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Abstract 

Gait analysis is a crucial tool for understanding human locomotion, particularly in 

clinical settings where it aids in diagnosing and managing conditions that affect 

movement. This study investigated muscle activity, intra-, and inter-muscular correla-

tions during gait phases, including first double support (DS1), single support (SS), 

second double support (DS2), and swing (SW) in both healthy individuals and stroke 

patients. By examining the root mean square (RMS) values and the area under the 

curve of RMS envelope of EMG for the gluteus medius (GM), rectus femoris (RF), 

biceps femoris (BF), medial gastrocnemius (MG), tibialis anterior (TA) and peroneus 

longus (PL) muscles, this research was designed to enhance our understanding 

of muscle coordination and its complications in stroke gait rehabilitation. The find-

ings indicated significant differences in muscular activity and inter-limb correlations 

between limbs within both groups. Stroke patients exhibited knee hyperextension 

during stance phase, primarily due to muscle weakness and compensatory mecha-

nisms, which may coexist with stiff knee gait during swing phase. Healthy participants 

showed proximal muscle weakness, likely age-related. Asymmetries in muscle activa-

tion between limbs were also observed in both groups, contributing to gait instability 

and an increased risk of falls. This study provides insights into the differences in 

muscle coordination between healthy individuals and stroke patients during various 

phases of walking. The findings emphasize the importance of training distal muscles, 

including the MG, TA, and PL muscles, in stroke patients, particularly in elderly, while 

also focusing on core/proximal muscles like the GM, RF, and BF muscles to improve 

weight-bearing support and gait stability, especially in cases of limited ankle move-

ment. For age-induced muscle weakness, the emphasis should be on distal muscles. 
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These findings have the potential to improve clinical practices by offering better-

tailored interventions to enhance mobility and quality of life in stroke survivors.

Introduction

Stroke ranks as the third leading cause of death and disability grobally, with its 
incidence rising each year. Over 100 million individuals worldwide have experienced 
stroke and continue to live with its consequences [1,2]. As a major public health con-
cern, stroke often results in motor impairments that impact daily activities such as 
walking and other basic activities in daily life. Understanding the complexities of gait 
patterns in stroke patients is essential for developing effective rehabilitation strate-
gies [3]. Recently, the study of gait in stroke patients has gained significant attention 
due to the significant impact on motor function associated with muscle weakness, 
impaired coordination, and altered muscle activation patterns, specifically affecting 
walking abilities and mobility [4]. Several studies compared healthy subjects and 
stroke patients during walking and reported that the asymmetry and variability indi-
ces of spatiotemporal parameters can indicate the gait abnormalities [5,6].

In healthy individuals, walking requires the coordinated effort of various muscles 
to ensure smooth and efficient movement through the different phases of the gait 
cycle. In contrast, stroke patients typically reveal asymmetry in muscle activity and 
coordination between the affected and non-affected limbs [7] and the analysis of 
muscle synergies is a vital tool for assessing motor impairment and evaluating the 
effectiveness of rehabilitation [8]. Gait impairments in stroke patients are typically 
characterized by asymmetry and slow walking speed, often due to motor weakness, 
motor control deficit, sensory loss, proprioceptive issues, or ataxia [9,10]. In addition, 
muscle dysfunction contributes to gait problems such as stiff knee gait, knee hyper-
extension, and foot drop. These impairments combine with compensatory strategies 
like circumduction or vaulting, further disrupt foot clearance and reduce walking 
efficiency [11].

Despite extensive research on gait analysis in both healthy individuals and stroke 
patients, there remain gaps in our understanding of the complex dynamics of muscle 
activity during walking. Most existing studies either focussed on overall gait patterns 
or isolated muscle activation patterns, without thoroughly exploring inter-muscular 
correlations throughout the gait cycle. Furthermore, while it is known that stroke 
leads to asymmetries in muscle activation, the extent and implications of these 
asymmetries on intra- and inter-limb coordination are not fully understood. Com-
prehensive studies are, therefore, needed to investigate the relationships between 
muscle groups and their collective impact on gait stability and efficiency in stroke 
patients.

This study aimed to fill research gaps by providing a detailed analysis of muscle 
activity, intra-, and inter-muscular correlations for lower limbs during the gait cycle 
in both healthy individuals and stroke patients. By comparing the RMS values and 
the area under the curve of RMS of EMG envelope across different gait phases, we 

and reproduction in any medium, provided the 
original author and source are credited.

Data availability statement: All EMG measur-
ing files are available from the URL https://doi.
org/10.6084/m9.figshare.28251239.v1.

Funding: This study was funded by the Faculty 
of Medicine, Prince of Songkla University, 
Thailand, 64-386-25-2, (SC), https://medinfo.
psu.ac.th/home/ and the European Union’s 
Horizon Europe Research and Innovation 
Programme, 101086348, (GS), https://
research-and-innovation.ec.europa.eu/funding/
funding-opportunities/funding-programmes-
and-open-calls/horizon-europe_en. The funders 
did not play any role in the study design, data 
collection and analysis, decision to publish, or 
preparation of the manuscript.

