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Introduction: Stroke is the second leading cause of death globally and a primary
factor contributing to disability. Unilateral limb motor impairment caused by
stroke is the most common scenario. The bilateral movement pattern plays a
crucial role in assisting stroke survivors on the affected side to relearn lost skills.
However, motion compensation often lead to decreased coordination between
the limbs on both sides. Furthermore, muscle fatigue resulting from imbalanced
force exertion on both sides of the limbs can also impact the
rehabilitation outcomes.

Method: In this study, an assessment method based on muscle synergy indicators
was proposed to objectively quantify the impact of motion compensation issues
on rehabilitation outcomes. Muscle synergy describes the body’s neuromuscular
control mechanism, representing the coordinated activation of multiple muscles
during movement. 8 post-stroke hemiplegia patients and 8 healthy subjects
participated in this study. During hand-cycling tasks with different resistance
levels, surface electromyography signals were synchronously collected from
these participants before and after fatigue. Additionally, a simulated
compensation experiment was set up for healthy participants to mimic various
hemiparetic states observed in patients.

Results and discussion: Synergy symmetry and synergy fusion were chosen as
potential indicators for assessing motion compensation. The experimental results
indicate significant differences in synergy symmetry and fusion levels between
the healthy control group and the patient group (p < 0.05), as well as between the
healthy control group and the compensation group. Moreover, the analysis
across different resistance levels showed no significant variations in the
assessed indicators (p > 0.05), suggesting the utility of synergy symmetry and
fusion indicators for the quantitative evaluation of compensation behaviors.
Although muscle fatigue did not significantly alter the symmetry and fusion
levels of bilateral synergies (p > 0.05), it did reduce the synergy repeatability
across adjacent movement cycles, compromising movement stability and
hindering patient recovery. Based on synergy symmetry and fusion indicators,
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the degree of bilateral motion compensation in patients can be quantitatively
assessed, providing personalized recommendations for rehabilitation training and
enhancing its effectiveness.
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1 Introduction

The Global Burden of Disease (GBD) research data revealed that
in 2019, there were over 100 million stroke cases worldwide (Feigin
and Stark, 2021). The number of patients in China is as high as
17.8 million (Tu and Wang, 2023). Stroke incidents often result in
impairment of the motor cortex and its descending spinal pathways,
causing functional limitations in limb movements. Statistics indicate
that roughly 80% of stroke survivors experience upper limb motor
dysfunction with unilateral limb motor impairment caused by stroke
being the most common (Mazzoleni et al, 2018), making
rehabilitation crucial for restoring lost functionality (Gauthier
et al,, 2008; Huang et al, 2022; Xie et al.,, 2023). Rehabilitation
techniques encompass professional therapeutic interventions, the
use of rehabilitative exoskeleton robots (Kim et al., 2012; Louie et al.,
20205 Singh et al., 2021; Nolan et al., 2023) and active rehabilitation
devices (Sugihra et al., 2018). However, the scarcity of rehabilitation
physicians and the cumbersome nature of rehabilitative exoskeleton
robots hinder their widespread use.

Active rehabilitation devices involve patients utilizing their less
affected limb to assist in rehabilitation exercises, such as using hand-
crank devices (Kraaijenbrink et al, 2021) and Bobath hand
techniques (Pathak et al., 2021). This method promotes the
initiative of patients during the training process. Studies have
suggested that simultaneous training of both limbs provides
additional stimulation to the brain, aiding in rehabilitation
(Woldag et al, 2004; Renner et al, 2005). Nonetheless, this
training method raises concerns about motion compensation.
The affected limb’s reduced function leads to continuous reliance
on the unaffected limb. Additionally, Calabro and Perez (2016)
indicated that simultaneous action on both sides would adversely
affect the movement of the affected side by the healthier side, as
evidenced by comparisons of several movement indicators. The
continuous exertion by the healthier side easily leads to muscle
fatigue, while the affected side, due to its functional deficit, is prone
to fatigue as well. This imbalanced force exertion on both sides of the
limbs caused by compensation can significantly hinder a
patient’s recovery.

Therefore, timely rehabilitation assessment of rehabilitation

training can effectively reduce the impact of motion
compensation and muscle fatigue. Presently, upper limb
rehabilitation  assessment methods, including Brunnstrom

Recovery Stage (Meng et al., 2022), Fugl-Meyer Assessment (D],
2002), and Modified Ashworth Scale (Ansari et al., 2012), possess
comprehensive evaluation criteria. They heavily rely on clinical
expertise and possess subjectivity. Li et al. (2022) integrated
(sEMG)
information for the quantitative assessment of hand function.

surface  electromyography signals and motion

However, these methods face challenges in assessing motion
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compensation. Therefore, timely rehabilitation assessment of
rehabilitation training can effectively reduce the impact of
motion compensation and muscle fatigue on rehabilitation
training. Timely detection of motion compensation remains
challenging in clinical practice, delaying patient recovery and
potentially resulting in permanent functional deficits in the
affected limb.

The muscle synergy theory describes the inherent neuro-
muscular control mechanism in the human body, suggesting that
motor neurons do not solely control individual muscles but recruit
multiple muscles simultaneously to execute coordinated movements
(Aoi and Funato, 2016; Hirashima and Oya, 2016; Zhao et al., 2019).
Tang et al. (2014) applied Pearson correlation analysis on muscle
synergy among different healthy subjects executing similar tasks
revealed a correlation coefficient of up to 0.85. Chen et al. (2023)
identified shared and specific synergies in six upper limb actions,
forming a basis for the muscle synergy theory. Brambilla and Scano
(2022) utilized experimental and simulated data to investigate the
influence of the number of muscles on the structure and quantity of
synergies. Their conclusions suggest that both a low and high
number of muscles can yield relatively high similarity in synergy.
Additionally, a lower number of muscles might potentially
underestimate the dimensionality of motor control, thereby
potentially providing a basis for motor control. Pan et al. (2021)
further analyzed that different combinations of the original muscle
synergies could achieve complex movements in different planes. The
distinct topology of muscle synergy networks among different tasks
demonstrates the significant differences, thus affirming the potential
of the muscle synergy theory in understanding human motor
control mechanisms and their impact on neurorehabilitation.
Due to the interpretability of muscle synergy in human
movement mechanisms, this theory is often employed for
patients’ rehabilitation assessments.

Commonly used approaches for applying muscle synergy to
rehabilitation assessment involve comparing muscle synergies
between healthy individuals and patients to gauge changes in
patient synergy indicators. In experiments conducted by Funato
et al. (2022), both healthy individuals and stroke patients were
tasked with executing the 37-item tasks from the Fugl-Meyer
assessment method. The corresponding muscle synergies were
synergy
characteristics and stroke-related motor impairments. Ultimately,

analyzed to explore the relationship between
it was deduced that muscle synergy serves as an effective method in
stroke assessment. Ma et al. (2021) extracted upper limb muscle
synergies from healthy subjects and stroke patients, analyzing the
inherent consistency of the patients’ multiple experimental
outcomes. This analysis revealed lower inherent consistency in
stroke patients compared to healthy subjects, accompanied by a

higher level of synergy complexity. Sheng et al. (2022) introduced a
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novel assessment method known as the Muscle Synergy Space
(MSS) model, aimed at evaluating post-stroke motor function. By
comparing muscle synergy characteristics between healthy
individuals and stroke patients, the model’s effectiveness was
demonstrated, providing scientific guidance for rehabilitation.

