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Abstract: Background: Gait deviations may negatively affect the articular surfaces of the lower
extremity joints and lead to some minor degenerative changes. The simplest method for gait eval-
uation is to assess the symmetry of its parameters, assuming that each undisturbed gait should
be symmetrical. This study aims to quantify the degree of asymmetry of kinematic and kinetic
parameters caused by the presence of different ankle orthosis settings using Dynamic Time Warping
(DTW). Methods: Barefoot gait and gait with four different walker settings were investigated in
eighteen healthy persons. Kinematic and kinetic parameters were measured using the Vicon system
and Kistler plates. Symmetry was assessed using the DTW method. Results: It was shown that
the presence of different ankle orthosis settings significantly disturbs the symmetry of all lower
limb kinematic parameters and only knee and hip torques. The highest values of asymmetry were
noted for the walker set at 15◦ of dorsiflexion (15DF). Conclusions: The DTW method allowed us
to quantify the degree of asymmetry throughout the gait cycle in relation to barefoot walking. Our
results suggest that each orthosis position analysed in this study fulfills its protective function, but
gait 15DF can lead to the overload of knee and hip joints.

Keywords: Dynamic Time Warping; kinematic; kinetic; walker boot; ankle-foot orthosis;
gait; biomechanics

1. Introduction

The gait of healthy individuals is characterized by fairly symmetric movement patterns
of the lower extremities with minor deviations. In order to adapt to an ever-changing
internal and external environment, regulatory feedback loops work across multiple spatial
and temporal scales in a pathologic or disturbed gait, and, as a result, the entire gait
dynamics change. Therefore, it can be assumed that the gait pattern will not only change
under the influence of disease or disability, but also under the influence of orthopedic
equipment. Orthopedic walking boots are commonly used for joint stabilization after
post-surgical interventions or ankle/foot injuries [1,2]. However, the restriction of mobility
in joints caused by the orthosis influences the way other joints move [3–5]. Although
most authors have analyzed the impact of wearing the orthosis on kinematic [6,7] and
kinetic [4,8,9] gait parameters, there have not been many studies on symmetry analysis.
Gait symmetry is an important determinant of gait pattern alterations and is used to
establish the degree of functional limitation due to pathology or other factors such as pain
or the presence of an orthosis.

Viteckova et al. [10] reviewed symmetry approaches and distinguished four main
classes of symmetry measures: discrete, complete (continuous), nonlinear, and statistical.
The most commonly used methods are discrete approaches such as ratio index (RI), sym-
metry index (SI), and symmetry angle (SA) [11]. Research using these indicators mainly
includes the quantification of temporal and spatial parameters, such as gait phase duration,
cadence, or ground reaction force peak values. Although discrete indices provide informa-
tion about discrete time events, they ignore information in time-domain waveforms. This
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requires a different category of measures which assesses the development of a feature over
the gait cycle. This category includes four methods: trend symmetry [12], cyclogram [13],
region of deviation [14], and the symbol-based method [15]. Nonlinear methods such as
multiresolution entropy and cross-fuzzy entropy were used as a measure of the similarity
between two signals [16,17]. Nonlinear methods work similarly to discrete methods but
are more sophisticated. The main function is to decompose the original data over multiple
levels, and at each level, from a pair of time-series (one on the left leg and one on the right
leg), the modified entropy of the sample is calculated [16]. In the last group, the statistical
approaches can be applied to both discrete values and continuous signals. In the case of
continuous signals, the cross-correlation [18], principal component analysis (PCA) [19], and
root-mean-square (RMS) difference [20] were calculated. For discrete values, typical para-
metric or non-parametric statistics were applied. Each of the above-mentioned methods has
some disadvantages. Therefore, the use of the Dynamic Time Warping (DTW) algorithm
has become increasingly prevalent in gait analysis in the last few years [21,22]. DTW is one
of the algorithms for measuring similarity between two temporal sequences which may
vary in speed. According to Lee [23], DTW is known as the best algorithm for evaluating
the similarity between two time-series data that vary in time frames as well as in nonlinear
time-series data. The DTW algorithm was developed to solve the difficulties in analyzing
pattern similarity in time-series data. This method was successfully applied in various
fields, such as word recognition [24]; online handwriting and signature recognition [25];
off-line recognition of a small gesture and a vision-based gesture [26]; data mining [27];
computer animation and chemical engineering [28]; and rehabilitation, treatment, and
development of exercise programs [26,29].