Competing interests: The authors have 
declared that no competing interests exist.

https://doi.org/10.6084/m9.figshare.28251239.v1
https://doi.org/10.6084/m9.figshare.28251239.v1
https://medinfo.psu.ac.th/home/
https://medinfo.psu.ac.th/home/
https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-europe_en
https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-europe_en
https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-europe_en
https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-europe_en


PLOS One | https://doi.org/10.1371/journal.pone.0319955  May 12, 2025 3 / 21

sought to enhance understanding of muscle coordination and its impact on gait performance, with potential implications 
for stroke rehabilitation.

Methods

Subjects

The participants were fifteen stroke patients and fifteen healthy individuals recruited from Songklanagarind hospital from 
30 November 2021 to 14 August 2022. The stroke patients were over 45 years with first-onset stroke, medically stable and 
able to walk without assistance under supervision of physiotherapist and able to follow the step command. Stroke patients 
with a prior history of musculoskeletal conditions unrelated to stroke for instance acute low back pain within 6 weeks prior 
to participation, other neurological conditions (e.g., Parkinson’s disease, apraxia, seizure), lower limb arthroplasty, major 
falls, and fear of falling were excluded. The control group were healthy individuals of the same age range who could 
continue daily activity without angina chest pain or falling. Participants signed the informed consent prior to participating in 
this study. The demographics of the participants are summarized in Table 1.

Study protocol

Ethical approval was obtained from the human research ethics unit under the Faculty of Medicine, Prince of Songkla Uni-
versity (REC.64-386-25-2). The participants were instructed to complete three sets of two-round walking at a comfortable 
speed along 10 meter-walkway (Fig 1). Then, a 5-minute rest was provided between each set to avoid fatigue that could 
impact their walking pattern. All gait data were gathered using the Pedar system (Novel, Germany) and Vicon motion 
capture system (Vicon Motion Systems Ltd, United Kingdom). Pedar, equipped with 99 sensors per insole, is an accurate 
and reliable in-shoe dynamic plantar pressure measuring apparatus. The Vicon system, recognized as the gold standard 
motion capture technology, was employed for tracking muscle activity through the Zerowire EMG system. The muscles of 
interest included Gluteus medius (GM), Rectus femoris (RF), Biceps femoris (BF), Medial gastrocnemius (MG), Tibialis 
anterior (TA), and Peroneus longus (PL).

Table 1.  Characteristics of participants.

Stroke patients (n = 15) Healthy subjects (n = 15)

Age (years) 60.87 (6.99) 59.60 (6.32)

Sex (n): male/female 11/4 9/6

Height (m) 1.65 (0.08) 1.60 (0.10)

Weight (kg) 67.93 (11.87) 61.63 (11.77)

BMI (kg/m2) 24.83 (3.51) 23.91 (2.84)

MoCA score (Point) 20.85 (6.01) 25.67 (2.41)

Stroke onset (years) 4.06 (3.78) –

Affected side (R/L) 6/9 –

Walking speed (m/s) (Left-affected/Right-affected) 0.37 (0.17)/0.61 (0.33) 1.17 (0.21)

Manual muscle test (Affected/Non-affected)

  Hip flexor 6.91 (1.51)/9.64 (0.81) –

  Hip extensor 7.18 (1.40)/9.64 (0.81) –

  Knee flexor 5.64 (2.69)/9.82 (0.60) –

  Knee extensor 6.18 (2.18)/9.82 (0.60) –

  Ankle dorsiflexor 3.45 (2.42)/9.64 (0.81) –

  Ankle plantarflexor 3.73 (2.76)/9.64 (0.81) –

Values are presented as mean (SD).

https://doi.org/10.1371/journal.pone.0319955.t001

https://doi.org/10.1371/journal.pone.0319955.t001
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For electromyography (EMG) measurements, the skin of individuals was shaved and cleaned with an alcohol pad to 
reduce skin impedance. Subsequently, Ag/AgCl electrodes were placed at the motor point of the targeted muscles, follow-
ing the specific guidelines outlined in the SENIAM protocol [12]. To initiate the plantar pressure data collection process, 
the subjects were instructed to offload the foot from the insole on the left and right sides.

Data processing

Gait assessment was conducted with a sampling rate of 100 Hz for the Pedar system and 1000 Hz for the Vicon. Gait 
variables obtained and analyzed included ground reaction force (GRF) and muscle activity measured via EMG. All EMG 
data analyses were conducted using MATLAB 2020b. The collected EMG data underwent filtering using a fourth-order 
Butterworth bandpass filter with cutoff frequency of 30–450 Hz and a 50 Hz notch filter [13,14]. Subsequently, the filtered 
EMG data were synchronized with the GRF data and interpolation was performed to estimate missing data points due to 
differences in sampling rates. Normalization of the EMG data was performed based on the mean value of the EMG data. 
Four sets of five consecutive gait cycles, twenty gait cycles for each participant, were included in the analysis. Then, each 
gait cycle was analysed using gait phases defined by events from the GRF data as shown in Fig 2.

The gait phases include the first double support (DS1), single support (SS), second double support (DS2), and swing 
(SW) phases [15]. The duration was determined as the average percentage of total gait cycle time over each limb from 
both groups. In order to determine the difference between both limbs within each group, the root mean square (RMS) was 
used to quantify the overall magnitude of muscle activation, as calculated using Equation (1).