Another approach considers that patients often exhibit better
functionality in their unaffected (healthy) side. Therefore, by
comparing and analyzing the muscle synergy between the
unaffected and affected sides, it is also feasible to assess the
motor function of the affected side. This primarily involves an
analysis from the perspective of the correlation and integration
level of muscle synergy between both sides of the body (Cheung
et al., 2012; Pan et al.,, 2018). However, while the first method uses
healthy subjects’ synergy as a reference to reflect patient synergy
defects, it fails to assess the balance of bilateral muscle coordination
during coordinated movements. The second method involves
experiments solely focusing on independent movements on both
sides, reflecting only some indicators of changes during independent
movements. Consequently, the results do not adequately indicate
differences in muscle coordination levels due to compensation by
the unaffected side.

The innovation of this study lies in not only analyzing the
patient’s own muscle synergy indicators but also conducting a
significance analysis between the results of patients and healthy
subjects. This evaluation is based on indicators such as the
symmetry and fusion degree of muscle synergy on both sides
of the body, aiming to assess the issue of motion compensation.
Collecting surface electromyography signals from patients and
healthy participants during bilateral movement, will facilitate
analysis of indicators variations. This will quantify patients
motion compensation through comparative analysis based on
muscle synergy indicators. Considering that resistance is often
applied during experimental procedures to enhance
rehabilitation training, and patients tend to experience muscle
fatigue, an analysis of muscle synergy indicators has been
conducted under various resistance levels and fatigue statuses.
The main contributions of this paper can be summarized
as follows.

1. The combined muscle synergy extraction method utilizing
Principal Component Analysis (PCA) and Non-negative
Matrix Factorization (NMF) ensures the stability of muscle
synergy patterns and subsequent analytical results.

2. Designing experimental paradigms sensibly, using synergy
symmetry and synergy fusion indicators, validated the
feasibility of quantifying motion compensation issues
through muscle synergy.

3. By comparing data between the healthy group and the patient
group, as well as between the healthy group and the simulated
group, the impact of resistance level and fatigue status on
motion compensation is analyzed using significance level
indicators.

The rest of paper is organized as follows. Section 2 describes the
recruited subjects, experimental protocols, and muscle synergy
quantification indicators. Section 3 presents the analysis results of
the experiments, while Section 4 delves into the discussion of these
analytical findings. Conclusion are set out in Section 5.
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TABLE 1 Stroke subjects.

Subject Age Affected Stroke Brunnstrom
side type
S1 16 R Ischemic 3
S2 60 R Ischemic 3
S3 58 R Ischemic 4
S4 32 L Ischemic 5
S5 37 R Ischemic 5
S6 58 L Ischemic 3
S7 55 L Ischemic 4
S8 45 L Ischemic 5

2 Materials and methods

This study primarily analyzes the coordination level between the
two sides of the human body from the perspective of muscle synergy.
The muscle synergy extraction algorithm was employed to extract
muscle synergies and activation coefficient matrices from SEMG
signals. Muscle synergy reflects the recruitment pattern of muscles
within a muscle group and can also serve as a measure of muscle
symmetry, while activation coefficients indicate the degree of
involvement of each muscle synergy. The symmetry and fusion
indicators of bilateral muscle synergy reflect the coordination of
muscles, and the effectiveness of applying this method to detect
motion compensation can be determined through a significant
difference analysis between healthy subjects and patients.

2.1 Subjects

Eight stroke patients (S1-S8, mean age 45 * 15 years) and
eight healthy subjects (H1-H8, mean age 24 + 2 years)
participated in this experiment. All patients were capable of
independently completing a minimum of 20 min of hand-
cranked rehabilitation training. All eight healthy subjects were
right-handed. The information of stroke patient is available in
Table 1. The experiment was in accordance with the declaration
of Helsinki and received approval from the Fifth Affiliated
Hospital of Zhengzhou University. All subjects provided
informed consent before participating in the experiment.

2.2 Experiment protocols

2.2.1 Experimental platform

This study utilized a coordinated bilateral hand-cycling as the
experimental apparatus, as shown in Figure 1A, and employed the
multi-channel wireless sEMG signals sensor Delsys for data
acquisition in Figure 1B.The sSEMG sampling rate was 1,926 Hz.
Data collection was performed on eight muscle groups on both the
left and right sides of the human body, with sensor attachment
positions on the right side illustrated in Figure 2, which were
mirrored symmetrically on the left side.
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FIGURE 1

(A) Experimental setup and equipment-hand-cycling. The device allows for adjustable training resistance. (B) Experimental data acquisition
equipment-Delsys. The device can simultaneously collect SEMG signals from up to 16 muscles.

Forward Side Back

FIGURE 2
Electrode positions for sSEMG signals acquisition. The positions of

each muscle were predetermined through referencing
anatomical charts.

The muscles associated with rehabilitation training for hand-
operated carts are the Biceps Brachii (BIC), Brachialis (BRA),
Anterior Deltoid (AD), Brachioradialis (BRAD), Posterior Deltoid
(PD), Triceps Brachii Long Head (TBLD), Triceps Brachii Lateral
Head (TBLH), and Latissimus Dorsi (LD), as determined through
examination of anatomical charts and experimental analysis. After
wiping the skin with alcohol wipes, affixing the sensor to the
designated location, and subsequently securing it more firmly
with medical tape, this approach aims to diminish noise caused
by skin perspiration and artifacts from sensor movement.

2.2.2 Experimental paradigm

The overall experimental paradigm is indicated in Figure 3.
The participants were initially briefed on the experimental

Frontiers in Bioengineering and Biotechnology

[Hold the handles|

) ’Rotate clockwise steadily} ( )
[Start/ with both hands for three rounds ‘ L e |
[ ] Rotate once Repeat Eight Times
----- [ [ [End
, Time(s)

S| I
28 29 30 31 32

FIGURE 3

Experimental paradigm. Every 3 complete rotational cycles
constitute a single large cycle, and at least 8 large cycles (32 s) were
collected as one dataset.

procedure, where three rotation cycles were considered a
complete cycle. Most patients
completed three full rotation cycles within a 4s interval,

co-contraction  extraction
considering this timeframe as a major cycle for coordinated
data extraction. Healthy subjects followed a similar pace,
leading to a total data collection time of 32s. To prevent any
interference from the initiation and cessation movements at the
start and the end, a minimum data collection duration of 36 s was
ensured for each participant, with intermittent rest periods. Two
distinguishable resistance levels were set, labeled as Resistance
level 1 (R 1) and Resistance level 2 (R 2). Once data collection for
both resistance levels was completed, patients continued with at
least 20 min of rehabilitation training. Subsequently, data were
gathered at the R 1 to capture fatigue data.

