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Abstract

Objectives: To explore the impact of hallux valgus (HV) on lower limb neuromuscular
control strategies during the sit-to-stand (STS) movement, and to evaluate the effects
of Kinesio taping (KT) intervention on these control strategies in HV patients.

Methods: We included 14 young healthy controls (HY), 13 patients in the HV group
(HV), and 11 patients in the HV group (HVI) who underwent a Kinesio taping (KT)
intervention during sit-to-stand (STS) motions. We extracted muscle and kinematic
synergies from EMG and motion capture data using non-negative matrix factorization
(NNMF). In addition, we calculated the center of pressure (COP) and ground reaction
forces (GRF) to assess balance performance.

Results: There were no significant differences in the numbers of muscle and kinematic
synergies between groups. In the HV group, knee flexors and ankle plantar flexors were
abnormally activated, and muscle synergy D was differentiated. Muscle synergy D

was not differentiated in the HVI group.

Conclusion: Abnormal activation of knee flexors and plantar flexors led to the dif-
ferentiation of module D in HV patients, which can be used as an indicator of the pro-
gress of HY rehabilitation. KT intervention improved motor control mechanisms in HY
patients.

Keywords: Hallux valgus, Kinematic synergy, Kinesio taping, Muscle synergy,
Relationship, Sit-to-stand

Introduction

Hallux valgus (HV) is a bunion deformity with primary symptoms of foot pain and
dysfunction [1]. In addition, the prevalence of HV is high, with an adult prevalence of
23% and a female prevalence of 2—15 times higher than that of males [2, 3]. As a result
of foot pain and dysfunction, patients with HV may experience reduced quality of life,
increased risk of falls, and even disability [4].
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According to prior research, HV has been associated with decreased walking speeds
and disruptions in activities of daily living [5, 6]. In addition, HV deformity leads to
altered gait patterns and biomechanical characteristics of the hip, knee, and ankle joints,
with increased hip internal rotation and knee abduction moments in patients with HV
compared to healthy individuals [7-9]. Previous studies have focused on gait, but sit-
to-stand (STS) movements in HV patients have not been studied in detail. From stable
sitting to unstable standing, STS movements are an extremely important condition in
determining muscle strength in the lower limbs of adults [10, 11], and the hip, knee,
and ankle joints are important for performing STS. The position of the toe’s changes
body dynamics during STS movements [12]. Muscle disorders also greatly affect STS
movements [13]. Moreover, it has been observed that HV diminishes short toe flexor
strength in young women [14]. Consequently, HV patients may experience alterations in
their neuromuscular control mechanisms during STS movements due to the modified
biomechanical characteristics of the hip, knee, foot, and ankle. Further investigation
into the neuromuscular control mechanisms during STS movements in HV patients is,
therefore, warranted.

For the rehabilitation of HV, it is crucial to understand the underlying mechanisms of
treatment to enhance therapeutic outcomes. Conservative treatments, particularly for
mild cases of HV, are preferred and encompass a range of intervention such as orthotics,
orthopedic insoles, oral medications, motion, and manipulation [15, 16]. Orthotics, for
instance, target the first metatarsal by separating the first and second toes [17], while
orthotic insoles mitigate first metatarsophalangeal joint deformities and stress by
redistributing pressure in the toe area [18]. However, these methods are often hindered
by their time-consuming application, patient discomfort, inconvenience, and limited
utility. Conversely, Kinesio taping offers a promising alternative, effectively addressing
pain, swelling, proprioception, and joint support, and enjoys widespread acceptance and
applicability in clinical settings [19]. Short-term studies have demonstrated significant
improvements in hallux valgus angle (HVA) following Kinesio taping intervention
in HV patients [20], alongside enhanced gait stability and balance maintenance [21].
Nonetheless, the bulk of research on Kinesio taping focuses on its therapeutic and
proprioceptive effects on muscles and joints [19, 22], leaving a gap in our understanding
of its influence on motor control mechanisms in HV patients.

Musculoskeletal disorders can cause abnormalities in the neuromuscular system [23].
HYV, as a common musculoskeletal system disorder, may also present with abnormalities
in neuromuscular regulation. To investigate how the central nervous system (CNS)
controls multiple muscles, Bernstein proposed the muscle synergy hypothesis, whereby
instead of controlling the contraction of one muscle, the CNS controls motion by
controlling the contraction of several groups of muscles [24, 25]. According to this
hypothesis, the CNS can flexibly control the activation of a limited number of synergistic
modules through the output of neural commands for a certain period to perform various
daily activities [26—28]. Although the concept of synergy was originally used to describe
intermuscular coordination, it has also been used to analyze the synergy of motions
between joints (kinematic synergy) [29, 30]. Tagliabue et al. found that muscle synergy
preceded kinematic synergy by one phase by investigating the correlation between
muscle and kinematic synergism during two-finger grasping [31]. Over time, the CNS



Liu et al. BioMedical Engineering OnLine (2024) 23:74 Page 3 of 20

a 100 - - =
i II
0
6

50

o
N
N
w
IS
o

VAF(%)

HY
HV
HVI

0 —
0 1 2 3 4 5 6
Number of Modules

Fig. 1 Number of modules in each group. a Number of muscle modules selected by all subjects was 90% of
the VAF. b Number of DOF modules selected by all subjects is 90% of VAF. (Left: HY group, middle: HV group,
right: HVI group). The black horizontal line represents the threshold for the global VAF, which is set at 90%
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Fig. 2 a Number of muscle synergies in each group. b Number of kinematic synergies in each group. Bars
indicate the mean and standard deviation for each data group. NS stands for no significant difference

flexibly controls kinematic synergy by controlling the recruitment of muscle synergy to
complete walking [32]. However, the relationship between muscle synergy and kinematic
synergy in ST tasks is unclear.