Fig 1.  Experimental setup of stroke patient with attached devices during examination.

https://doi.org/10.1371/journal.pone.0319955.g001

Fig 2.  Gait subphase over one gait cycle which consists of first double support (DS1), single support (SS), second double support (DS2) and 
swing (SW) phases.

https://doi.org/10.1371/journal.pone.0319955.g002

https://doi.org/10.1371/journal.pone.0319955.g001
https://doi.org/10.1371/journal.pone.0319955.g002
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RMS =

√
1
n

∑n
i=1 x

2
i 	 (1)

To determine the gait phase based on changes in the amplitude and timing of muscle activity, the envelope of an EMG 
signal can be obtained by computing the local RMS value of the raw EMG via a 50-ms moving window[16]. The area 
under the RMS envelope curve was then calculated to compare EMG activation between limbs, serving as a measure of 
voluntary muscle drive [17].

Statistical analysis

Statistical analysis was performed using Prism9 (GraphPad Software, MA, USA) and R software for statistical graphics 
(RStudio, MA, USA). The Shapiro-Wilk test was employed to assess the normality of distribution. The Wilcoxon matched-
pairs signed rank test was used to verify the statistical difference between limbs in both groups. The significance levels 
were set at p < 0.05.

To explore the relationship between muscle activities, the non-parametric Spearman correlation were utilized to deter-
mine intra-limb and inter-limb comparision. Spearman correlation coefficient range is -1–1 with the sign of the Spearman 
correlation indicating the direction of association between the independent variable (x-axis) and the dependent variable 
(y-axis), with a value less than 0.40 indicating a weak correlation. Correlation coefficients ranging from 0.40 to 0.69 
suggested a moderate correlation, while values between 0.70 and 0.89 are interpreted as a strong correlation between 
variables. A range from 0.90 to 1.00 suggests a very strong correlation [18].

Results

Comparison of the RMS and the area under the curve of RMS envelope of EMG

Tables 2 and 3 present a comparison of the RMS values for each muscle and the area under the curve of RMS envelope 
of EMG throughout the gait cycle between healthy participants and each affected-side group of stroke patients, respec-
tively. In the healthy group, significant differences in RMS values between left and right sides were observed in the GM, 
RF, and PL during the DS1 phase; in the BF during the SS phase; and in the RF during the DS2 phase. No significant 
differences in muscle activity were found during the SW phase. For the area under the curve of RMS envelope of EMG, 
significant differences were observed in the RF, BF, and PL during the DS1 phase; in the MG, TA, and PL during the SS 
phase; in the BF, MG, TA, and PL during the DS2 phase; and in the BF, TA, and PL during the SW phase. These results 
showed an asymmetry of muscle activities between left and right legs during walking in healthy subjects.

In the stroke patient group, the differences between the affected and non-affected sides were considered in the left-
affected and right-affected sides separately. For the left-affected group, the significant differences in the RMS values 
were found in the BF and PL during the DS1 phase; in the BF, TA, and PL during the SS phase; in the BF during the DS2 
phase; and in the RF and BF during SW phases. For the area under the curve of RMS envelope of EMG, we observed 
significant differences in all six muscles during the DS1 and SS phases; in the BF, MG, TA, and PL during the DS2 phase; 
and in the BF, TA and PL during the SW phase.

For the right-affected group, the significant differences in the RMS values were found in the RF, MG, TA and PL during 
the DS1 phase; in all six muscles during the SS phase; in the GM and TA during the DS2 phase; and in the BF and TA 
during SW phases. For the area under the curve of RMS envelope of EMG, we observed significant differences in the 
GM, RF, MG, TA and PL during the DS1 phase; in all six muscles during the SS phases; in the GM, MG, and PL during the 
DS2 phase; and in the BF and TA during the SW phase.

It suggests that stroke patients have greater asymmetry of lower limb muscle activity in both left-affected and right-
affected groups compared to healthy subjects. While the RMS values of the affected side are lower than non-affected 
side, this difference is particularly evident in the area under the curve of RMS EMG data, with the exception of the RF 
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and BF muscles of left-affected side group. When comparing the area under the RMS envelope curve to healthy control, 
stroke patients showed higher values in most muscles across gait subphases. The values were typically highest in the 
non-affected side, followed by the affected side, and healthy participants.

Quantitative exploration of muscle activity

The muscle activities of all fifteen healthy participants, for both left and right sides of six muscles during gait cycle, are 
presented in Figs 3 and 4. The solid lines represent the average muscle activities, while the shaded areas indicate varia-
tion. The graphs reveal that the muscle activities exhibited greater variation on the right side compared to the left side in 
healthy individuals, as evidenced by the wider variation range on the right.

In the healthy group, the GM exhibited dominant activity during the SW phase and continued to function during 
DS1 through SS in both limbs. The RF shows activity throughout DS1, DS2, and SW phases through less distincly. 
The BF displays high activity from DS1 phase through SS, and SW phases, with significant variation throughout 
the gait cycle. TA has heightened activity during SW, DS1, with a decline during DS2 phase. For MG, the activity of 
muscle shows a slight increase in activity during DS1, SS, DS2 phases, followed by a decline at the initial of SW 
phase, with a wide variation. Similarly, the activities of PL increase activity in DS1 phase, peaks during SS phase, 
and decreases in DS2 phase.