All healthy subjects underwent the following simulated
compensation experiment based on the original experiment, with
the resistance set at R 1.

Case 1: Maintain a balanced movement on both sides as much
as possible.
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FIGURE 4
(A) SEMG of H1. (B) SEMG of S1L.

Case 2: Sustain stable force exertion on the right side, with
occasional engagement of the left side in movement, simulating a
milder degree of motion compensation.

Case 3: The left side exerts no force and is entirely driven by the
right side, simulating a more severe form of motion compensation.

2.3 The preprocessing of sEMG

The preprocessing of SEMG signals involved several steps. First,
a Butterworth high-pass filter with a cutoff frequency of 40 Hz was
applied to the acquired sEMG signals (Chen et al.,, 2023). Next, a
50 Hz notch filter was used to remove powerline interference. The
signals were mean-centered and rectified. Subsequently, Finite
Impulse Response (FIR) low-pass filter with a cutoff frequency of
20 Hz was applied to extract the signal envelope (Pan et al.,, 2018).
Root mean square smoothing was employed to further refine the
signals, eliminating the aberrant electrical noise and ensuring a
smoother envelope. Finally, a normalization process was carried out
to ensure that the contribution of smaller muscle groups was
adequately represented.

The pre-processing results of SEMG signals from the left side of
H1 in Case 1 and the affected side of S1 are shown in Figure 4. The
result involves the normalization of sSEMG, constraining its range
to —1 to 1, and the envelope signals have not yet been extracted. It is
evident that the periodicity of data from healthy subjects is more
intuitively apparent.

2.4 The extraction of muscle synergies

When controlling limb movements, the human body doesn’t
individually control each muscle, rather it coordinates the entire
muscle group through the spinal cord. Muscle synergy can be
sEMG
extraction algorithms, as described in Eq. 1

extracted from preprocessed signals using feature

men = WWlXTHTXn + E, (1)

where V is the preprocessed surface SEMG signals, with m as the
number of sampling channels and n as the number of sampling
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points, W is the muscle synergy matrix, with r is the number of
muscle synergies, H is the activation coefficient matrix, E is the
obtained residual error. The extraction of muscle synergies involves
two steps.

Step 1: PCA is employed to obtain the feature matrix and principal
component matrix. The selection is made for feature vectors and
their corresponding principal components equal to the number of
muscle synergies.

Step 2: The results obtained in the previous step are taken in
absolute values as the initial values for NMF (Lee and Seung, 1999).

The number of muscle synergies is determined by the error
between the decomposition results and the original signals. This
error is represented by the variance accounted for (VAF) (Cheung
et al.,, 2012), as shown in Eq. 2

V-V,

VAF=1-
V12

) )
where V is the preprocessed surface sSEMG signals matrix, V' is the
reconstruction matrix. When the VAF is excessively high, it fails to
achieve effective dimensionality reduction, as redundant
information cannot be completely eliminated. Conversely, if the
VAF is too low, it may result in the loss of valuable information.
Therefore, the minimum number of synergies is chosen when
VAF exceeds 80%.

2.5 Synergy symmetry and fusion

In the study, muscle synergies were extracted using the
mentioned method from both sides of both healthy subjects and
patients. The symmetry of muscle synergy refers to the correlation
calculation results of the extracted muscle synergies on both sides of
the human body. This indicator can reflect the balance of movement
on both
compensation. Although the muscle synergy modules were
relatively stable, the order in which muscle synergies were

sides, thereby indicating the degree of motion

extracted exhibited randomness. To establish a more meaningful
order of muscle synergies, the muscle synergy order within the
synergy matrix was rearranged to optimize the overall synergy

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1375277

Liu et al.

correlation. This was done by calculating synergy correlations
between the extracted muscle synergies on both sides. The
correlation calculation method employed in the study was the
Pearson correlation coefficient (Lalumiere et al., 2022), as shown
in Eq. 3

. S(X-X)(Y-Y)
P \2 >\2
VE(X - X3 (Y -Y)

3)

where X and Y correspond to two synergy vectors that require
correlation determination, and X and Y represent the respective
means. Synergy vector refers to the results of each column in the
extracted synergy matrix. In this study, the number of channels in
the multi-channel signals is 8, and the number of elements in each
synergy vector is also 8.

In cases where one side displays reduced functionality, resulting
in abnormal muscle synergy, a phenomenon known as synergy
fusion may manifest. The fusion indicator of muscle synergy denotes
that the muscle synergy on one side of the subject is formed by the
fusion of muscle synergies from the other side. This indicator reflects
the variation in the force exerted by individual muscles on both sides
during the coordinated movement process in patients, thereby
indicating the degree of motion compensation. Specifically, when
muscle synergy on the affected side becomes aberrant while that on
the unaffected side remains relatively normal, a fusion of synergies
may occur as in Eq. 4. In this study, the calculation of synergy fusion
on the affected side is carried out utilizing the least squares method
(Cheung et al.,, 2012).

¥
W= mwy, i=1.. N (4)
k=1

where W¢ represents the i — th muscle synergy on the affected side,
N signifies the number of synergies on the affected side, W}, denotes
the k — th muscle synergy on the healthy side, fusion coefficient mj,
denotes the contribution level of the kth healthy side muscle synergy,
and N“ represents the number of muscle synergies on the healthy
side. When the fusion coefficient exceeds 0.2, it indicates the
involvement of one synergy in composing the synergy on the
other side. If only one fusion coefficient exceeds 0.2, the presence
of fusion is not considered. If more than two fusion coefficients
exceed 0.2, it is considered that another synergy exists in fusion on
the opposite side.

2.6 Significance analysis

This study conducted experiments with two resistance levels
and under fatigue status for both healthy subjects and patients.

The determination of significance levels for computed
indicators relating to muscle synergy under various
conditions  involves  employing  distinct  statistical

methodologies contingent upon the distribution of the data.
Typically, in instances where the data adheres to a normal
distribution, significance analysis is carried out using one-
way analysis of variance (ANOVA). The Lilliefors test was
utilized to assess the normal distribution of characteristics
associated with muscle synergy (Abdi and Molin, 2007). This
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Correlation analysis of muscle synergy with equidistant offset of
H1. Horizontal axis and vertical axis corresponds to the sequential
numbers used for muscle synergy extraction data sets.

method is deemed appropriate for small sample sizes, and if the
data deviates from a normal distribution (p < 0.05), the
Kruskal-Wallis test is subsequently applied to assess the
significance of differences (Bala et al., 2023).