Therefore, our goal is to investigate the neuromuscular control strategy of HV
during STS exercises and examine the changes in this strategy in HV patients before
and after intervention. By doing so, we aim to gain a comprehensive understanding
of the therapeutic effects of KT on HV patients. This study is expected to enhance
our understanding of the motor control mechanisms involved in STS movement and
improve the efficacy of physical therapy for HV patients.

Results

Number of muscle and kinematic modules

As far as muscle synergistic modules are concerned, 2—4 modules were extracted from
the HY, HV, and HVI groups in the NNMEF results (Fig. 1a). There were no statistically
significant differences observed between the HY group and the HV group, nor between
the HV group and the HVI group (Fig. 2a). For the kinematic synergy module, in the
NNMEF results, 2-5 modules were extracted in the HY, HV, and HVI groups (Fig. 1b).
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There were no statistically significant differences observed between the HY group and
the HV group, nor between the HV group and the HVI group (Fig. 2b).

Muscle synergies in each module

As shown in Fig. 3, in the HY group, the muscle synergies were denoted as HY-A, HY-B,
HY-C, and HY-D. Similarly, in the HV group, they were labeled as HV-A, HV-B, HV-C,
and HV-D. Finally, in the HVI group, they were identified as HVI-A, HVI-B, HVI-C, and
HVI-D. The active muscles in the first module of the HY group (HY-A) include AH, EDL,
EO, GL, PL, and TA, which serve to stabilize the ankle and assist in trunk forward flex-
ion in phases 1 and 2. In the HY group, the muscles activated in the second module (HY-
B) include the EDL, ES, GL, PL, TA, VL, VM, and RF. During phases 2 and early phase
3, these muscles collectively contribute to knee extension, ankle dorsiflexion, and spinal
extension. The active muscles in Module 3 (HY-C) of the HY group include BF, EO, ES,
GLM, SED, VL, VM, and RF, which serve to stretch the knee and hip joints and stabilize
the ankle joint during the late second and third phases. Module 4 (HY-D): The active
muscles of the HY group include EO, FHL, GL, SOL, GM, and SED. In the later phases
of Phase 3 and Phase 4, the HY-D serves to assist in anterior trunk tilt, plantarflexion of
the ankle, and flexion of the knee. Compared with the HY group, the HV groups showed
some different characteristics. In the HV group, Module A (HV-A) lacked activation
of TA and EDL, including activation of ES, SOL, GM, and FHL. The duration of HV-A
was shortened in phases 1 and 2 and activated ankle plantarflexion and trunk stabiliza-
tion effects in phase 4. The duration of module B (HV-B) increased in phase 1. Mod-
ule C (HV-C) was additionally activated in phase 2. Module D (HV-D) including BF, ES,
and PL was additionally activated, and the duration of phase 4 was shortened. Module
A (HVI-A) of the HVI group does not include SOL activation compared to HV-A. The
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Fig. 3 Temporal and spatial patterns of all participants during the extraction of the four muscle synergy
modules in each group. The four modules of muscle synergy are denoted by A, B, C, and D. For example, the
first module of the three groups is labeled as HY-A, HV-A, and HVI-A, respectively. Each bar (left; histogram)
and curve (right; line graph) represent the mean value for all participants in each group. Error bars (left; graph)
and gray-scale plots (right; graph) represent the standard deviation. Each value (left; bar graph) represents
the Pearson similarity in each module. The horizontal line (left panel) represents the threshold for the spatial
component of the active muscle in the module. The horizontal line (right panel) represents the threshold for
the temporal pattern of the module
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duration of HVI-A is extended in phase 2. Module D (HVI-D) of the HVI group lacks ES
activation compared to HV-D. The duration of HVI-A is extended in phase 2. Modules B
and C of the HVI group (HVI-B, HVI-C) converge with the HY group.

Kinematic synergies for each module

As shown in Fig. 4, the kinematic synergies were HY-a, HY-b, HY-c, and HY-d for HY
group, HV-a, HV-b, HV-¢, and HV-d for HV group, and HVI-a, HVI-b, HVI-c, and
HVI-d for HVI group. In the HY group, module a (HY-a) mainly includes A/DF, A/ADD,
A/EVR, F/LPIT, H/FLX, and K/FLX.HY-a plays the roles of ankle dorsiflexion, adduc-
tion and valgus, foot left deviation, and hip and knee flexion in phases 1 and 2. Module
b (HY-b) consists of A/DF, A/EVR, F/LPIT, K/FLX, H/FLX, and P/AO. HY-b is primarily
used in late phase 2 and early phase 3 for ankle dorsiflexion and valgus, left foot valgus
hip and knee flexion, and anterior pelvic tilt. Module ¢ (HY-c) consists of A/DF, A/ADD,
A/EVR, F/LPIT, H/ABD, and P/AO, which are mainly used in phase 3 for ankle dorsi-
flexion, adduction and valgus, left foot deviation, hip abduction, and anterior pelvic tilt.
Module d (HY-d) consisted mainly of A/ADD, A/EVR, F/LPIT, and P/LO and played
the roles of ankle dorsiflexion and valgus, foot left deviation, and pelvic left tilt at the
end of phase 3 and phase 4. Compared with the HY group, the HV group’s HV-c lacked
ankle adduction (A/ADD) but increased hip and knee flexion (H/FLX, K/FLX). Com-
pared with the HV group, the HVI group’s HVI-c only increased hip flexion (H/FLX)
and lacked hip abduction (H/ABD) and knee flexion (K/FLX).