Moreover, DTW can statistically determine the degree of similarity by the normal-
ization of matching cost calculated in DTW [23,30]. Li et al. [31] used DTW to diagnose
post-stroke disease. They showed that the difference in the DTW of patients with hemi-
plegia was much larger than that of healthy control subjects. Gaspar, Welke, Seehaus,
Hurschler, and Schwarze [21] suggested that DTW can be used for the similarity test of
gait research, which was confirmed by Lee [23]. Despite the use of DTW in many areas of
knowledge, not many studies have been found that aimed to assess gait symmetry using
this method. This study aims to quantify the degree of asymmetry of lower limb kinematic
and kinetic parameters caused by the presence of four different orthopedic walking boot
settings using Dynamic Time Warping analysis.

2. Materials and Methods
2.1. Participants and Procedures

The study group comprised of eighteen healthy persons aged 20.88 ± 1.27 years with
a mean body height of 1.71 ± 0.52 m, a body weight of 65.44 ± 5.71 kg, and a shoe size of
39–42 (EUR). The participants reported having no existing lower limb injuries in the last
6 months prior to testing, followed by at least 2 days of restricted activity. The participants
gave written consent to participate in the experimental procedures. The study protocol was
approved by the University Research Ethics Committee.

All subjects performed fifteen trials of gait at a self-selected speed, with three samples
of barefoot gait and three samples of gait in each of the four walker settings (Figure 1).
The long TD ROM Walker U08202 boot (Thuasne, France) that was used in this study was
always worn on the right lower limb. The left foot was bare. Thus, the following walker
boot settings were used in the study: (1) BF: barefoot walking, (2) ZERO: the walker boot
locked at 0◦ (ankle joint set in an intermediate position) (Figure 1b), (3) ZEROshoe: the
walker boot locked at 0◦ and the sports shoe on the left foot (Figure 1c), (4) 15DF: the walker
boot locked at 15◦ of dorsiflexion (Figure 1d), and (5) 15PF: the walker boot locked at 15◦

of plantarflexion (Figure 1e).
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Figure 1. Different walker boot settings: (a) TD ROM Walker U08202 boot, (b) the walker boot locked at 0◦, (c) the walker
boot locked at 0◦ and sports shoe, (d) the walker boot locked at 15◦ of dorsiflexion, and (e) the walker boot locked at 15◦

of plantarflexion.

Prior to the experiment, anthropometric measurements were taken for each subject.
Next, fifteen spherical markers were placed at anatomical landmarks according to the
biomechanical lower body Plug-in-Gait (SACR) model available in the motion capture
system (Vicon Motion Systems Ltd., Oxford, UK). In the case of a limb in a walker, markers
were placed on the boot at appropriate points coinciding with the anatomical ones. The
markers on the walker boot were not removed between the measurements. Two force
plates (Kistler Holding AG, Winterthur, Switzerland) embedded into the floor were used to
measure ground reaction force data at a sampling rate of 1000 Hz. A motion capture system
consisting of nine infrared cameras was employed to collect kinematic data at a sampling
rate of 100 Hz. The force plates were synchronized with the motion capture system. Before
the trials, both systems were calibrated according to the manufacturer’s recommendations.

2.2. Data Analysis

The analysis included trials in which no missing markers were noted and those
in which complete gait cycles were present for the right and left lower limb. Thus, the
kinematic and kinetic data of one trial for each gait of each participant were imported
into the MatLab software (MathWorks, Natick, MA, USA). Waveforms for lower limb
angles and torques from the sagittal plane were normalized for 100% of the gait cycle
using the interpolation method. Afterward, the data were filtered by a second order low-
pass Butterworth filter. Therefore, time-series with 100 points each were received. Next,
Dynamic Time Warping (DTW) analysis was used to count the differences between the
right and left limb curves for all kinematic and kinetic parameters.