In the stroke patient group (Figs 5 and 6), GM activity increases during the DS1 phase, continues through SS phase, 
and peaks at the terminal of SW phase on the non-affected side with a wide variation. In contrast, the affected side 
maintains steady activity throughout the cycle but with a higher variation during the SW phase. The RF shows moderate 
activity with high variation on both sides, with a higher activity during DS2 phase on the affected side and during SW 

Table 2.  Comparison of the RMS value between healthy participants and stroke patients for each affected side group.

Subjects Muscle Left side Right side

DS1 SS DS2 SW DS1 SS DS2 SW

Healthy GM 1.38 (0.07) 1.42 (0.07) 1.36 (0.05) 1.42 (0.08) 1.36* (0.06) 1.42 (0.10) 1.37 (0.06) 1.43 (0.09)

RF 1.37 (0.07) 1.50 (0.13) 1.36 (0.07) 1.52 (0.14) 1.39* (0.07) 1.50 (0.12) 1.39* (0.08) 1.51 (0.12)

BF 1.45 (0.11) 1.66 (0.24) 1.44 (0.12) 1.56 (0.17) 1.42 (0.10) 1.61* (0.19) 1.43 (0.10) 1.61 (0.18)

MG 1.46 (0.13) 1.64 (0.20) 1.45 (0.13) 1.62 (0.21) 1.46 (0.14) 1.64 (0.21) 1.45 (0.12) 1.64 (0.22)

TA 1.44 (0.12) 1.53 (0.15) 1.41 (0.11) 1.53 (0.17) 1.44 (0.12) 1.52 (0.13) 1.42 (0.10) 1.52 (0.16)

PL 1.39 (0.08) 1.54 (0.20) 1.40 (0.12) 1.53 (0.20) 1.44* (0.10) 1.53 (0.15) 1.42 (0.12) 1.53 (0.19)

Left-affected side group GM 1.38 (0.09) 1.40 (0.08) 1.37 (0.07) 1.40 (0.07) 1.38 (0.07) 1.40 (0.09) 1.38 (0.07) 1.38 (0.07)

RF 1.50 (0.22) 1.51 (0.17) 1.49 (0.18) 1.51 (0.20) 1.45 (0.10) 1.49 (0.11) 1.43 (0.08) 1.43* (0.09)

BF 1.56 (0.23) 1.58 (0.23) 1.54 (0.22) 1.58 (0.21) 1.40* (0.13) 1.43* (0.13) 1.42* (0.14) 1.41* (0.11)

MG 1.51 (0.16) 1.56 (0.19) 1.51 (0.14) 1.53 (0.13) 1.54 (0.13) 1.60 (0.14) 1.53 (0.13) 1.54 (0.10)

TA 1.47 (0.11) 1.47 (0.10) 1.47 (0.11) 1.51 (0.11) 1.51 (0.10) 1.58* (0.15) 1.50 (0.12) 1.49 (0.10)

PL 1.44 (0.10) 1.51 (0.14) 1.46 (0.11) 1.51 (0.14) 1.52* (0.11) 1.58 (0.14) 1.50 (0.10) 1.55 (0.13)

Right-affected side group GM 1.37 (0.07) 1.40 (0.05) 1.37 (0.04) 1.38 (0.07) 1.34 (0.06) 1.34* (0.05) 1.34* (0.06) 1.37 (0.06)

RF 1.43 (0.11) 1.48 (0.10) 1.40 (0.10) 1.48 (0.13) 1.38* (0.08) 1.42* (0.10) 1.43 (0.12) 1.45 (0.10)

BF 1.49 (0.12) 1.54 (0.08) 1.48 (0.11) 1.49 (0.11) 1.44 (0.11) 1.46* (0.11) 1.48 (0.14) 1.55* (0.13)

MG 1.56 (0.11) 1.71 (0.18) 1.51 (0.14) 1.56 (0.13) 1.47* (0.17) 1.45* (0.09) 1.45 (0.12) 1.52 (0.15)

TA 1.44 (0.08) 1.52 (0.10) 1.42 (0.07) 1.47 (0.10) 1.35* (0.05) 1.38* (0.04) 1.35* (0.04) 1.40* (0.07)

PL 1.48 (0.09) 1.54 (0.12) 1.46 (0.10) 1.53 (0.10) 1.41* (0.18) 1.41* (0.07) 1.42 (0.15) 1.47 (0.12)

Values are presented as mean (SD).

* p < 0.05 Wilcoxon signed rank test compared between limbs in the same group.

https://doi.org/10.1371/journal.pone.0319955.t002

https://doi.org/10.1371/journal.pone.0319955.t002
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phase on the non-affected side. The BF exhibits activity starting from the terminal swing, slightly decreases, and then 
rises during DS1 phase, remaining stable through SS and DS2 phases with wide variation on the affected side, similar to 
the non-affected side but with a slightly higher amplitude. The MG muscle shows low amplitude throughout the gait cycle, 
with a slightly higher amplitude during DS1 phase to initial SS and SW phases. On the non-affected side, it shows higher 
activity during SW, DS1, SS phases and steep rise during terminal SS phase to DS2 phase with high variation. The TA 
muscle activity is similar on both sides with a higher amplitude on the non-affected side, except during SW phase where 
the activity is higher at the terminal phase preparation for the heel strike of the next gait cycle. The PL on the non-affected 

Table 3.  Comparison of the area under the curve between RMS envelope of EMG of healthy participants and stroke patients for each affected 
side group.