Spatial composition of the synergy modules

Each value in Fig. 3 represents the average of the similarity of individual modules
within a group. The similarity between groups was high (HY: 0.62-0.84; HV: 0.73—
0.84; HVI: 0.72-0.83). As shown in Table 1, comparing the similarity between the four
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Fig. 4 Temporal and spatial patterns of all participants in each group during the extraction of the four
kinematic synergy modules. The four modules of kinematic synergy are denoted by a, b, ¢, and d. For
example, the first module of the three groups is, HY-a, HV-a, HVI-a, respectively. Each bar (left; histogram) and
curve (right; line graph) represent the mean value for all participants in each group. Error bars (left panel)
and gray-scale plots (right panel) represent standard deviations. Each value (left; bar graph) represents the
Pearson similarity for each module. The horizontal line (left panel) represents the threshold for the spatial
component of the DOF contained in the module
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Table 1 Comparison of similarity of four muscle synergies between and within groups

Comparison of each module between

Comparison of each module within groups

groups

A HY-A HV-A HY group A B C
HV-A 046 B 0.08

HVI-A 0.94%** @ —0.65% —0.04

B HY-B HvV-B D 0.00 —0.56 —026
HV-B 0.72%* HV group A B C
HVI-B 0.91%** B —035

C HY-C HV-C C —038 —045

HV-C 0.81%* D —042 0.28 —0.12
HVI-C 0.971%x* HVI group A B C

D HY-D HV-D B —047

HV-D 0.74%% C —029 —033

HVI-D 0.84*** D —050 041 —0.28

The threshold value was set to 0.6. The values > 0.6 were defined as high similarity and < 0.6 as low similarity. * indicates

p<0.05, ** represents p<0.01, *** represents p <0.005

Table 2 Comparison of similarity of four kinematic synergies between and within groups

Comparison of each module between

Comparison of each module within groups

groups

a HY-a HV-a HY group a b C
HV-a 0.927%** b 0.80**

HVI-a 0.96%** C 043 0.66**

b HY-b HV-b d 0.32 0.25 0.54*
HV-b 0.89*** HV group a b C
HVI-b 0.94%** b 0.80**

C HY-c HV-c c 0.50* 0.75%**

HV-c 0.94%** d 0.54* 043 0.57*%
HVI-c 0.89%** HVI group a b C

d HY-d HV-d b 0.84***

HV-d 0.92%** C 0.59%* 0.80**

HvI-d 0.94*** d 046 040 0.71**

The threshold value was set to 0.6. The values > 0.6 were defined as high similarity and < 0.6 as low similarity. In comparisons
of between modules within each group (right), values in bold indicated higher than 0.6. * represents p <0.05, ** represents
p<0.01, *** represents p <0.005

modules within each group, the independence between the four modules within each
group was high (Table 2, right). Comparing the similarity between the corresponding
modules between groups, the similarity between the corresponding modules within
each group was high, except for Module A (Table 2, left). In addition, we found that
HY-D was also highly like HV-A (r=0.68). As shown in Fig. 5, we found that HV-A
and HV-D were differentiated from HY-D. HV-A and HV-D can reconstruct HY-D
well (r=0.88).

Each value in Fig. 4 represents the average of the similarity of each module within
the group. The similarity between groups was high (HY: 0.78-0.82; HV: 0.79-0.85;
HVI: 0.78-0.84). As shown in Table 2, comparing the similarity of the corresponding
modules between groups, the similarity of the corresponding modules between

Page 6 of 20
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fraction of synergies of HY-D of the HY group. Indeed, the muscle synergies (HV-A and HV-D) of the HV group
identified as compartmentalized can be linearly combined to reconstruct the corresponding synergies of the
uninvolved arm (yellow), which matches very well the synergies extracted from the HY group (HV-D) (r=0.88)
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Fig. 6 Time-lagged cross-correlations of activation coefficients for muscle and kinematic synergies. The red
and blue curves represent the temporal patterns of muscle synergy and kinematic synergy, respectively. The
dotted line indicates the phase division of the motion cycle. In the HY group, all four modules (HYS1-HYS4,
e.g. HYS1 denotes the activation coefficient of HY-A versus HY-a)

groups was high (a: 0.92-0.96; b: 0.89-0.94; c: 0.94-0.89; d: 0.92-0.94) (Table 2, left).
Comparing the similarity of the four modules within each group, the independence
between the four modules was low (Table 2, right). Among the four modules in the
HY group, HY-a and HY-b and HY-b and HY-c were more similar. Among the four
modules in the HV group, HV-a and HV-b and HV-b and HV-c were more similar.
Among the four modules in the HVI group, HVI-a and HVI-b, HVI-b and HVI-c,
and HVI-c and HVI-d were more similar.