3 Results
3.1 The number of muscle synergies

Following preprocessing of multi-channel sSEMG from both sides of
all participants, a combination of PCA and NMF algorithms was
employed to determine different counts of co-activation, aiming to
extract muscle synergies. The VAF were computed under various co-
activation counts. As depicted in Figure 5, muscle synergies on the left
side of healthy subjects and the affected side of patients exhibited VAF
values exceeding 0.8 when the synergies count exceeded 4.
Consequently, The number of muscle synergies extracted for both
healthy subjects and patients was determined to be 4. This synergy
number adequately reconstructs the information of the original data
while eliminating some redundant information.
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3.2 Symmetry of bilateral synergy

Muscle synergies were extracted from 8 channels of sSEMG
signals on both sides, and the Pearson correlation coefficient was
employed to assess the symmetry between bilateral muscle synergies.
This study involved the extraction and analysis of SEMG signals
during simultaneous movement of the left and right sides.
Considering the potential impact of phase deviations between
both sides, an initial computation involved evaluating the
correlation of muscle synergy extraction results for ten segments
with a phase deviation of 200 sampling points. As depicted in
Figure 6, the majority of data segments exhibited a symmetry
above 0.85, indicating minimal variations in synergy with slight
time deviations. Extract muscle synergy from both sides of healthy
participants and patients, as illustrated in Figure 7.

To minimize the errors introduced by periodic variations, the
average of the symmetry results from eight data segments was
calculated to represent the final data, aiming to reduce the
impact of small temporal deviations on muscle synergy analysis.
The symmetry of muscle synergies for eight patients is shown in
Figure 8. Each column consists of 4 segments, representing the

Frontiers in Bioengineering and Biotechnology

symmetry values of each synergy. The overall synergy symmetry for
healthy subjects is mostly above 2.5, while for patients, it is
predominantly below 2.5.

Similar computations performed on muscle synergies in fatigue
status yielded identical outcomes. Under different statuses, the
Pearson correlation coefficient was utilized to compute the
symmetry of muscle synergies across all healthy subjects and
patients, generating mean and standard deviation values. After
conducting the Lilliefors test for normality on the data and
determining that it does not follow a normal distribution, the
Kruskal-Wallis test was applied to determine if there were
significant differences in symmetry between R 1 and R 2 for both
healthy subjects and patients. Similar computations were conducted
for pre-fatigue and post-fatigue conditions, as depicted in Figure 9A.

The symmetry in healthy subjects under R 1 (0.70 £ 0.07) and R
2 (0.72 £ 0.06) did not show significant differences (p > 0.05).
Additionally, the symmetry before fatigue under R 1 did not
significantly differ from the symmetry after fatigue (0.69 + 0.04,
p > 0.05). For patients, symmetry under R 1 (0.46 + 0.08) and R
2 (0.43 £ 0.04) showed no significant differences (p > 0.05), and the
symmetry before fatigue under R 1 did not significantly differ from
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(A) Synergy symmetry in different states. The left bars indicate the average symmetry between both sides in three statuses for healthy subjects, while
the right bars represent the average symmetry across three conditions for patients. (B) Synergy symmetry in simulated compensation cases. Calculate the
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(A) Synergy fusion in healthy subjects. Each color corresponds to the four points on the x-axis, representing the fusion of the four synergies from the

left side to the right side. The solid line indicates the mean, while the shaded area represents the standard deviation. (B) Synergy fusion in patients. Each
color corresponds to the four points on the x-axis, representing the fusion of the four synergies from the healthy side to the affected side. The solid line
indicates the mean, while the shaded area represents the standard deviation.

the symmetry after fatigue (0.44 + 0.05, p > 0.05). However, healthy
subjects exhibited significantly higher synergy symmetry compared
to patients (p < 0.05). Consequently, it is inferred that resistance
levels and fatigue statuses do not significantly impact bilateral
muscle synergy symmetry in the human body. However,
significant differences exist in the symmetry of muscle synergies
between patients and healthy subjects.

The average and standard deviation of muscle synergy
symmetry across different subjects under the three cases were
computed which is shown in Figure 9B. For most subjects, the
synergy symmetry was highest in Case 1, lowest in Case 3, and the
significance level was determined. The average symmetry for Case 2
was (0.61 +0.10), and for Case 3, it was (0.54 £ 0.07). The symmetry
in Case 1 was significantly higher than that of Case 3 (p < 0.05).

3.3 Fusion of bilateral synergy
This study computes the fusion of muscle synergies, considering

that all healthy subjects are right-handed. For healthy subjects, the
fusion of left-side muscle synergies was calculated from the right-
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side muscle synergies. For patients, the fusion of affected-side

muscle synergies was derived from the unaffected-side
muscle synergies.

The fusion levels of muscle synergies were calculated for both
healthy subjects and patients under R 1, R 2, and fatigue statuses.
H1 represents healthy subject 1. The computed fusion levels among
healthy subjects is shown in Figure 10A. The solid line represents the
average across all subjects, while the shaded area indicates the
standard deviation. Each curve corresponds to four points,
representing the reconstruction coefficients of that synergy by
four synergies from the other side. A coefficient exceeding
0.2 suggests the involvement of the corresponding synergy in the
reconstruction process. When the number of reconstructed
synergies exceeds 2, fusion of that synergy is considered to be
present. From the graph, it is evident that most curves display a
single prominent peak, with other points mostly below 0.2. The
synergy fusion status among patients under R 1 is shown in
Figure 10B. Each curve not only exhibits a dominant peak but
also contains additional points with values exceeding 0.2. This
suggests the presence of multiple synergies formed through

fusion of synergies from the unaffected side.
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(A) Synergy fusion in healthy subjects. (B) Synergy fusion in patients. Each column represents a healthy subject (A) or a patient (B), and each row
depicts the degree of synergy fusion. A value above 2 indicates the presence of fusion.

TABLE 2 Fusion of healthy subjects.

Subject HIL H2 H3 H4 H5 H6 H7 HS8
R1 1 1 1 0 1 2 1 2
R2 1 1 1 1 1 2 1 2
Fatigue 2 1 2 1 1 2 1 2
Case 1 1 1 1 0 1 2 1 2
Case 2 0 1 3 1 3 1 3 2
Case 3 1 2 3 2 3 0 3 3

TABLE 3 Fusion of stroke subjects.

Subject

Fatigue

Each participant’s synergy fusion status was plotted individually.
The calculation of synergy fusion among healthy subjects under R
1 is shown in Figure 11A. Each column represents a participant,
while the values in each row denote the fusion status of that synergy.
Values exceeding 2 indicate the presence of fusion for a given
synergy. Most healthy participants exhibit fusion in only one out
of the four muscle synergies, except for participants 6 and 8. The
calculation of synergy fusion among patients under R 1 is shown in
Figure 11B. Healthy subjects typically show fusion in two or fewer
muscle synergies, while patients often exhibit fusion in more than
two synergies, with some demonstrating fusion in all four synergies.