Subjects Mus-
cle

Left side Right side

DS1 SS DS2 SW DS1 SS DS2 SW

Healthy GM 2.71 
(1.85)

6.40 
(3.98)

2.77 
(2.24)

6.48 
(4.13)

2.42 
(1.06)

5.87 
(2.38)

2.54 
(1.51)

7.01 
(5.20)

RF 2.87 
(1.86)

6.35 
(3.50)

3.14 
(2.74)

6.94 
(3.94)

3.04* 
(1.88)

6.33 
(2.63)

2.68 
(1.45)

6.76 
(2.31)

BF 5.26 
(3.96)

12.98 
(8.94)

4.77 
(4.81)

11.53 
(8.68)

8.28* 
(8.05)

18.57 
(17.66)

6.46* 
(5.83)

18.95* 
(14.34)

MG 12.05 
(11.81)

29.29 
(18.96)

11.74 
(11.48)

26.30 
(23.15)

11.15 
(10.08)

22.59* 
(16.90)

9.72* 
(9.58)

25.63 
(24.43)

TA 11.37 
(6.88)

24.71 
(12.53)

11.30 
(6.35)

26.10 
(11.90)

11.25 
(6.85)

27.60* 
(15.33)

13.38* 
(8.56)

31.71* 
(15.80)

PL 10.40 
(6.87)

32.27 
(20.32)

10.55 
(9.50)

23.11 
(16.12)

15.20* 
(11.79)

39.76* 
(27.67)

16.00* 
(11.27)

31.11* 
(17.85)

Left-affected 
side group

GM 3.61 
(1.44)

4.95 
(3.33)

4.36 
(2.08)

6.76 
(2.94)

7.12* 
(4.90)

11.69* 
(10.92)

5.68 
(4.17)

8.44 
(6.28)

RF 6.34 
(3.93)

9.18 
(6.93)

9.07 
(6.03)

12.80 
(7.15)

12.52* 
(10.61)

16.68* 
(11.26)

9.78 
(7.66)

12.42 
(7.18)

BF 7.23 
(5.44)

9.85 
(7.90)

8.31 
(8.21)

14.93 
(12.89)

21.44* 
(21.85)

33.74* 
(37.49)

19.23* 
(21.89)

23.70* 
(22.69)

MG 10.54 
(8.83)

11.28 
(8.13)

8.99 
(5.41)

14.16 
(7.30)

22.89* 
(22.09)

40.12* 
(40.70)

15.79* 
(12.45)

23.01 
(16.33)

TA 7.32 
(5.73)

11.09 
(8.41)

10.64 
(7.47)

13.22 
(7.81)

21.41* 
(15.82)

34.67* 
(26.68)

17.73* 
(11.04)

21.60* 
(14.58)

PL 9.13 
(7.34)

11.62 
(10.16)

9.28 
(6.30)

14.81 
(9.23)

22.14* 
(14.61)

39.33* 
(31.25)

18.56* 
(10.37)

25.37* 
(11.99)

Right-affected 
side group

GM 8.09 
(5.98)

12.84 
(7.27)

5.98 
(2.50)

7.88 
(5.88)

4.31* 
(3.24)

4.28* 
(1.72)

4.53* 
(2.43)

7.94 
(2.69)

RF 10.49 
(5.90)

18.07 
(6.64)

9.87 
(6.74)

10.11 
(4.72)

5.83* 
(2.84)

8.28* 
(6.68)

7.69 
(5.32)

13.74 
(6.84)

BF 10.07 
(4.40)

16.60 
(6.19)

8.51 
(3.93)

11.39 
(6.97)

12.79 
(14.43)

15.78* 
(24.04)

13.39 
(14.86)

27.99* 
(31.51)

MG 17.14 
(14.77)

33.87 
(21.36)

13.61 
(9.26)

15.38 
(11.99)

5.61* 
(4.42)

7.74* 
(9.37)

6.43* 
(6.14)

10.78 
(8.04)

TA 19.68 
(11.05)

31.06 
(13.29)

14.81 
(8.31)

18.11 
(10.28)

13.18* 
(7.24)

17.92* 
(16.49)

18.78 
(16.08)

30.25* 
(20.01)

PL 20.64 
(11.57)

37.08 
(16.46)

20.00 
(12.35)

20.23 
(12.44)

8.98* 
(6.17)

10.46* 
(8.82)

8.93* 
(6.44)

18.35 
(10.21)

Values are presented as mean (SD).

*p < 0.05 Wilcoxon signed rank test compared between limbs in the same group.

https://doi.org/10.1371/journal.pone.0319955.t003

https://doi.org/10.1371/journal.pone.0319955.t003
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side shows a slight increase in the DS1 phase, followed by a steep rise indicating dominant activity from the SS phase 
through the DS2 phase, with a high variation, and stable activity during the SW phase.

Intra-limb correlation

Figs 7 and 8 present significant Spearman r correlations from left and right sides of the healthy group, based on the 
area under the curve of RMS envelope of EMG. The r-values exhibit a similar trend on both sides. Although there are 
slight differences in the correlation magnitude between left and right sides, the direction of the correlation coefficients 
remains consistent across all phases of the gait cycle. During the DS1 phase, a significant strong positive correlation was 
observed between MG and PL (rL = 0.74). In the SS phase, a significant strong positive correlation was found between MG 
and PL (rL = 0.76), while significant moderate to strong negative correlation was observed between TA and PL (rL = -0.68 
and rR = -0.74). In DS2, significant strong positive correlation was found between MG and PL (rL = 0.73). In the SW phase, 
significant strong positive correlations were found between BF and TA (rL = 0.71), and MG and PL (rL= = 0.83).