DTW is an algorithm that returns a distance measure calculating the similarity be-
tween two time-series. If A and B are two time-series of length, m and n, respectively:
A = a1, a2, . . . , an and B = b1, b2, . . . , bn. In order to align two sequences using DTW, an
n-by-m matrix should be constructed. The elements of the matrix are distances d

(
ai, bj

)
between two points: ai and bj. In this paper, the distance between two points is represented

by Euclidean distance: d
(
ai, bj

)
=
√(

ai − bj
)2. To find the best match between these two

sequences, a path through the matrix that minimizes the total cumulative distance between
them was retrieved. In particular, the optimal path is the path that minimizes the warping

cost: DTW(A, B) = min
(√

∑K
k = 1 wk

)
, where wk is the matrix element (i, j)k that also

belongs to the k-th element of a warping path W, a contiguous set of matrix elements that
represents a mapping between A and B.

It was assumed that the lower the DTW value, the greater the symmetry of the
analyzed parameters. If DTW = 0, then the curves coincided and full symmetry was
present. The DTW method was applied for each walker boot setting and each person.

The statistical analysis was conducted using Statistica 13.1 (TIBCO Software, Inc.,
Palo Alto, CA, USA). The significance level was set at 0.05. Not all parameters met the
requirements for the normality of the data using the Shapiro–Wilk test. For this reason,
and because of the small number of participants, the non-parametric Kruskal–Wallis test
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and the post hoc test (multiple comparisons of mean ranks for all groups) were applied
to detect differences between the DTW calculated for free gait and for each walker boot
setting for lower limb joint angles and torques in the sagittal plane. Then, the percentage
differences between the DTW values calculated for gait in the orthosis in relation to the
barefoot gait were calculated. It was assumed that the DTW values calculated for barefoot
walking should be the lowest due to the fact that the subjects were healthy and showed no
signs of asymmetry.

3. Results
3.1. Kinematic Parameters

The presence of different orthosis settings on the right lower limb caused a change in
the kinematic parameters of the examined gaits (Figure 2a–c).
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Figure 2. Influence of individual walker boot settings on mean kinematic parameters: (a) ankle angle trajectories, (b) knee
angle trajectories, (c) hip angle trajectories, (d) DTW percentage in relation to BF, where: L—left lower limb; R—right
lower limb; BF—barefoot walking; ZERO—the walker boot locked at 0◦; ZEROshoe—the walker boot locked at 0◦ and
the sports shoe on left foot; 15DF—the walker boot locked at 15◦ of dorsiflexion; and 15PF—the walker boot locked at 15◦

of plantarflexion.

When calculating the DTW values between the right and left joint angle curves, the
lowest values were obtained during barefoot gait for each joint (Table 1). Therefore, the
assumption has been met and these values have been taken as reference. The Kruskal–Wallis
test showed significantly different results for all lower limb joints, as follows: ankle angle:
H(4, N = 90) = 70.05 p = 0.0001; knee angle: H(4, N = 90) = 45.25 p = 0.0001; hip angle:
H(4, N = 90) = 32.53 p = 0.0001.

After conducting a post hoc test for DTW calculated for ankle joint, statistically
significant differences (p = 0.0001) were found between BF vs. ZERO, ZEROshoe, and
15DF (Table 1). The smallest and highest differences between the curves calculated between
the left and the right lower limbs were found during the gait with the walker set on 15◦

of plantarflexion (15PF) and the gait with the walker set on 15◦ of dorsiflexion (15DF),
respectively (Table 1). This confirms the behavior of the mean curve for the ankle angle in
Figure 2a. It can be noticed that the average curve for the right leg in the walker set on 15◦

of dorsiflexion is different from the rest, while the one for the left leg is close to normal.
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Table 1. Mean and standard deviation of DTW values calculated between left and right lower limb
joint angles for each walker boot setting.

