussian 1 commonly showed significant differences with affected-limb Gaussian 3, 4, 5 in

hip and trunk muscle forces (e.g., glut med, extobl). Healthy Gaussian 3 showed a significant difference

in shoulder muscle force (pect) with affected-limb Gaussian 1 and trunk muscle force (extobl) with

affected-limb Gaussian 3. Healthy Gaussian 5 commonly showed significant differences with affected-

limb Gaussian 3 and Gaussian 5 in trunk and ankle muscle forces (e.g., extobl, ext hal).

The connection between the latent features of the force plate measurements and each spatial component-

based group’s maximum muscle forces can be explained from the comparison between healthy gait group

and affected-gait groups. Healthy Gaussian 1 commonly showed significant differences with affected-limb

Gaussian 3 and 5 in muscle forces of hip abductor and trunk muscles (glut med, extobl). On the other

hand, healthy Gaussian 5 commonly showed significant differences with affected-limb Gaussian 3 and 5

in trunk and ankle muscles (ext hal, extobl). The abduction of the hip abductor muscle (glut med) is

related to the movement in the medial-lateral direction, while the extension of the ankle muscle (ext hal)

is related to the movement in the anterior-posterior direction. This implies that healthy Gaussian 1 and

Gaussian 5 are different in the direction of muscle movements. For the latent features of the force plate

measurements, the Gaussian center positions of healthy Gaussian 1 and Gaussian 5 are different in the

variables related to anterior-posterior movement (moment x, GRF y). This implies that the Gaussian

center positions of each spatial component-based groups are related to the muscle movements’ direction.
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Therefore, it is shown that the physical meanings or implications of the different types of affected-

limb gait, which are identified from the latent features of force plate measurements, can be explained

using muscle forces of each group. The muscle force differences between groups explain the distinct

characteristics of the groups. Also, it is shown that the muscle force features of each group are related

with the latent features of the force plate measurements. Spatial component scores of similarity-based

groups reflect the magnitude of the maximum muscle forces and the Gaussian center positions of the

spatial component-based groups reflect the direction of the muscle movements.

4.2.2 Muscle forces of the gait types in temporal aspect

From the comparison of the maximum muscle forces of each similarity-based group and temporal

component-based group for each stance phase shown in table 9, table 10, table 11, and table 12, the

number of muscles that showed significant difference between different groups in each stance phase were

calculated to find out the phase characteristics that are distinguishable between groups. The results are

shown in table 15 and table 16.

For the similarity-based groups, the phase with the largest and second-largest number of muscles that

showed a significant difference between groups was different for all affected-limb groups. For the temporal

component-based groups, the number of muscles that showed a significant difference between the two

affected-limb groups was the largest at the heel contact phase. This implies that the two affected-limb

groups are the most different in the early stance phase in the temporal aspect. There were no significant

differences in muscle forces between two healthy groups for all stance phases, which implies that there is

no significant difference in healthy groups in the temporal aspect. For the comparison between healthy

groups and affected-limb groups, affected-limb Gaussian 1 showed the largest and second-largest number

of muscles that showed significant difference with two healthy Gaussians in the heel contact and foot flat

phase. Affected-limb Gaussian 2 showed the largest and second-largest number of muscles that showed

significant difference with two healthy Gaussians in the foot flat and heel off phase. This implies that the

temporal features of each affected-limb Gaussians are consistent regardless of which healthy Gaussian

was used for comparison. Also, it can be assumed that the difference between the muscle forces of healthy

gait and affected-limb gait is mainly shown in foot flat phase. The reason why this point was not visible

in the similarity-based groups is assumed to be because the similarity-based method more specifically

divided the gait trials into a larger number of groups than the temporal component-based method. This

is related to the previous research results that showed the gluteal muscle forces of patients with hip OA

are different to those of healthy subjects in the early part of stance (0% ∼ 30% stance) [97].