The results of the correlation analysis for the stroke patients are shown in Figs 9 and 10. Positive correlations were 
seen in most of the results, in the DS1 phase, there was no significant strong correlation between muscles on either the 

Fig 3.  Muscle activities of gluteus muscle, rectus femoris, biceps femoris, tibialis anterior, medial gastrocnemius, peroneus longus muscle of 
the left side in the healthy group across the period of (a) first double support (DS1), (b) single support (SS), (c) second double support (DS2), 
and (d) swing (SW) subphases over one gait cycle. Shaded area represents the range of EMG variability across participants.

https://doi.org/10.1371/journal.pone.0319955.g003

https://doi.org/10.1371/journal.pone.0319955.g003
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affected or non-affected sides. In the SS phase, there was a significant strong positive correlation between GM and RF on 
the affected side only (rAffected = 0.75). In the DS2 phase, neither strong positive nor negative correlations were found on the 
affected and non-affected sides. During the SW phase, no significant strong correlations were found between muscles on 
both the affected and non-affected sides.

Inter-limb correlation

The inter-limb correlations for the RMS of EMG envelope in healthy subjects are presented in Fig 11. For the healthy 
group, during the DS1 phase of left side and the DS2 phase of right side, a strong positive correlation was observed 
between the MG of left side and the TA of right side during DS1 phase (r = 0.73). During the SS phase of left side and the 
SW phase of right side, a strong positive correlation was observed between the TA of left side and the MG of right side 
(r = 0.74). In the DS2 phase of left side and the DS1 phase of right side, neither strong positive or negative correlations 
were found. During the SW phase of left side and the SS phase of right side, strong positive correlations were found 
between the MG of left side and the TA of right side (r = 0.81) as well as between the PL of left side and the TA of right side 
(r = 0.73), while a strong negative correlation was observed between the MG of left side and the PL of right side (r = -0.71).

Fig 4.  Muscle activities of gluteus muscle, rectus femoris, biceps femoris, tibialis anterior, medial gastrocnemius, peroneus longus muscle 
of the right side in healthy group across the period of (a) first double support (DS1), (b) single support (SS), (c) second double support (DS2), 
and (d) swing (SW) subphases over one gait cycle. Shaded area represents the range of EMG variability across participants.

https://doi.org/10.1371/journal.pone.0319955.g004

https://doi.org/10.1371/journal.pone.0319955.g004
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For the stroke patient group, the inter-limb correlations of muscles for affected and non-affected limbs are presented 
in Fig 12. In all phases, neither strong positive nor negative correlations were found. Only moderate positive correlations 
were detectable such as between the GM and RF of affected side during the SS phase and the GM of non-affected during 
the SW phase It is clearly showed that healthy subjects have more negative inter-limb correlations than stroke patients.

Discussion

The present study was designed to determine the correlation among lower limb muscle activities during walking in stroke 
patients compared to healthy individuals. The findings indicate notable displarities in muscle activation across all six 
muscles in both healthy subjects and stroke patients. The analysis of RMS values and the area under the curve of RMS 
envelope of EMG reveals asymmetry in muscle activation during stance phase between left and right sides, with more 
balanced muscle activation during the swing phase in healthy participants. This finding was supported by our previous 
study which showed asymmetry in plantar pressure between both feet in healthy subjects [19]. The results highlight 
differences in muscle activaion and the level of effort exerted by muscles throughout the various phases of gait cycle. 
In the stroke patient either left-affected or right-affected groups, the outcomes align with previous research highlighting 

Fig 5.  Muscle activities of gluteus muscle, rectus femoris, biceps femoris, tibialis anterior, medial gastrocnemius, peroneus longus muscle of 
the affected side in stroke group across the period of (a) first double support (DS1), (b) single support (SS), (c) second double support (DS2), 
and (d) swing (SW) subphases over one gait cycle.

https://doi.org/10.1371/journal.pone.0319955.g005

https://doi.org/10.1371/journal.pone.0319955.g005
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more asymmetry between limbs which will potentially affect stability [3]. The RMS values of affected side were generally 
lower than non-affected side in both groups, except for the RF and BF muscles of left-affected group. The increased 
RMS values of these muscles may indicate spasticity, potentially contributing to the abnormality of knee movement 
patterns in this group [3]. According to prior studies [11,20], poorer gait performance is associated with slower walking 
speeds, which aligns with our findings that the left-affected group exhibited slower walking speeds compared to right-
affected group. This abnormality in knee movement patterns could be a factor contributing to the poorer performance 
observed in the left-affected group. The higher area under RMS envelope curve values of stroke patients compared to 
healthy individuals possibly due to stroke disrupting normal movement coordination, which alters the timing and inten-
sity of muscle activation in stroke patients [3,9]. The non-affected side may compensate to ensure safer movement, for 
example, by increasing the activity of the GM which plays a key role in excessive hip abduction commonly observed 
in stroke patients with a stiff knee gait. This compensation resulting in a motion known as circumduction, which is not 
typically associated with the primary function of GM in hip flexion, leading to higher activity in stroke patients compared 
to healthy individuals [21].