Gait Ankle Knee Hip

BF 148.27 ± 86.09 163.11 ± 82.56 126.34 ± 86.42
ZERO 511.55 ± 240.57 381.36 ± 196.06 320 ± 145.28

BF vs. ZERO
(p value) p = 0.0001 * p = 0.0095 * p = 0.0015 *

ZEROshoe 785.81 ± 340.41 286.14 ± 182.38 287.39 ± 168.75
BF vs. ZEROshoe

(p value) p = 0.0001 * p = 0.2598 p = 0.0355 *

15DF 1675.55 ± 356.56 854.69 ± 461.49 429.21 ± 161.17
BF vs. 15DF

(p value) p = 0.0001 * p = 0.0001 * p = 0.0001 *

15PF 381.73 ± 102.9 197.14 ± 97.5 288.18 ± 134.71
BF vs. 15PF

(p value) p = 0.0795 p = 0.4512 p = 0.0111 *

*—significant differences between DTW values calculated for comparison between gait in orthosis and the barefoot
gait, p < 0.05.

A smaller number of statistically significant differences was found for the knee angles
compared to those presented for the ankle joint. Significant differences were observed
between BF vs. ZERO and 15DF (Table 1). Similar to the ankle joint, in relation to the
barefoot gait, the greatest asymmetry tendency was during gait in the walker boot locked
at 15◦ of dorsiflexion (Figure 2d). It should be noted that the range of differences was less
noticeable for the hip joint (Figure 2c,d). Significant differences were found between the
DTW values calculated for barefoot gait and gait with all walker settings: BF vs. ZERO,
ZEROshoe, 15DF, and 15PF (Table 1). Again, the greatest increase in the DTW value in
relation to the reference was recorded for 15DF—240% (Figure 2d). Summarizing the trends
of kinematic parameters for all orthosis settings except 15DF, the highest increase in DTW
values in relation to the reference was obtained for the ankle, and the lowest was obtained
for the knee joint (Figure 2d).

By comparing the DTW values calculated for individual joints in barefoot gait, no
statistically significant differences were observed. The biggest symmetry (the lowest mean
DTW) values were in the sequences for hip, ankle, and knee (Table 1). For the remaining
gaits, in different walker boot settings, statistically significant differences were found be-
tween the DTW values calculated for individual joints. For the walker boot set at 0◦, the
lowest mean DTW value was seen for the hip and the highest for the ankle (p = 0.0361).
When a sports shoe for the opposite leg was added to this walker setting, the mean asymme-
try increased for the ankle angle. The values for the knee and hip were significantly lower
compared to those for the ankle. When the walker boot was locked at 15◦ of dorsiflexion,
the highest DTW value was noted for the ankle. This value was significantly higher than
those of the knee and hip. The last walker boot setting (15◦ of plantarflexion) caused a
significant decrease in asymmetry for the knee and hip joints. Therefore, the above results
confirm the behavior of the curves presented in Figure 2a–c.

3.2. Kinetic Parameters

As for the kinematic parameters, the changes also took place in the shape of kinetic
curves (Figure 3a–c). This time, curves for the ankle joint were within similar limits of value
in each type of gait, and major changes were visible for knee torque trajectories (Figure 3b).
For the hip joint, the differences were less noticeable (Figure 3c).
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Figure 3. Influence of individual walker boot settings on kinetic parameters: (a) ankle torque trajectories, (b) knee torque
trajectories, (c) hip torque trajectories, (d) DTW percentage in relation to BF, where: L—left lower limb; R—right lower limb;
BF—barefoot walking; ZERO—the walker boot locked at 0◦; ZEROshoe—the walker boot locked at 0◦ and the sports shoe
on left foot; 15DF—the walker boot locked at 15◦ of dorsiflexion; and 15PF—the walker boot locked at 15◦ of plantarflexion.