Page 7 of 20
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Relationship between muscle and kinematic synergies

Figure 6 shows the close connection between the activation coefficients of muscle syn-
ergy and kinematic synergy in STS motion. In the HY group, all four modules (HYS1-
HYS4, e.g., HYSI1 denotes the activation coefficient of HY-A versus HY-a) showed high
similarity (0.81-0.90). Where Lag<0 indicates that muscle synergy is higher than kin-
ematic synergy, Lag=0 indicates that muscle synergy occurs simultaneously with kine-
matic synergy, and Lag >0 indicates that muscle synergy lags kinematic synergy. In HYS1
and HYS2, kinesiology synergy superseded muscle synergy (Lag: 22.08-3.00). In HYS3
and HYS4, kinematic synergy lagged muscular synergy (Lag: —4.08 to — 7.08). In the HV
group, the similarity of the four modules (HVS1-HVS4) was also high (0.73-0.90). The
correlation between muscle synergy and kinesiology synergy decreased in HVS1 com-
pared to the HY group (r=0.73). The correlation between muscle synergy and kinesiol-
ogy synergy increased in HVS2 (r=0.88), but kinesiology synergy lagged muscle synergy
(Lag=—4.92). In the HVI group, the similarity between the four modules (HVIS1-
HVIS4) was also higher (0.75—-0.86), with an overall trend like that of the HV group.

Comparison between observational indicators

As shown in Fig. 7, the mean values of HVA and VAS in the HVI group were signifi-
cantly lower than those in the HV group. As shown in Table 3, there were no significant
differences in COP, vertical GRE, MT, and T-SO between the HV and HY groups. Simi-
larly, there were no significant differences in COP, vertical GRE, MT, and T-SO between
the HV and HVI groups.

Discussion

This study found no significant differences in the number of muscle synergies and motor
synergies between the HY and HV groups or between the HV and HVI groups. These
findings suggest that HV does not diminish the complexity of motor function in young
individuals and that KT intervention does not alter the complexity of motor function in
HV patients.

a % % %k % b
5%k %k %k %k
30 * ok ok ok 4- N
7 ¥
~ 20_ 2
P o
< & 2
S & T
T 104 <
1_
0- 0-

I I
HY HV HVI HV HVI

Fig. 7 a HVA in the three groups. b VAS in the HV and HVI groups. **** stands for p <0.001.* stands for
p<0.05
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Table 3 Comparison of observational indicators between groups

Group HY HV HVI P1 value P2 value
COP-F 0.66+0.02 0.71£0.03 0.61£0.02 0.568 0.056
COP-B —0.85+£0.36 —1.03+£036 —094+£0.22 1484 1.65
COP-L 0.83+0.20 0.70£0.19 0.67+030 1.332 1.882
COP-R —0.77£0.21 —129+£0.51 —0.73£0.26 0.596 0522
COP-D 2734028 2594041 2294022 1.562 0.89
GRF-Max 1.04+0.02 1.07£0.02 1.05+0.03 0.732 0.694
MT (s) 1554+0.10 1.4040.07 14540.10 0.598 1.282
T-SO (s) 033+002 035+0.02 031£001 0.82 0.204

Data are presented as mean =+ SD. COP: center of pressure; GRF: ground reaction force; COP-F: average of COP displacement
in the anterior direction; COP-B: average of COP displacement in the posterior direction; COP-L: average of COP
displacement in the left direction; COP-R: average of COP displacement in the right direction; COP-D: total displacement

of COP; GRF-Max: the peak of GRF; MT: motion time; T-SO: time of seat-off. P7 value is statistical values for comparisons
between the HY and HV groups. P2 value is statistical values for comparisons between the HV and HVI groups

We further examined the similarity of muscle and motor synergies separately, as well
as the spatial structure of each module. The results indicated that in the HV group, only
the HV-A and HV-D modules could combine to form the HY-D module. This finding
suggests that abnormal activation of plantar flexors and knee flexors is a marker of HV-
related muscle activity. In addition, the spatial structure and activation timing of motor
coordination were similar between the HY and HV groups, as well as between the HV
and HVI groups. This implies that HV may not impair joint motor control and that KT
intervention does not affect joint motor control in HV patients. Next, we explored the
relationship between muscle synergy and kinematic synergy. The results showed a lag-
ging relationship between kinematic synergy B and muscle synergy B in the HV groups
compared with the HY group. The altered function of muscle synergy A in the HV
groups led to delayed activation of muscle synergy A and earlier activation of muscle
synergy B. This resulted in a decreased correlation between muscle synergy A and kin-
ematic synergy A, and a lagged relationship between kinematic synergy B and muscle
synergy B. These findings suggest that changes in muscle synergy function led to disrup-
tions in muscle-kinematic synergy relationships, and short-term KT intervention do not
improve these relationships.