The temporal characteristics of the muscle forces are reflected in the Gaussian center positions of

the temporal component-based groups. From Fig. 9, it is shown that the phase with the largest center
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Heel contact Foot flat Mid-stance Heel off Toe off

Healthy vs Group A 32 26 13 20 4
Healthy vs Group B 8 10 11 12 0
Healthy vs Group C 10 10 0 4 0
Healthy vs Group D 0 2 29 19 11

Group A vs Group B 2 1 1 2 0
Group A vs Group C 1 4 0 0 0
Group A vs Group D 21 4 20 10 7
Group B vs Group C 1 4 1 0 0
Group B vs Group D 8 6 18 14 12
Group C vs Group D 9 3 10 10 8

Table 15: The number of muscles that showed a significant difference (p-value ≤ 0.05) between healthy
groups and affected-limb groups of the similarity-based method.

Heel contact Foot flat Mid-stance Heel off Toe off

HG 1 vs AG 1 31 19 12 18 3
HG 1 vs AG 2 7 17 15 18 6
HG 2 vs AG 1 25 16 9 13 1
HG 2 vs AG 2 5 14 8 12 1

HG 1 vs HG 2 0 0 0 0 0
AG 1 vs AG 2 6 1 0 0 0

Table 16: The number of muscles that showed a significant difference (p-value ≤ 0.05) between healthy
groups and affected-limb groups of the temporal component-based method. HG stands for Gaussians of
healthy gait and AG stands for Gaussians of the gait of hip OA patients.

position difference between healthy gait and affected-limb gait is approximately 15% ∼ 30% stance, which

accords with the results of the previous research and the important stance phase derived from table 15

and table 16.

Therefore, it is shown that the physical meanings or implications of the different types of affected-

limb gait, which were identified from the latent features of force plate measurements, can be explained

using muscle forces. It is also shown that the characteristics of each group’s muscle forces are related

to the latent features of the force plate measurements. The Gaussian center positions of the temporal

component-based groups reflect the phase where the difference between healthy gait and affected-limb

gait is large. Also, in the temporal component-based groups, which are less specifically divided than

the similarity-based groups, it is shown that the phase that showed significant muscle force difference

between healthy gait and affected-limb gait correspond to the results of the previous studies.

4.3 Comparison of gait type classification methods

Using the similarity-based method, each gait trial’s temporal and spatial gait features can be visual-

ized in one plot, which enables an intuitive understanding and evaluation of each gait trial. Moreover, the

grouping validity of the similarity-based method is better than the grouping validity of the component-

based method as in table 17. The table shows the silhouette scores of all groups and silhouette scores of

individual groups of the similarity-based and component-based groups. The silhouette scores of individual

groups are shown in the alphabetical order (group A, group B, group C, group D) for the similarity-
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Silhouette score Silhouette score
(of all groups) (per groups)

Similarity-based method 0.55 0.55, 0.31, 0.53, 0.74
Spatial component-based method (healthy gait) 0.45 0.44, 0.6, 0.4, 0.32, 0.01

Spatial component-based method (affected-limb gait) 0.38 0.51, 0.3, 0.34, 0.63, 0.01
Temporal component-based method (healthy gait) 0.42 0.43, 0.41

Temporal component-based method (affected-limb gait) 0.41 0.48, 0.28

Table 17: The silhouette scores of the similarity-based groups and component-based groups.

based method and the numerical order (Gaussian 1, Gaussian 2, Gaussian 3, Gaussian 4, Gaussian 5)

for the component-based method. The similarity-based groups have the largest silhouette score of all

groups compared to the component-based groups, which means that the similarity-based method yields

better gait groups than the component-based method. This is assumed to be because the similarity-based

method groups the gait trials using only temporal and spatial similarity means, while the component-

based method groups the gait trials using the entire values of the temporal and spatial components.

Therefore, the dimension of the data for clustering is smaller in the similarity-based method, which

can lead to better grouping validity. Moreover, the silhouette scores per group of the similarity-based

method are relatively uniform compared to those of the spatial component-based method. The silhouette

score of the last group of the spatial component-based method of both healthy and affected-limb gait is

0.01, which means that the group overlaps with other groups. On the other hand, the similarity-based

groups do not overlap with other groups. However, one limitation of the similarity-based method is that

the similarity means might not be reliable in other diseases where several pathological gait types share

an equal or similar dominance. Also, the similarity-based method cannot distinguish different types of

healthy gait as the component-based method because the similarity-based method divides gait trials

into different groups based on the overall similarity of each gait trial to healthy gait. This also makes it

difficult to point out the section of the difference of gait trials.