A gait cycle begins with the heel strike and ends with the subsequent heel strike of the ipsalateral side. In DS1 
stage, the movement of the lower limb involves hip flexion, knee extension, and ankle dorsiflexion to a neutral position 

Fig 6.  Muscle activities of gluteus muscle, rectus femoris, biceps femoris, tibialis anterior, medial gastrocnemius, peroneus longus muscle 
of the non-affected side in stroke group across the period of (a) first double support (DS1), (b) single support (SS), (c) second double support 
(DS2), and (d) swing (SW) subphases over one gait cycle.

https://doi.org/10.1371/journal.pone.0319955.g006

https://doi.org/10.1371/journal.pone.0319955.g006
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[10]. The present findings indicated that the RF, one of the quadricepts muscles located at the anterior thigh, assists in 
enhancing movement at the hip and knee joints. The RF contracts to flex the hip while simultaneously extending the 
knee [22]. Additionally, the BF, a hamstring muscle located at the posterior thigh, co-contracts with the RF to produce 
smooth hip joint motion, which explains the observed RF activity during the DS1 stage [23]. In addition, the TA is 
responsible for ankle dorsiflexion, while both the MG and PL assist in regulating the rate of plantarflexion and stabilizing 
the foot and ankle during this period. Although the GM is part of the hip extensor group, it does not contribute to hip 
flexion [24], therefore, the observed correlation between its activity on both sides was not align with our findings, as it is 
not the primary muscle involved in the movement during this phase.

Fig 7.  The significant intra-limb Spearman’s r-value from left side of healthy group in (a) first double support phase (DS1), (b) single support 
phase (SS), (c) second double support phase (DS2), and (d) swing phase (SW). GM, gluteus medius muscle; RF, rectus femoris muscle; BF, 
biceps femoris muscle; MG, medial gastrocnemius muscle; TA, tibialis anterior muscle; PL, peroneus longus muscle.

https://doi.org/10.1371/journal.pone.0319955.g007

https://doi.org/10.1371/journal.pone.0319955.g007
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The SS phase, as illustrated in Fig 1, begins with contralateral toe off to initiate swing and continues until the contralat-
eral foot contacts the ground [10,15]. During this stage, the movement of the lower limb involves hip and knee extension, 
as well as ankle dorsiflexion [10]. To ensure safe and effective movement throughout this phase relies on the activity of 
knee extensors, with the RF playing an important role in controlling knee extension and stabilizing the knee joint [23], as 
observed in this study. The intense activity of hip and knee muscles during loading response diminishes by early mid-
stance, transitioning to a more stabilized muscle engagement as the body moves forward. Limb stability supported by 
the MG [10]. In term of ankle joint movement, the TA, MG, and PL are primary contributors and we observed that the 
dominant activities of MG and PL exhibit an inverse relationship to TA activity, consistent with Kumar et al. [23]. The TA 

Fig 8.  The significant intra-limb Spearman’s r-value from right side of healthy group in (a) first double support phase (DS1), (b) single support 
phase (SS), (c) second double support phase (DS2), and (d) swing phase (SW). GM, gluteus medius muscle; RF, rectus femoris muscle; BF, 
biceps femoris muscle; MG, medial gastrocnemius muscle; TA, tibialis anterior muscle; PL, peroneus longus muscle.

https://doi.org/10.1371/journal.pone.0319955.g008

https://doi.org/10.1371/journal.pone.0319955.g008
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is responsible for ankle dorsiflexion, while the MG and PL help regulate plantar flexion during walking and these muscles 
also play a major role in maintaining foot posture [23].

The DS2 phase commences as the contraleteral foot contacts the ground during heel strike and continues until the 
ipsilateral foot initiates its swing phase at toe-off. The ipsilateral limb exhibits reduced hip extension, increased knee 
flexion, and ankle plantar flexion in response to the initial weight transfer while the contralateral limb is loaded [10]. In this 
phase, the lower limb undergoes external rotation to maintain stability, followed by internal rotation in preparation for toe 
clearance during initial swing [10]. The GM, primarily involved in hip abduction, also functions as a secondary internal hip 
rotator, crucial for stabilizing the hip and assisting the BF in controlling thigh movement for hip extension during stance. 
The RF initiates knee extension, while the BF continues the motion through knee flexion. Regarding the ankle joint, the 

Fig 9.  The significant intra-limb Spearman’s r-value from affected side of stroke group in (a) first double support phase (DS1), (b) single sup-
port phase (SS), (c) second double support phase (DS2), and (d) swing phase (SW). GM, gluteus medius muscle; RF, rectus femoris muscle; 
BF, biceps femoris muscle; MG, medial gastrocnemius muscle; TA, tibialis anterior muscle; PL, peroneus longus muscle.

https://doi.org/10.1371/journal.pone.0319955.g009

https://doi.org/10.1371/journal.pone.0319955.g009


PLOS One | https://doi.org/10.1371/journal.pone.0319955  May 12, 2025 15 / 21

MG and PL have roles in maintaining balance and stability, as well as ensuring efficient weight transfer. Both muscles are 
primary facilitators of plantar flexion. Their coordinate activity is vital for proper locomotion and foot posture.