Both healthy subjects and patients underwent analysis for
synergy fusion levels under R 1, R 2, and fatigue statuses, as
illustrated in Tables 2, 3. The numbers in the table represent the
count of synergistic fusion occurrences among the four muscle
synergies for each subject. The average and standard deviation of
fused synergies were calculated for healthy subjects and patients, as
depicted in Figure 12A. Subsequently, the significance level of
differences statuses determined. The

among various was

Frontiers in Bioengineering and Biotechnology

09

outcomes indicate an absence of significant differences in synergy
fusion levels between the two resistance levels and pre-fatigue and
post-fatigue statuses. The number of fusions for healthy participants
under R 1 (1.13 + 0.64) and R 2 (1.25 + 0.46) showed no significant
difference (p > 0.05). Also, there was no significant difference
between the pre-fatigue and post-fatigue fusion counts under R
1 (1.5 + 0.53) among healthy participants (p > 0.05). For patients,
there was no significant difference in the fusion counts between R
1(2.37£0.74) and R2 (2.75 £ 0.89, p > 0.05). Similarly, there was no
significant difference between pre-fatigue and post-fatigue fusion
numbers under R 1 (2.5 + 0.53) among patients (p > 0.05). However,
the number of fusions in healthy participants was significantly lower
than in patients (p < 0.05).

It is illustrated that the computation of synergy fusion levels
among healthy subjects in simulated compensation scenarios in
Table 2. The average results for multiple healthy subjects are
depicted in Figure 12B. The results indicate a gradual increase in
synergy fusion levels from Case 1 to Case 3. The average fusion
count for Case 2 is (1.75 + 1.17), and for Case 3 is (2.13 + 1.23). The
fusion count in Case 1 is significantly lower than in Case 3 (p < 0.05).

3.4 Influence of muscle fatigue on synergy

The analysis conducted above indicates that muscle fatigue does not
significantly impact the symmetry of coordination and fusion levels
during bilateral coordinated movements in the human body. However,
an assessment was performed on the correlation of muscle synergies pre
and post fatigue. Muscle synergies were extracted from five movement
cycles before and after fatigue for each participant, and the correlation
between these synergies was computed pairwise. It is presented that the
computed results for one of the patients, demonstrating a reduction in
synergy correlation post-fatigue in Figure 13. Moreover, a slight decline
in correlation was observed in the five sets of post-fatigue muscle
synergy data, which was consistent across multiple participants. This
suggests that muscle fatigue leads to an increase in the instability of
muscle synergies, which could impede effective rehabilitation training
and assessment. Therefore, mitigating the occurrence of muscle fatigue
should be a priority to ensure optimal conditions for rehabilitation
training and evaluation.
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Multicycle synergy correlation before and after fatigue of H2. p1-
p5 represent the five consecutive cycle data before fatigue, while al-
a5 represent the five consecutive cycle data after fatigue.

4 Discussion

The present study takes into account the compensation
phenomenon that occurs during bilateral auxiliary movement.
Compensation is the phenomenon of leveraging the function of
muscles on both sides due to functional deficiencies. In the process
of bilateral auxiliary rehabilitation training, patients tend to
excessively rely on the unaffected side due to the functional
of the affected
assessment methods often rely heavily on clinical expertise, such
as FMA and Fugl-Meyer scales. However, these methods lack the
ability to promptly detect the occurrence of compensation behaviors

impairment side. Current rehabilitation

in patients. Prolonged reliance on the unaffected side may lead to
muscle atrophy and permanent loss of function on the affected side.

To quantify compensation behaviors on both sides, this study
designed experiments using a handcart and incorporated simulated
compensation experiments. Healthy subjects’ right hand was designated
as the unaffected side, while the left side was either completely
restrained or occasionally engaged in the handcart’s rotational
movement. Motion compensation manifests in the coordination of
muscle exertion levels. Given that sSEMG reflect the degree of muscle
exertion in each muscle, bilateral balance handcart experiments were
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conducted to collect SEMG signals from corresponding areas on both
sides of healthy subjects and patients. According to muscle synergy
theory, human body movement is achieved through the linear
combination of multiple synergy modules. Extracting muscle synergy
from multi-channel sSEMG signals is essential. Presently, NMF is
primarily used for muscle synergy extraction, mainly due to the
results. NMF’s
drawback lies in its multiple solutions, indicating instability as it

interpretability of its non-negative However,
might yield different outcomes when run multiple times on the
same dataset. This variability significantly impacts the application of
muscle synergy in rehabilitation assessment, leading to substantial
differences between multiple analytical results. Some studies have
employed PCA to extract muscle synergy. PCA’s advantage lies in
its capability to extract stable muscle synergies. However, its results
often contain negative values, limiting its application in rehabilitation
assessment. Nevertheless, there are studies integrating muscle synergies
extracted by PCA into rehabilitation exoskeletons’ dimensionality
reduction control (Alibeji et al., 2015).

This study analyzes the symmetry of muscle synergy on both sides
of the body, demanding high stability in extracted synergies. To obtain
stable muscle synergies, SEMG signals underwent filtering and
smoothing, followed by normalization for each channel to prevent
smaller muscles’ participation from being overshadowed by larger
muscle groups. Considering that NMF algorithm results are
significantly influenced by the initial input matrix, this study
employed PCA for preliminary decomposition of multi-channel
surface electromyographic signals on each side. The absolute value
of the decomposed results was then processed and utilized as the input
matrix for the NMF algorithm, resulting in relatively stable muscle
synergy outcomes. Symmetry and fusion levels of muscle synergy
extracted from both sides of the body were primarily analyzed.
Furthermore, variations in muscle synergy indicators during
compensation simulated experiments were examined to identify
potential indices applicable for quantifying compensation behavior.

4.1 The number of muscle synergy

The determination of the quantity of muscle synergies is not
automatically established through an algorithm but involves
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selecting various synergy numbers, computing the VAF values, and
assessing them through plotting. The computed VAF values for
synergy extraction on the affected side of patients and the left side of
healthy subjects is shown in Figure 5. Typically, a threshold is set to
determine the number of synergies. Considering the redundancy in
SsEMG, this study set the threshold at 0.8, which reflects 80% of the
original data’s information in the obtained synergy results. From the
graph, notable differences in VAF between patients and healthy
subjects are observed when the synergy numbers are small.
However, when the synergy numbers exceed 4, most participants
in both patient and healthy subject groups exhibit a VAF greater
than 0.8. Similar results are obtained when analyzing the other side.
Consequently, the quantity of muscle synergies was established as 4.

4.2 The symmetry of bilateral
muscle synergy

The primary consideration was the phase shift in bilateral
movement during the handcart training, which, reflected in
SEMG signals, represents a time shift. Approximately 1.3 s are
required for a full rotation, resulting in a time offset of roughly
half a rotation between the two sides. With a sampling rate of
1,926 Hz, this offset corresponds to 1,251 data points. Therefore, this
study employed 8,000 as a data window, ensuring the inclusion of at
least three complete rotation cycles, encompassing the initiation,
termination, and transitional phases of the movement in the SEMG
signals. Muscle selection was performed at intervals of 200 from
10 segments of SEMG signals, followed by muscle synergy
extraction.