On the other hand, the component-based method can more specifically differentiate and identify

different gait types than the similarity-based method. Moreover, due to the characteristics of the mixture

modeling, the membership of each gait trial to different gait types can be quantitatively explained using

the component-based method. This would be helpful in understanding and quantifying the change in gait

of patients under treatment and rehabilitation. However, the number of the identified gait types of the

component-based method can be too many for intuitive visualization and understanding. The number of

healthy gait groups and the number of affected-limb gait groups was 5, respectively, making it harder to

visualize and understand than the similarity-based method. Also, the silhouette scores of the component-

based groups, which indicate the grouping validity, are lower than those of the similarity-based groups.
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V Conclusion

In conclusion, this paper proposes and compares two approaches (the similarity-based approach and

the component-based approach) that can distinguish different types of the gait of patients with hip OA

quantitatively using machine learning techniques.

The similarity-based method uses the similarities of the latent features of gait derived from PCA

to identify different gait types, while the component-based method uses GMM on the latent features

of gait to identify different gait types. The similarity-based method is a more intuitive and simple gait

classification method with higher grouping validity that does not require additional clustering methods,

unlike the component-based method. On the other hand, the component-based method yields detailed

gait groups by considering all spatial and temporal gait features, unlike the similarity-based method.

The physical interpretations of the classified groups are explained using muscle forces estimated with

OpenSim. It is shown that the characteristics of the different gait groups identified from the latent features

of force plate measurements can be explained using the muscle forces of the groups. It is also shown that

the muscle force characteristics are related to the latent features of the force plate measurements.

The approaches will be useful in understanding the gait patterns of patients with hip OA. Also,

the proposed gait classification method’s overall process can be applied to understand different types of

human motion other than the gait of patients with hip OA.
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요 약 문 

주성분 분석(Principal Component Analysis)과  

가우시안 혼합 모델(Gaussian Mixture Model)을 이용한  

고관절 퇴행성 관절염 환자들의 보행 분류 
 

 

고관절 퇴행성 관절염은 고관절의 관절연골이 닳으면서 관절 안에 염증이 생기는 질환이다. 이 

질환에 대한 기존의 진단 방법들은 주로 설문지 등의 정성적인 방법을 이용하며 환자들을 단순

히 질환의 경중으로 분류를 한다는 문제점이 있다. 또한 이 질환은 환자들의 움직임에 영향을 

끼치기 때문에 이 질환의 특징을 파악하기 위해 환자들의 보행을 분석하는 연구들이 진행되었는

데 대부분의 연구에서 여러 보행 측정값들을 따로 평가하기 때문에 종합적인 보행의 평가와 진

단이 부족하다는 문제가 있다. 또한, 보행 시 근력 등의 데이터를 얻기 위해 센서를 사용하는데 

이는 사람들의 자연스러운 움직임을 방해할 수 있다는 한계점이 있다. 따라서 이 연구는 센서를 

사용하지 않고 힘판과 머신러닝 기법들을 사용하여 고관절 퇴행성 관절염 환자들의 보행을 정량

적으로 분류하고 평가할 수 있는 두 가지 방법론을 제시한다. 

  

총 22명의 고관절 퇴행성 관절염 환자들과 18명의 건강한 사람들을 대상으로 보행 시 지면 반

력과 모멘트를 측정하였다. 측정된 데이터의 핵심적인 특징을 확인하기 위해 주성분 분석을 사

용하여 데이터의 내제된 핵심 보행 특징을 추출하였다. 보행 데이터에서 시간의 흐름에 따른 핵

심 보행 특징과 시간에 독립적인 핵심 보행 특징을 추출할 수 있으며, 이 핵심 보행 특징들은 

원래 데이터들의 분포에 따른 선형결합으로 이루어지기 때문에 전체 측정값들을 혼합한 새로운 

특징이 된다.  