Previous studies have found that diminished AH function in HV patient’s results in
insufficient effective pressure on the ground from the toes and reduced ankle balance
[33]. The role of the FHL is to redistribute force from the rear foot to the front foot
and enhance ankle balance [34]. HV increases in knee abduction moments [8]. In this
study, HV-A in the HV group additionally activated the plantar flexors (FHL, SOL,
and GM) as well as the muscles that maintain trunk stabilization (ES) and changed
the activation time from phase 1 to phase 4. Additional activation of the knee flexors
(BF), plantar flexors (PL), and muscles that maintain trunk stabilization (ES) was
performed in HV-D. The activation time of HV-D is shifted forward. This strategic
activation served to lower the body’s center of gravity, stabilize the trunk and ankle
joints, and enhance the effective pressure exerted by the foot on the ground. HV-A
and HV-D in the HV group could be reconstructed by a linear combination of
HY-D. Hence, the co-activation of the knee and ankle flexors and extensors during
Phase 4 of the STS movement may not cause a significant shift in the COP for HV
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patients. This differentiation in muscle synergy D production was only evident
in the HV group. Our results showed no significant differences in the number of
kinematic synergies between the HY and HV groups (Fig. 3). Analysis of the spatial
structure of kinematic synergies revealed that HV-c in the HV group increased knee
and hip flexion. This also reflects the fact that HV patients maintain balance in STS
movements by flexing the knee and hip joints. The similarity analyses of kinematic
synergistic spatial structures, as shown in Table 2, reveal that HV patients utilize
similar motor modules to healthy young individuals during STS motion. Further
analysis of MT, time away from sitting, COP, and GRF demonstrated that HV had
little effect on lower extremity balance during STS movements, aligning with previous
studies [9]. The altered relationship between muscle and kinematic synergy observed
in the HV group may stem from changes in muscle synergy function. This adaptation
may involve adjusting the activation coeflicients of the four muscle synergy modules,
compensating for changes in movement to ensure stable kinematic synergy. This
emphasizes the sensitivity of muscle synergies in HV, where the CNS prioritizes the
adjustment of muscle synergies to ensure the successful execution of STS movements.
In conclusion, muscle synergism and the relationship between muscle synergism and
kinematic synergism suggest a change in the pattern of neuromuscular control.

In this study, the HV group and the HY group, as well as the HV group and the HVI
group, demonstrated a high degree of similarity in muscle synergies and corresponding
kinematic synergies (Fig. 7), suggesting a direct correspondence between the two
[32]. Notably, in the third and fourth modules, all groups demonstrated a lagging
relationship between kinematic synergy and muscle synergy (Fig. 6). This implies that
the achievement of the third and fourth kinematic synergies involved the recruitment
of their corresponding muscle synergies. This observation aligns with earlier findings
[32]. However, the results observed in the first module differ from previous studies.
In this module, the muscle synergy of all three groups was noticeably lagging the
kinematic synergy. The first kinematic synergy primarily encompasses the forward
body lean and hip flexion observed during the initial phase of the STS movement.
However, due to the limited number of trunk and hip muscle groups included in this
study, the first muscle synergy may not fully capture all the muscle groups involved
in forward body lean and hip flexion. As a result, the activation of the first muscle
synergy may lag the activation of the first kinematic synergy. It’s worth noting that
among the muscles selected for this experiment, there are fewer muscles responsible
for driving trunk and hip joint movements. However, kinematic synergy includes the
movement of the hip joint and pelvis. This may lead to a significant lag in muscle
synergy in module A compared to kinematic synergy in module a. In addition, the
influence of joint position on muscle activation during joint movement may result in
abnormal muscle activation [35], causing changes in the relationship between muscle
synergy and kinematic synergy. These factors could explain the differences between
our research results and previous studies. It is noteworthy that there was a lagged
relationship between kinematic synergy and muscle synergy in the second module of
the HV groups compared to the HY group. This may be due to the enhanced ankle
dorsiflexion in the second muscle synergy in the HV group, which allowed the CNS
to generate moments for STS movements by recruiting the second muscle synergy.
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In conclusion, there is a one-to-one link between muscle synergism and kinematic
synergism in the STS task, but the causal relationship between them may change as a
function of muscle synergism.

Previous studies have found that KT improves muscle mobilization by shortening
the distance between muscle origins and endpoints as well as by increasing receptor
sensitivity, thereby improving motor unit recruitment [36]. The spatial structure
similarity analysis of muscle synergies indicated a relatively low correspondence
similarity of the four modules between the HV group and the HVI group (Table 2,
left). Analysis of muscle synergy activation coefficients indicated an earlier
onset and prolonged duration of module A during the second phase, as well as an
extended duration of module D during the fourth phase in the HVI group. These
findings suggest improved ankle and knee joint stability in HV patients during sit-
to-stand motion following KT intervention. Analysis of the HVA and VAS showed
that patients in the HVI group had reduced pain and a gradual return of the first
metatarsophalangeal joint to its normal position. These results suggest that KT can
correct HVA while reducing pain in patients with HV. Furthermore, existing literature
indicates that KT treatment increases cutaneous sensory input [37] and enhances joint
mobility [38] to alleviate pain. Thus, the central nervous system modulates the spatial
structure of the A and D muscle modules, as well as the activation coefficients of the
four muscle modules in HV patients. Our results indicated no significant differences
in the number of kinematic synergies between the HV and HY groups or between
the HV and HVI groups (Fig. 2b). However, we observed that the average number
of kinematic synergies in the HVI group was closer to two. Spatial structure analysis
revealed that the HVI group exhibited reduced knee flexion and hip abduction in
the third stage. This suggests that hip and knee stability during the STS movement
improved following KT intervention in the HV group. The spatial structure similarity
analysis indicated that the kinematic cooperation module of the HVI group tended
to consolidate into two kinematic cooperation modules. This consolidation may be
attributed to the restrictions KT imposes on the foot joints of HV patients during the
intervention. Consequently, the central nervous system of some HV patients appears
to engage fewer and simpler kinematic coordination modules to enhance stability
during STS movement. Our analysis of the relationship between muscle synergy and
kinematic synergy demonstrated that short-term KT intervention did not improve
the interaction between muscle and kinematic synergy in HV patients. Kinematic
parameter analysis revealed no significant differences in MT, T-SO, COP, and vertical
GRF between the HV and HVI groups. These findings suggest that KT may not
disrupt homeostasis in HV patients during STS movement.