When calculating the DTW values between the right and left joint torque curves, the
lowest values were obtained during barefoot gait for each joint (Table 2). The results of the
Kruskal–Wallis test showed statistically significant differences only for the knee and hip
torques. H(4, N = 90) = 53.96, p = 0.0001 and H(4, N = 90) = 17.89, p = 0.0013 were observed
for the knee and the hip torques, respectively. After conducting a post hoc test for DTW,
statistically significant knee and hip torque differences were found between BF vs. ZERO,
ZEROshoe, 15DF, and 15PF (Table 2). Summarizing the trends of kinetic parameters for
all orthosis settings in relation to the reference values, the highest increase in DTW values
were obtained for the knee, and the lowest were obtained for the ankle joint (Figure 3d).

Table 2. Mean and standard deviation of DTW values calculated between left and right lower limb
joint torques for each walker boot setting.

Gait Ankle Knee Hip

BF 3.27 ± 2.06 2.67 ± 1.16 8.16 ± 5.22
ZERO 5.53 ± 4.53 16.81 ± 6.84 13.85 ± 4.31

BF vs. ZERO
(p value) p = 0.8269 p = 0.0001 * p = 0.0244 *

ZEROshoe 4.31 ± 3.89 12.02 ± 3.83 13.66 ± 4.4
BF vs. ZEROshoe

(p value) p = 0.8945 p = 0.0001 * p = 0.0210 *

15DF 3.73 ± 2.64 23.18 ± 9.81 14.66 ± 6.42
BF vs. 15DF

(p value) p = 0.9821 p = 0.0001 * p = 0.0067 *

15PF 5.53 ± 3.04 12.76 ± 5.8 14.89 ± 4.49
BF vs. 15PF

(p value) p = 0.0585 p = 0.0002 * p = 0.0024 *

*—significant differences between DTW values calculated for comparison between gait in orthosis and the barefoot
gait, p < 0.05.
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When comparing the DTW values calculated for individual joints (Table 2) in free
gait, the greatest symmetry, and thus curves similarity (the lowest mean DTW value) was
recorded for the knee and ankle, then for the hip torque (p = 0.0012). For the remaining gaits,
in different walker boot settings, statistically significant differences were found between the
DTW values calculated for ankle torque and hip torque (p = 0.0001) and between the ankle
and knee torque (p = 0.0001). During barefoot gait (BF), gait with sports shoe and walker
boot locked at 0◦ (ZEROshoe), and gait with walker boot locked at 15◦ plantarflexion
(15PF), the highest DTW mean values were noted for the hip. For the remaining walker
boot settings (ZERO and 15DF), the highest DTW mean values were calculated for knee
joint torque.

4. Discussion

The aim of this study was to quantify, using the Dynamic Time Warping (DTW)
method, the degree of asymmetry of kinematic and kinetic parameters caused by the
presence of ankle orthosis in four different settings on one lower limb.

In biomechanics, time-series data such as kinematic and kinetic variables are fre-
quently used as a tool to understand human movement. This study sought to confirm the
applicability of DTW for the analysis of gait curves similarity in terms of symmetry. In
previous studies using DTW for gait analysis, Gaspar, Welke, Seehaus, Hurschler, and
Schwarze [21] conducted a study to validate the sensitivity of DTW by comparing it to other
metrics such as the Pearson correlation coefficient and the Root Mean Square Error (RMS).
They proposed that DTW can be used in both direct and indirect quantitative validation.
Moreover, Clemens et al. [32] and Li, Tian, Sun, and Chen [31] confirmed that the DTW
method can be used to detect differences in gait parameters and, therefore, its symmetry.
The advantage of DTW was also confirmed in assessing both the dynamic gait variability
description and accuracy increase in the study of Ghaderyan and Ghoreshi Beyrami [33].
Using Dynamic Time Warping also helps to see effects that have low in-group variances,
and its uniqueness is tied to quantitative differences of homogeneous events [34].