 

보행을 분류하는 첫 번째 방법은 각 보행의 핵심 보행 특징들의 유사도를 측정하는 것이다. 핵

심 보행 특징들의 유사도는 각 보행이 서로 얼만큼 유사한지 알려주는 척도가 된다. 건강한 사

람들의 보행과 고관절 퇴행성 관절염 환자들의 보행 사이의 유사도를 평가하고, 건강한 사람들

의 보행과의 유사도를 기준으로 고관절 퇴행성 관절염 환자들의 보행을 총 4 가지로 분류하였

다. 분류된 각 보행 그룹의 특징은 각 그룹의 유사도 값과 주성분 분석을 통해 줄어든 차원에서

의 힘판 측정값을 통해 설명 가능하다.  

 

보행을 분류하는 두 번째 방법은 각 보행의 핵심 보행 특징 값을 가우시안 혼합 모델을 이용하

여 군집화 하는 것이다. 가우시안 혼합 모델은 확률 모델을 기반으로 하는 군집화 방법으로, 전
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체 보행의 분포를 모델링할 수 있고 이를 확률적으로 제시하여 한 보행이 어떤 군집 또는 보행 

그룹에 어느 정도 속해 있는지 정량적으로 설명할 수 있으므로 보행 분류에 적합하다. 가우시안 

혼합 모델을 이용하여 보행의 시간에 독립적인 특징을 기반으로 고관절 퇴행성 관절염 환자들의 

보행을 총 5가지로 분류하였고 보행의 시간의 흐름에 따른 특징을 기반으로 고관절 퇴행성 관

절염 환자들의 보행을 총 2 가지로 분류하였다. 분류된 각 보행 그룹의 특징은 각 그룹에 해당

하는 가우시안의 중심 값과 그 부호를 이용하여 설명 가능하다. 

 

분류된 보행의 물리적 의미를 보행 시 근육이 발생하는 힘으로 설명하기 위해 OpenSim이라는 

근골격계 소프트웨어로 각 보행의 근력을 계산하였으며 보행 그룹별 근육이 발생하는 힘의 전체 

보행 주기에서의 최대값과 각 주기 별 최대값의 비교를 통해 각 보행 그룹이 어느 근육 및 어느 

보행 주기에서 차이를 보이는지 확인할 수 있었다. 또한, 분류된 보행의 근력과 보행을 분류할 

때 사용된 내제된 핵심 보행 특징 사이의 연관성을 확인하였다. 

 

결론적으로, 주성분 분석과 가우시안 혼합 모델을 사용하여 두 가지 방법으로 고관절 퇴행성 관

절염 환자들의 보행을 분류할 수 있었다. 첫 번째 방법은 주성분 분석으로 도출한 핵심 보행 특

징의 유사도를 이용하는 방법으로 환자들의 보행을 총 4가지로 분류할 수 있으며 각 보행 그룹

은 건강한 사람들의 보행과의 전반적인 유사도와 근육이 발생하는 힘에서 서로 다른 특징을 보

인다. 두 번째 방법은 핵심 보행 특징을 가우시안 혼합 모델을 이용하여 분류하는 방법으로 환

자들의 보행을 시간과 독립적인 특징을 기반으로 총 5가지, 시간의 흐름에 따른 특징을 기반으

로 총 2가지로 분류할 수 있으며 각 보행 그룹은 가우시안의 중심 값과 근육이 발생하는 힘에

서 서로 다른 특징을 보인다. 

 

위 두 방법론 중 유사도를 이용하는 방법은 주성분 분석을 이용한 데이터의 차원 축소 후 추가

적인 군집화 알고리즘을 사용할 필요 없이 보행 분류가 가능하다는 이점이 있으며 분류된 보행 

그룹의 유효성이 가우시안 혼합 모델을 사용하는 방법의 보행 그룹보다 더 높았다. 가우시안 혼

합 모델을 이용하는 방법은 일반인과의 전반적인 유사도를 가지고 보행을 분류하는 방법과는 다

르게 핵심 보행 특징의 모든 값을 고려한 더 세밀한 보행 특징 분류가 가능하다는 이점이 있다. 

또한 확률 모델로 보행의 분포를 측정하기 때문에 시간에 따른 보행 변화 등을 추적하기에 적합

하다는 장점도 있다. 
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