Notably, our study indicates that certain measurements, particularly in the TA
group of HV and HY, exhibit high standard deviations. This variability stems from
individual differences in muscle activity, joint flexibility, posture variations, and
slight experimental condition variances. While this variability complicates data
interpretation, we have employed robust statistical methods such as paired ¢ tests and
two-sample ¢ tests to validate our conclusions. The substantial variability underscores
the generalizability of our findings to real-world conditions. To mitigate high standard
deviation in future research, we recommend augmenting sample sizes, refining
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subgroup classifications, and enhancing measurement methodologies. These steps
will minimize random and systematic errors, thereby improving data consistency and
accuracy.

There are some limitations of this study. First, there was no velocity gradient set for
the STS motion. The natural speed of the STS was used to ensure test uniformity for the
participants as well as foot and ankle acceptance, and thus a high-speed STS test was
not performed. Second, the small number of subjects may cause some of the data to be
affected by individual differences resulting in large standard deviations. KT treatment
was mainly applied to patients with mild-to-moderate HV, so all pain scores were low
in this group of volunteers. Third, there was a gender imbalance. Because of the gender
difference in the prevalence of HV, most participants in both the HV and HVI groups
were female. Therefore, there is a need to increase the number of participants in future
studies to determine the relationship between gender and HV and to improve this
imbalance. Finally, regarding the limitations of the study design: we did not include a
placebo control group, which may result in findings being influenced by uncontrolled
factors, potentially impacting the validity of the conclusions. In future research, we plan
to include a placebo control group to more accurately assess the true effects of Kinesio
taping. The control group will receive non-functional taping, and all participants and
researchers will be informed that it is an effective intervention, ensuring proper blinding.

Conclusion

During STS motion, muscle modules in individuals with HV exhibited divergence,
attributable to abnormal activation of knee flexors and ankle plantar flexors. This
observation implies that employing muscle synergy analysis may prove advantageous
in future investigations of musculoskeletal disorders characterized by aberrant muscle
activity components. Moreover, in the context of STS motions, HV does not exert a
discernible impact on kinematic synergies and lower limb balance. However, it manifests
in an altered relationship between muscle synergies and kinematic synergies. This
suggests that compensatory mechanisms within muscle synergy may take precedence
over those associated with kinematic synergy in the presence of HV. Notably, Kinesio
Taping intervention may hold promise in restoring neuromuscular control among
patients with HV, without introducing significant changes to kinematic synergy and
lower limb balance. However, the high standard deviation observed in our study reflects
significant variability arising from individual differences and changes in experimental
conditions. Nevertheless, our primary conclusions remain robust and statistically
significant. The presence of high standard deviation underscores the need for cautious
generalization of our findings, considering individual variations. Future research should
prioritize increasing sample sizes and refining subgroup classifications to mitigate
standard deviation. These enhancements will enhance the reliability and applicability of

our study outcomes.

Methods

Participants

This study recruited participants from the community through poster advertisements. A
total of 14 healthy young individuals (HY) and 13 patients diagnosed with hallux valgus
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Table 4 Characteristic analysis of participants

Group Age (years) Height (m) Weight (kg)
HY (m/f=7/7) 26.14+£247 1.6840.07 604241018
HV (m/f=10/3) 25.08+2.17 1.6540.10 59.00+£12.81
HVI (m/f=7/2) 24.73£1.95 1.6740.10 59.544+1397

m/f, Proportion of males and females among the participants. Participants’ basic information (age, weight, and height) is
expressed as Mean £ SD

Foot
Fig. 8 a First metatarsophalangeal joint before the intervention in HV subjects. b First metatarsophalangeal
joint in HV subjects’ post-intervention. ¢ Quadruple model from sitting to standing includes the pelvis, thighs,
calves, and feet, as well as the hip, knee, and ankle joints

(HV) were enrolled. After completing initial assessments, the 13 HV patients under-
went 1 month of Kinesio Taping (KT) treatment, during which new muscle patches
were applied every two days. The same assessments were repeated after 1 month. Unfor-
tunately, 9 HV patients (HVI) completed the intervention, as four dropped out due to
personal reasons. Table 4 provides detailed demographic information. Motion data,
including joint angles, center of pressure (COP), and ground reaction force (GRF), as
well as hallux valgus angle (HVA), Visual Analog Scale (VAS) scores, and surface electro-
myography (EMQG) readings, were collected [39, 40]. It’s worth noting that all HV partic-
ipants exhibited hallux valgus in both feet. HVA measurements were conducted by the
same professional using a goniometer, with individuals having an HVA > 15° classified as
having HV. Inclusion criteria comprised individuals aged between 18 and 44 years, right
leg dominance, and the absence of any other musculoskeletal or neurological disorders.

Measurement experiment

All participants underwent three practice sessions prior to the formal testing to familiar-
ize themselves with the test procedures. In addition, each participant was scheduled for
testing at different time points to minimize the impact of practice effects on the study
results. Participants were seated in a chair with no armrests and asked to complete 3
STS motions alone with their arms in front of their chest. HV patients treated with KT
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were re-tested 1 month after the intervention. We processed the data for all subjects
three times and calculated the mean of the three times for each subject as the final data
for each subject. Mean as the final data for each subject. Figure 8a, b shows HV patients
undergoing the intervention. A motion capture system (Miqus M1, Qualisys, Sweden;
sampling frequency: 100 Hz) and two force measurement platforms (9260AA6, Kistler,
Switzerland; sampling frequency: 1000 Hz) were used to acquire data for the calculation
of joint angles (Fig. 8c), COP, and GREF. Joint angles included the left hip, left knee, and
left ankle. To compute the motion trajectory of the joint angles, markers were pasted
according to the CAST lower limb model [41], enabling the motion capture system to
track the subject’s motion trajectory by recognizing the position of the maker’s marker
motion.