The assessment of muscle synergy variations across different
signal segments, as shown in Figure 6, indicated that the correlation
of most muscle synergies exceeded 0.85, suggesting minimal phase
shifts and negligible changes in synergy. To minimize errors induced
by shifts, the study computed muscle synergy symmetry for eight
data segments and averaged them to yield the final results. The
extracted results of muscle synergies for healthy subjects and
patients are shown in Figure 7. The right panel displays the
muscle synergies on both sides for patients. Compared to healthy
subjects, there are notable differences in muscle synergies on both
sides for patients.

The initial phase involved the calculation of muscle synergy
symmetry between both sides of the participants, as depicted in
Figure 8. Each bar consists of four segments, representing the
symmetry of individual muscle synergies. The bar chart visually
illustrates a significant difference in overall synergy symmetry
between healthy subjects and patients. The overall synergy
symmetry for healthy subjects is mostly above 2.5, whereas for
patients, it tends to be below 2.5. The analysis revealed an average
synergy symmetry of 0.70 for healthy subjects, contrasting with only
0.46 for patients, as depicted in Figure 9A. Notably, synergy
symmetry in healthy subjects was significantly higher than in
patients. Analyzing the simulated compensation muscle synergy
states of healthy subjects, as illustrated in Figure 9B. The synergy
symmetry demonstrated a declining trend across the three cases,
with Case 1 exhibiting significantly higher symmetry than Case 2
and Case 3 (p < 0.05). This stepped pattern across the three cases
that muscle synergy could quantify

indicates symmetry
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compensation behaviors. A significant analysis of muscle synergy
results under different resistance levels (p > 0.05) suggests no
significant differences in symmetry outcomes under varying
resistance levels. Geng et al. (2020) also suggests high stability in
synergy analysis different
Furthermore, a significant analysis of pre- and post-fatigue

muscle under resistance Level.
muscle synergy results revealed (p > 0.05), indicating that muscle

fatigue does not significantly impact synergy symmetry.

4.3 The fusion of bilateral muscle synergy

The fusion of synergies implies when the muscle synergies on
the affected side are composed of contributions from more than two
healthy-side muscle synergies. The fusion coefficients were
computed using non-negative least squares. Results for healthy
subjects are illustrated in Figure 10A, while those for patients are
depicted in Figure 10B. A comparison reveals that most maximum
fusion coefficients in patients are smaller than those in healthy
subjects, whereas most minimum fusion coefficients are larger in
patients than in healthy subjects. Subsequently, the fusion status of
synergies was computed and plotted in Figure 11, where each
column of four numbers corresponds to the fusion status of four
synergies for a participant. Values above 2 indicate the presence of
fusion in that synergy. The analysis indicates that the synergy fusion
counts in healthy subjects are mostly below 2, whereas patients tend
to have a synergy fusion count significantly above 2. The average
synergy counts among different resistance levels and post-fatigue in
various participants was calculated, followed by significant analysis
depicted in Figure 12A. The synergy fusion counts in patients is
significantly higher than in healthy subjects. After fatigue, there is a
slight increase in fusion counts for healthy subjects, which, however,
is not significant (p > 0.05). Patients show the maximum fusion
synergy count after increased resistance levels, but neither resistance
levels nor fatigue resulted in significant changes. Regarding the
calculation of synergy fusion under simulated compensation cases in
Figure 12B, a stair-like increment is observed across the three cases.
Notably, the fusion count in Case 1 is significantly lower than in
Case 3 (p < 0.05). Furthermore, the fusion count in Case 3 is more
similar to that of the patients, indicating that fusion indicators can
quantify compensation evaluation on both sides. The calculation of
different cycle synergy correlations pre-and post-fatigue among
participants revealed a decrease in synergy correlations for most
subjects after fatigue, indicating increased instability in human
control due to muscle fatigue in Figure 13. This factor might not
favor rehabilitation training and assessment. Thus, efforts should be
made to avoid muscle fatigue during rehabilitation training.

5 Conclusion

This study proposed a muscle synergy-based assessment method
to objectively quantify motion compensation in post-stroke
hemiplegia patients. The results demonstrated that synergy
symmetry and synergy fusion indicators effectively assessed
motion compensation during hand-cycling tasks. Patients with
poorer limb functionality exhibited lower synergy symmetry,

indicating decreased coordination. Simulated compensation
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experiments of healthy subjects further validated these results.

Moreover, neither resistance levels nor fatigue status
demonstrates a significant impact on these indicators. However,
fatigue led to reduced stability in motor control for both patients and
healthy subjects. The study emphasizes the importance of
minimizing muscle fatigue during rehabilitation training. Overall,
synergy-based indicators provide a quantitative assessment of
bilateral

recommendations for effective rehabilitation.

motion  compensation,  offering  personalized

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Zhengzhou University, China (Approval No. ZZURIB
2023-85). The studies were conducted in accordance with the local
legislation and institutional requirements. Written informed
consent for participation in this study was provided by the
participants’ legal guardians/next of kin. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in this article.

Author contributions

YnL: Formal Analysis, Investigation, Project administration,
Supervision, Writing-original draft, Writing-review and editing,

References

Abdi, H., and Molin, P. (2007). “Lilliefors/Van Soest’s test of normality,” in
Encyclopedia of measurement and statistics (SAGE), 540-544.

Alibeji, N. A, Kirsch, N. A, and Sharma, N. (2015). A muscle synergy-inspired
adaptive control scheme for a hybrid walking neuroprosthesis. Front. Bioeng.
Biotechnol. 3, 203. doi:10.3389/fbioe.2015.00203

Ansari, N. N, Naghdi, S., Mashayekhi, M., Hasson, S., Fakhari, Z., and Jalaie, S.
(2012). Intra-rater reliability of the Modified Modified Ashworth Scale (MMAS) in the
assessment of upper-limb muscle spasticity. NeuroRehabilitation 31, 215-222. doi:10.
3233/NRE-2012-0791

Aoi, S., and Funato, T. (2016). Neuromusculoskeletal models based on the muscle
synergy hypothesis for the investigation of adaptive motor control in locomotion via
sensory-motor coordination. Neurosci. Res. 104, 88-95. doi:10.1016/j.neures.2015.
11.005

Bala, S., Vishnu, V. Y., and Joshi, D. (2023). Muscle synergy-based functional
electrical stimulation reduces muscular fatigue in post-stroke patients: a systematic
comparison. IEEE Trans. Neural Syst. Rehabilitation Eng. 31, 2858-2871. doi:10.1109/
TNSRE.2023.3290293