In the current study, using the DTW method we successfully showed that the presence
of different ankle orthosis settings significantly disturbs the symmetry of all lower limb
kinematic and kinetic parameters. It should be emphasized that the DTW method provides
results in the units in which the analyzed variables are given. Such results mean that kine-
matic parameters (expressed in degrees) and kinetic variables (expressed in Nm/kg) have
to be considered separately. However, in this study, in addition to the above-mentioned
approach, a reference to the reference curves was used. The reference curves were calcu-
lated for barefoot walking only, as were the DTW values between the curves for the right
and left lower limb joints. Indeed, it was shown that for each joint and each parameter,
the DTW values were the lowest in barefoot walking. With respect to these curves, the
percentage differences for each joint in each gait in each orthosis position was calculated.
This approach made it possible to interpret the data as percentages, which allowed for the
assessment of the scale of asymmetry in the study group. As a result of this approach, it was
shown that within each gait for kinematic parameters the highest DTW values were noted
for the ankle and hip joints (greatest asymmetry). However, for the knee joint and also the
hip joint, the highest DTW values were observed for kinetic parameters. For kinematic
parameters, the gait in the walker boot locked at 15◦ of dorsiflexion (15DF) slightly deviates
from the described tendency. In this case, the most evident changes were noted for the
ankle joint itself. Here, the highest (1030%) increase in the DTW value in relation to the
reference was recorded. Such changes did not significantly affect the hip kinematic like
in another cases, but the knee joint (424%). As a result, knee flexion torque in the loading
response and in the mid stance phases was almost double in comparison to that of knee
flexion torque recorded for free gait. Here, DTW values increased by 768%. It is worth
noting that each setting of the orthosis resulted in large changes in the shape of the knee
torque. DTW grew in the range of 350–768%, while for kinematic parameters the changes
were smaller: 21–424%. Therefore, setting the walker boot in 15 degrees of dorsiflexion
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significantly affects both knee and hip joints, and can lead to joint overload, especially in
situations of prolonged immobilization of the ankle. Furthermore, the increased asymmetry
of ankle kinematic can lead to contralateral ankle overload. A slightly better situation is
observed with the walker boot set in neutral position: a great asymmetry observed in knee
torque can affect the knee joint. It should be emphasized that, such asymmetries can cause
joint pain or discomfort, although such analysis was not the aim of this study. It can also
be the reason for early degenerative changes in the overloaded joint.

The existence of asymmetry in kinematic data in the gait with the orthopaedic boot
in zero setting was confirmed by Severin et al. [2], who noticed a slightly greater range
of motion in the hip with the boot than in the contralateral limb with a shoe. This study
also confirmed the influence of boot-wearing conditions on the hip joint flexion moment,
as well as on the knee flexion and knee extension moments. Wearing a boot increased
the asymmetry in the knee and reduced it in the hip joint, according to the symmetry
index results. The high asymmetry of kinematic data for knee and hip joint, as well as the
asymmetry of the knee joint moment in the sagittal plane, was also confirmed by Gulgin,
Hall, Luzadre, and Kayfish [1]. However, they found only small differences in ground
reaction forces. The above-cited studies only used linear parameters to analyze gait and,
therefore, are not directly comparable to our results. However, they indirectly confirm that
our results, obtained using the DTW method, are correct.

5. Conclusions

Taken together, each walking boot setting affects the degree of asymmetry in each
joint of the lower limb, both for kinematic and kinetic parameters. The highest asymmetry
was observed in the stance phase for each type of gait, although DTW was calculated for
the entire gait cycle. The evaluation of asymmetry provided within this paper showed that
the kinematic parameters indicate larger DTW increases than kinetic ones. For kinematic
parameters, in each gait the highest increase in the DTW values was noted for the ankle
joint and the smallest for the knee. However, for the kinetic parameters, the highest increase
in the DTW values in each gait was noted for the knee joint and the smallest for the ankle.
This result suggests that each orthosis position analyzed in this study fulfills its protective
function. Only the results for the gait with the walker set on 15◦ of dorsiflexion (15DF)
differ from the above-mentioned pattern and could lead to knee and hip joints overload.
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