A 16-channel surface electromyography (Mini Wave Infinity, Cometa, Italy; Sam-
pling frequency: 2000 Hz) was used to acquire EMG signals. The measured muscles
were defined as the 16 muscles of the left leg of all participants including erector spinae
(ES), external oblique (EO), gluteus maximus (GLM), rectus femoris (RF), vastus medial
(VM), vastus lateralis (VL), semitendinosus (SED), biceps femoris (BF), tibialis anterior
(TA), peroneus longus (PL), extensor digitorum longus (EDL), gastrocnemius media-
lis (GM), gastrocnemius lateralis (GL), soleus (SOL), flexor hallucis longus (FHL), and
abductor hallucis (AH). As depicted in Fig. 9, for precise muscle localization, two elec-
trodes with a 1 cm radius were professionally affixed to the largest muscle belly of the

corresponding muscles in the subjects by the same professional.

Data preprocessing

The following calculations were performed using MATLAB (version 9.0, R2016b,
Mathworks Inc., Natick, MA). The raw EMG signal was filtered with a fifth-order high-
pass Butterworth filter (50 Hz), demeaned, rectified, and then filtered with a fifth-order
low-pass (5 Hz) Butterworth filter [23, 42]. The EMG data were normalized to the
maximum value, ensuring equal weights, to obtain the EMG signal envelope matrix.

Fig. 9 Application of the motion markers and EMG electrodes
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Kinematic and kinetic data were filtered with a sixth-order low-pass (10 Hz) Butterworth
filter. Previous research has found that NNMF provides more physiologically meaningful
results than other matrix factorization algorithms [43]. To extract kinematic synergies
using NNME, each joint angle is subdivided into two independent degrees of freedom
with positive data values [44]. Therefore, half-wave rectification was used to decompose
the joint angles. The joint angles were normalized to their maximum value, ensuring
that their weights were equal, to obtain the kinematic degrees of freedom matrix. The
kinematic degrees of freedom (DOF) were denoted as A/DF (ankle dorsiflexion), A/
PF (ankle plantarflexion), A/ADD (ankle adduction), A/ABD (ankle abduction), A/
INV (ankle inversion), A/EVR (ankle eversion), K/FLX (knee flexion), K/EXT (knee
extension), H/FLX (hip flexion), H /EXT (hip extension), H/ADD (hip adduction), H/
ABD (hip abduction), F/LPIT (foot left pitch), F/RPIT (foot right pitch), P/AO (anterior
pelvic obliquity), P/PO (posterior pelvic obliquity), P/LO (left pelvic obliquity) and P/RO
(right pelvic obliquity).

For the kinetic metrics, COP and vertical GRF peaks (GRF-Max) were obtained from
the force platform and the total trajectory length (COP-D), left-right offset (COP-L,
COP-R), and anteroposterior offset (COP-F, COP-B) were calculated. The left-right
offset value is the distance on the y-axis from the center of the pressure trajectory
relative to the center of the ankle joint, and the anteroposterior offset value is the
distance on the x-axis from the center of the pressure trajectory relative to the center of
the ankle joint. Finally, the total trajectory length, left—right offset, and anteroposterior
offset were normalized using foot length. GRF-Max values were then normalized to the
individual’s body weight.

Based on the motion capture data and GREF, we divided the STS motion cycle into four
phases [45]. In Fig. 10, we define the start of Phase 1 (Bend body) as the point at which
the hip joint flexion angular velocity reaches 10% of its peak-to-peak value. The end of
Phase 1 is marked when the derivative of the vertical ground reaction force (GRF) under
the seat reaches 10% of its peak-to-peak value [46]. Phase 2 (Rise hip) begins when the
derivative of the vertical GRF on the seat reaches 10% of its peak-to-peak value and
ends when the vertical GRF on the seat reaches zero [47]. Phase 3 (Extend body) starts
when the vertical GRF on the seat reaches zero and concludes when the horizontal dis-
placement of the knee joint reaches its maximum. Phase 4 (Stabilization) begins when
the horizontal displacement of the knee joint reaches its maximum and ends when the
vertical GRF remains within 1% of body weight [47]. Subsequently, we standardize the

|

P ¢

Phase 1 Phase 2 Phase 3 Phase 4
Bend body Rise hip Extend body Stabilization
Fig. 10 Four phases of STS motion
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duration of each phase as the average cycle duration of that phase across all subjects and
trials. Based on these definitions, the movement time (MT) is calculated as the differ-
ence between the end time of Phase 4 and the start time of Phase 1

Muscle synergies and extraction of kinematic synergies

To extract muscle and kinematic synergies, the EMG matrix or DOFs matrix was
processed using NNMF. The above matrixes are represented as n x £ matrix M, where
n denotes the number of muscles and the number of kinematic DOFs, and ¢ denotes the
number of time points. The NNMF can be expressed as follows:

M=WH+E (1)

where W denotes the spatial pattern of muscle synergies or kinematic synergies, H
denotes the temporal pattern of muscle synergies or kinematic synergies, and E is
the residual matrix. The spatial pattern, W, represents the relative activation level of
the muscle or DOF, and the temporal pattern H represents the activation coefficient
over time. To determine the number of muscle synergies or kinematic synergies, we

calculated the variance accounted for VAF as follows [48]:

[|M — WH]|

VAF=1— 2
7] @

where VAF denotes the variance of the spatial-temporal modal reconstruction matrix in
the original data matrix [49]. The number of muscle synergies necessary for interpreting
sit-to-stand motion data was determined by selecting the minimum number of synergies
that adequately reconstructed the muscle response. In this study, we employed two
criteria to determine the optimal number of modules. First, all 16 muscles were required
to have a Variance Accounted For (VAF) of >90% [49]. Second, muscle synergies were
also required to account for >75% of the VAF in each muscle [50].

Similarity of muscle and kinematic synergies

For comparison, we extracted four modules from EMG data [51]. To explore the rela-
tionship between muscle synergies and kinematic synergies, we extracted four kinematic
synergies from DOFs data. According to the principle of NNMEF, a set of modules must
be independent of each other. We used the Pearson correlation coefficient to measure
the independence between the two modules. Pearson correlation coefficient is used
to measure the degree of correlation between two vectors, when the value of two vec-
tors is>0.6, it means that there is a strong correlation between two vectors [51]. First,
Pearson correlation coefficients were calculated for each individual’s corresponding
modules within each group to confirm the similarity of the modules across all members
of the group. Next, we assessed the independence of the modules within each group.
Finally, we compared the similarity of corresponding modules between the HY and HV
groups, as well as between the HV and HVI groups. To determine the spatial structure
of each module, the active muscles within a module were defined as those with a median
value >0.3 in the spatial pattern [52], and the active DOFs within a module was defined
as the DOFs with a median value >0.4 in the spatial pattern [31]. To determine that a
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certain muscle synergy module was activated at the time, ¢, its activation coefficient, k(z),

is higher than the average activation coefficient 4(¢)[53], given by the following equation:
tmax

Zt() h(t)

h(t) = (3)

max — L0

After determining whether a particular module was activated or not, the chosen
temporal characteristics were obtained as follows: (1) start time, the time of the first
activation of this module; (2) end time, the time of the last activation of this module; and
(3) duration: the length of the period between the start time and the end time.

In addition, muscle synergies may diverge. We systematically investigated this
differentiation using a computational program that automatically linearly combined
HV-A and HV-D to reconstruct HY-D. To assess the goodness-of-fit of the synergistic
differentiation model, we computed the Pearson similarity between HY-D extracted
from EMG signals and synergistic modules reconstructed from muscle synergism by
merging muscle synergisms from the HV group.

The relationship of muscle and kinematic synergy

Time lag cross-correlation describes the degree of correlation between the values of the
random signals x(£) and y(¢) taken at any two different moments s, i, as per the following
formula [54]:

> ope o x(B)Y(s + 1)
VIR k0P Xy

R(s) =

(4)

where R(s) denotes the degree of correlation between the signals x(£) and y(£). Time lag
cross-correlation can reflect the directionality between two signals, such as the lead—
follow relationship, in which the lead signal initializes a response and the following signal
repeats it. We used the time lag cross-correlation to analyze the relationship between
muscle synergy and kinematic synergy.

Fractionation of muscle synergies

To determine the muscle synergy characteristics of HV patients, we initially assessed the
similarity of the spatial structure of muscle synergy between the HY and HV groups. Our
preliminary analysis revealed low similarity between HV-A and HY-A. Furthermore,
paired comparisons of modules D and B between the two groups consistently showed
the lowest similarity. Based on these findings, we hypothesized that module D might
exhibit differentiation in the HV group. To further investigate, we modeled the muscle
synergy in the HY group as a linear combination of multiple muscle synergies from the
HV group. This approach aimed to examine whether multiple muscle synergies in the
HYV group could be considered components of the muscle synergy in the HY group. The
coefficients for this linear combination were determined using a standard non-negative
least squares procedure. To ensure a unique correspondence in the least squares
optimization, we imposed additional constraints, specifying that each HV muscle
synergy could contribute to the reconstruction of at most one HY muscle synergy.
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Statistics

We utilized paired ¢ tests to assess differences in Hallux Valgus Angle (HVA) and Visual
Analog Scale (VAS) scores between the HV and HVI groups. In addition, differences
in HVA between the Healthy Young (HY) and HV groups, as well as between the HY
and HVI groups, were analyzed separately using two independent samples ¢ tests. The
number of muscle synergies and kinematic synergies were evaluated using the Mann—
Whitney U test for comparisons between the HY and HV groups, and the HY and HVI
groups. The HV and HVI groups were further analyzed using the Wilcoxon signed
rank sum test. Parameters related to balance during STS motion, including Center of
Pressure (COP) (COP-D, COP-F, COP-B, COP-L, and COP-R) and Maximum Ground
Reaction Force (GRF-Max), were analyzed using paired samples ¢ tests for the HV
and HVI groups, and two independent samples ¢ tests for the HY and HV groups. We
employed the Bonferroni correction to account for the possibility of incorrectly rejecting
a true null hypothesis, thereby minimizing the risk of such errors. A p value<0.05 was
considered statistically significant. All statistical analyses were performed using SPSS
20.0 (IBM, Armonk, New York, USA).
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