Brambilla, C., and Scano, A. (2022). The number and structure of muscle synergies
depend on the number of recorded muscles: a pilot simulation study with opensim.
Sensors 22, 8584. doi:10.3390/s22228584

Calabro, F. J, and Perez, M. A. (2016). Bilateral reach-to-grasp movement
asymmetries after human spinal cord injury. J. neurophysiology 115, 157-167.
doi:10.1152/jn.00692.2015

Chen, X,, Dong, X, Feng, Y., Jiao, Y., Yu, J., Song, Y., et al. (2023). Muscle activation
patterns and muscle synergies reflect different modes of coordination during upper
extremity movement. Front. Hum. Neurosci. 16, 912440. doi:10.3389/fnhum.2022.
912440

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2024.1375277

Methodology. YoL: Formal Analysis, Investigation, Methodology,
Validation, Writing-original draft. ZZ: Data curation, Formal
Analysis, Investigation, Methodology, Writing—original draft,
Validation. BH: Data curation, Formal Analysis, Writing-review
and editing. AD: Methodology, Resources, Writing—original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work is
supported by the National Key Research and Development Project
(No.2020YFB1313701), the National Natural Science Foundation of
China (No. 62103376), the Outstanding Foreign Scientist Support
Project in Henan Province (No. GZS2019008) and Science &
Technology Research Project in Henan Province of China
(212102310253).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Cheung, V. C,, Turolla, A., Agostini, M., Silvoni, S., Bennis, C., Kasi, P., et al. (2012).
Muscle synergy patterns as physiological markers of motor cortical damage. Proc. Natl.
Acad. Sci. 109, 14652-14656. doi:10.1073/pnas.1212056109

Dj, G., Danells, C. J., and Black, S. E. (2002). The fugl-meyer assessment of motor
recovery after stroke: a critical review of its measurement properties. Neurorehabili
Neural Repair 16, 232-240. doi:10.1177/154596802401105171

Feigin, V. L., Stark, B. A, Johnson, C. O., Roth, G. A., Bisignano, C., Abady, G. G., et al.
(2021). Global, regional, and national burden of stroke and its risk factors, 1990-2019: a
systematic analysis for the global burden of disease study 2019. Lancet Neurology 20,
795-820. doi:10.1016/S1474-4422(21)00252-0

Funato, T., Hattori, N, Yozu, A., An, Q,, Oya, T., Shirafuji, S., et al. (2022). Muscle
synergy analysis yields an efficient and physiologically relevant method of assessing
stroke. Brain Commun. 4, fcac200. doi:10.1093/braincomms/fcac200

Gauthier, L. V., Taub, E., Perkins, C., Ortmann, M., Mark, V. W., and Uswatte, G.
(2008). Remodeling the brain: plastic structural brain changes produced by different
motor therapies after stroke. Stroke 39, 1520-1525. doi:10.1161/STROKEAHA.107.
502229

Geng, Y., Deng, H., Samuel, O. W., Cheung, V., Xu, L., and Li, G. (2020). Modulation
of muscle synergies for multiple forearm movements under variant force and arm
position constraints. J. neural Eng. 17, 026015. doi:10.1088/1741-2552/ab7cla

Hirashima, M., and Oya, T. (2016). How does the brain solve muscle redundancy?
filling the gap between optimization and muscle synergy hypotheses. Neurosci. Res. 104,
80-87. doi:10.1016/j.neures.2015.12.008

Huang, J., Ji, ].-R,, Liang, C., Zhang, Y. Z,, Sun, H. C,, Yan, Y. H,, et al. (2022). Effects
of physical therapy-based rehabilitation on recovery of upper limb motor function after
stroke in adults: a systematic review and meta-analysis of randomized controlled trials.
Ann. Palliat. Med. 11, 521-531. doi:10.21037/apm-21-3710

frontiersin.org


https://doi.org/10.3389/fbioe.2015.00203
https://doi.org/10.3233/NRE-2012-0791
https://doi.org/10.3233/NRE-2012-0791
https://doi.org/10.1016/j.neures.2015.11.005
https://doi.org/10.1016/j.neures.2015.11.005
https://doi.org/10.1109/TNSRE.2023.3290293
https://doi.org/10.1109/TNSRE.2023.3290293
https://doi.org/10.3390/s22228584
https://doi.org/10.1152/jn.00692.2015
https://doi.org/10.3389/fnhum.2022.912440
https://doi.org/10.3389/fnhum.2022.912440
https://doi.org/10.1073/pnas.1212056109
https://doi.org/10.1177/154596802401105171
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1093/braincomms/fcac200
https://doi.org/10.1161/STROKEAHA.107.502229
https://doi.org/10.1161/STROKEAHA.107.502229
https://doi.org/10.1088/1741-2552/ab7c1a
https://doi.org/10.1016/j.neures.2015.12.008
https://doi.org/10.21037/apm-21-3710
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1375277

Liu et al.

Kim, H., Miller, L. M., Fedulow, I, Simkins, M., Abrams, G. M., Byl, N, et al. (2012).
Kinematic data analysis for post-stroke patients following bilateral versus unilateral
rehabilitation with an upper limb wearable robotic system. IEEE Trans. neural Syst.
rehabilitation Eng. 21, 153-164. doi:10.1109/TNSRE.2012.2207462

Kraaijenbrink, C., Vegter, R., de Groot, S., Arnet, U, Valent, L., Verellen, J., et al.
(2021). Biophysical aspects of handcycling performance in rehabilitation, daily life and
recreational sports; a narrative review. Disabil. rehabilitation 43, 3461-3475. doi:10.
1080/09638288.2020.1815872

Lalumiere, M., Bourbonnais, D., Goyette, M., Perrino, S., Desmeules, F., and Gagnon,
D. H. (2022). Unilateral symptomatic achilles tendinopathy has limited effects on
bilateral lower limb ground reaction force asymmetries and muscular synergy attributes
when walking at natural and fast speeds. J. Foot Ankle Res. 15, 66. doi:10.1186/s13047-
022-00570-3

Lee, D. D., and Seung, H. S. (1999). Learning the parts of objects by non-negative
matrix factorization. Nature 401, 788-791. doi:10.1038/44565

Li, C, Yang, H., Cheng, L., Huang, F., Zhao, S., Li, D,, et al. (2022). Quantitative
assessment of hand motor function for post-stroke rehabilitation based on hagen and
multimodality fusion. IEEE Trans. Neural Syst. Rehabilitation Eng. 30, 2032-2041.
doi:10.1109/TNSRE.2022.3192479

Louie, D. R., Mortenson, W. B, Durocher, M., Teasell, R,, Yao, J., and Eng, J. J. (2020).
Exoskeleton for post-stroke recovery of ambulation (ExStRA): study protocol for a
mixed-methods study investigating the efficacy and acceptance of an exoskeleton-based
physical therapy program during stroke inpatient rehabilitation. BMC Neurol. 20,
35-39. doi:10.1186/512883-020-1617-7

Ma, Y, Shi, C, Xu, J,, Ye, S., Zhou, H., and Zuo, G. (2021). A novel muscle synergy
extraction method used for motor function evaluation of stroke patients: a pilot study.
Sensors 21, 3833. doi:10.3390/s21113833

Mazzoleni, S., Battini, E., Crecchi, R., Dario, P., and Posteraro, F. (2018). Upper limb
robot-assisted therapy in subacute and chronic stroke patients using an innovative end-
effector haptic device: a pilot study. NeuroRehabilitation 42, 43-52. doi:10.3233/NRE-
172166

Meng, L., Jiang, X., Qin, H., Fan, J., Zeng, Z., Chen, C,, et al. (2022). Automatic
upper-limb brunnstrom recovery stage evaluation via daily activity monitoring. IEEE
Trans. Neural Syst. Rehabilitation Eng. 30, 2589-2599. doi:10.1109/TNSRE.2022.
3204781

Nolan, K. J., Ames, G. R, and Dandola, C. M. (2023). “Intensity modulated
exoskeleton gait training post stroke,” in 2023 45th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC),
Sydney, Australia, 24-27 July 2023 (IEEE), 1-4.

Frontiers in Bioengineering and Biotechnology

13

10.3389/fbioe.2024.1375277

Pan, B,, Huang, Z., Wu, J., and Shen, Y. (2021). Primitive muscle synergies reflect
different modes of coordination in upper limb motions. Med. Biol. Eng. Comput. 59,
2153-2163. doi:10.1007/s11517-021-02429-4

Pan, B, Sun, Y., Xie, B, Huang, Z, Wu, J., Hou, J,, et al. (2018). Alterations of muscle
synergies during voluntary arm reaching movement in subacute stroke survivors at different
levels of impairment. Front. Comput. Neurosci. 12, 69. doi:10.3389/fncom.2018.00069

Pathak, A., Gyanpuri, V., and Dev, P. (2021). The Bobath Concept (NDT) as
rehabilitation in stroke patients: a systematic review. J. Fam. Med. Prim. Care 10,
3983. doi:10.4103/jfmpc.jfmpc_528_21

Renner, C. I, Woldag, H., Atanasova, R., and Hummelsheim, H. (2005). Change of
facilitation during voluntary bilateral hand activation after stroke. J. neurological Sci.
239, 25-30. doi:10.1016/j.jns.2005.07.005

Sheng, Y., Tan, G, Liu, J.,, Chang, H., Wang, ]., Xie, Q., et al. (2022). Upper limb motor
function quantification in post-stroke rehabilitation using muscle synergy space model.
IEEE Trans. Biomed. Eng. 69, 3119-3130. doi:10.1109/TBME.2022.3161726

Singh, N., Saini, M., Kumar, N., Srivastava, M. V. P, and Mehndiratta, A. (2021).
Evidence of neuroplasticity with robotic hand exoskeleton for post-stroke rehabilitation:
a randomized controlled trial. J. neuroengineering rehabilitation 18, 76. doi:10.1186/
512984-021-00867-7

Sugihra, S., Toda, H., and Yamaguchi, T. (2018). “Ankle joint stretching device by
using tension rod structure for self rehabilitation,” in 2018 IEEE International
Conference on Robotics and Biomimetics (ROBIO), Kuala Lumpur, Malaysia, 12-
15 December 2018 (IEEE), 680-684.

Tang, L, Li, F., and Cao, S. (2014). “Muscle synergy analysis for similar upper limb
motion tasks,” in 2014 36th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, Chicago, IL, USA, 26-30 August 2014 (IEEE), 3590-3593.

Tu, W.-J., Wang, L.-D., Yan, F,, Peng, B., Hua, Y., Liu, M., et al. (2023). China stroke
surveillance report 2021. Mil. Med. Res. 10, 33. doi:10.1186/s40779-023-00463-x

Woldag, H., Lukhaup, S., Renner, C., and Hummelsheim, H. (2004). Enhanced motor
cortex excitability during ipsilateral voluntary hand activation in healthy subjects and
stroke patients. Stroke 35, 2556-2559. doi:10.1161/01.STR.0000144651.07122.da

Xie, Q., Wu, J, Zhang, Q. Zhang, Y., Sheng, B, Wang, X, et al. (2023).
Neurobiomechanical mechanism of Tai Chi to improve upper limb coordination

function in post-stroke patients: a study protocol for a randomized controlled trial.
Trials 24, 788. doi:10.1186/s13063-023-07743-w

Zhao, K., Zhang, Z., Wen, H., Wang, Z., and W, J. (2019). Modular organization of
muscle synergies to achieve movement behaviors. J. Healthc. Eng. 2019, 1-9. doi:10.
1155/2019/8130297

frontiersin.org


https://doi.org/10.1109/TNSRE.2012.2207462
https://doi.org/10.1080/09638288.2020.1815872
https://doi.org/10.1080/09638288.2020.1815872
https://doi.org/10.1186/s13047-022-00570-3
https://doi.org/10.1186/s13047-022-00570-3
https://doi.org/10.1038/44565
https://doi.org/10.1109/TNSRE.2022.3192479
https://doi.org/10.1186/s12883-020-1617-7
https://doi.org/10.3390/s21113833
https://doi.org/10.3233/NRE-172166
https://doi.org/10.3233/NRE-172166
https://doi.org/10.1109/TNSRE.2022.3204781
https://doi.org/10.1109/TNSRE.2022.3204781
https://doi.org/10.1007/s11517-021-02429-4
https://doi.org/10.3389/fncom.2018.00069
https://doi.org/10.4103/jfmpc.jfmpc_528_21
https://doi.org/10.1016/j.jns.2005.07.005
https://doi.org/10.1109/TBME.2022.3161726
https://doi.org/10.1186/s12984-021-00867-7
https://doi.org/10.1186/s12984-021-00867-7
https://doi.org/10.1186/s40779-023-00463-x
https://doi.org/10.1161/01.STR.0000144651.07122.da
https://doi.org/10.1186/s13063-023-07743-w
https://doi.org/10.1155/2019/8130297
https://doi.org/10.1155/2019/8130297
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1375277

	Quantitative evaluation of motion compensation in post-stroke rehabilitation training based on muscle synergy
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 Experiment protocols
	2.2.1 Experimental platform
	2.2.2 Experimental paradigm

	2.3 The preprocessing of sEMG
	2.4 The extraction of muscle synergies
	2.5 Synergy symmetry and fusion
	2.6 Significance analysis

	3 Results
	3.1 The number of muscle synergies
	3.2 Symmetry of bilateral synergy
	3.3 Fusion of bilateral synergy
	3.4 Influence of muscle fatigue on synergy

	4 Discussion
	4.1 The number of muscle synergy
	4.2 The symmetry of bilateral muscle synergy
	4.3 The fusion of bilateral muscle synergy

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