In the final period of the gait cycle, the SW phase begins when the ipsilateral foot lifts from the floor and ends when the 
same foot strikes the floor. This phase, known as the limb advancement period, encompasses weight release, forward 
limb progression, clearance of the ipsilateral foot from the floor, and preparation for the subsequent gait cycle [10]. Limb 
progression is achieved through hip flexion and ankle dorsiflexion to neutral position. During this period, the knee transi-
tions from flexion to full extension. In this study, the BF was observed to play a key role in facilitating knee flexion. Con-
currently, ankle dorsiflexion is supported by the TA which is the most powerful dorsiflexor muscle of the foot, working in 
coordination with the MG and PL, which assist in plantar flexion.

Fig 10.  The significant intra-limb Spearman’s r-value from non-affected side of stroke group in (a) first double support phase (DS1), (b) single 
support phase (SS), (c) second double support phase (DS2), and (d) swing phase (SW). GM, gluteus medius muscle; RF, rectus femoris mus-
cle; BF, biceps femoris muscle; MG, medial gastrocnemius muscle; TA, tibialis anterior muscle; PL, peroneus longus muscle.

https://doi.org/10.1371/journal.pone.0319955.g010

https://doi.org/10.1371/journal.pone.0319955.g010
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In stroke patients compared to healthy participants, most striking was that the only strong correlation was between the 
GM and RF activity during single support of the affected side, during which the GM plays a dominant role in stabilizing 
the pelvis and maintaining balance, while the RF primarily assists in hip flexion and knee extension. Commonly seen gait 
impairments in stroke patients include knee hyperextension during stance and stiff knee gait during swing phases [3]. 
Knee hyperextension in stroke patients can be caused by decreased strength of the hip extensors, including the GM, and 
passive stability of the knee, thereby increasing the demand on the quadriceps muscle, particularly the RF, or by weak-
ness in the ankle plantar flexors, particularly the MG [25,26]. Stiff knee gait, which can result from several factors such as 
excessive of the RF activity, insufficient ankle push-off and reduced strength in the hip extensor and ankle plantar flexor 

Fig 11.  Significant inter-limb Spearman’s r-value between the left and right sides in healthy group during (a) first double support phase (DS1), 
(b) single support phase (SS), (c) second double support phase (DS2), and (d) swing phase (SW). GM, gluteus medius muscle; RF, rectus fem-
oris muscle; BF, biceps femoris muscle; MG, medial gastrocnemius muscle; TA, tibialis anterior muscle; PL, peroneus longus muscle.

https://doi.org/10.1371/journal.pone.0319955.g011

https://doi.org/10.1371/journal.pone.0319955.g011
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muscles [27]. This study similar to the work of Akbas et al. [21], but with a notable observation of dominant activity during 
the single support phase. Our findings reveal that the RF-MG coupling in post-stroke gait is related to abnormal coordi-
nation patterns. Such patterns include vaulting and pelvic obliquity, which may compensate for a lack of knee flexion, and 
circumduction, which serves as compensation in stiff knee gait [21]. Foot drop is another common disturbance during the 
swing phase, caused by insufficient function of the TA due to impaired dorsiflexion, or from spasticity of the plantar flexion 
muscle [3,9]. Altered gait patterns in stroke patients, such as stiff knee gait, can reduce foot clearance contributing to foot 
drop during the swing phase [3].

Fig 12.  Significant inter-limb Spearman’s r-value between the affected and non-affected sides in stroke group during (a) first double support 
phase (DS1), (b) single support phase (SS), (c) second double support phase (DS2), and (d) swing phase (SW). GM, gluteus medius muscle; 
RF, rectus femoris muscle; BF, biceps femoris muscle; MG, medial gastrocnemius muscle; TA, tibialis anterior muscle; PL, peroneus longus 
muscle.

https://doi.org/10.1371/journal.pone.0319955.g012

https://doi.org/10.1371/journal.pone.0319955.g012
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Focusing the inter-limb correlation, in the healthy group, the notable finding was the presence of moderate to strong 
correlations predominantly in the distal leg muscles including the MG, TA, and PL throughout all phases of the gait cycle. 
This could be due to various factors, such as declines in sensory and motor processes. Impairments in motor systems 
often involve both neuromuscular and musculoskeletal systems [28]. Gait characteristics typically begin to show mild 
transitional changes with aging [29]. Normal aging is characterized by changes in gait pattern, such as decreased gait 
velocity, reduced stride length, diminished peak knee flexion during the swing phase, and slightly increased ankle dorsi-
flexion [29]. In middle adulthood (40s and 50s), muscle contraction slows with a 30% decline in muscle strength from age 
50–70, followed by a more rapid decline after age 70 [29]. Muscle fiber loss in both type I and type II fibers is associated 
with aging. It has been noted that type II muscles are lost more quickly than type I fibers, aligning with the observed age-
related reduction in the number of motor units and the size of type II muscle fibers, particularly in the proximal muscles 
[28–30]. The intra-limb findings of our study align with those observed in the earlier studies, indicating that the dominant 
activity in healthy participants is associated with weakness in the proximal lower limb muscles. This weakness heightens 
the risk of falls in older adults following muscle fatigue, as proximal muscle weakness leads to greater reliance on distal 
muscles during high-intensity activities [31].

In contrast to stroke participants, a predominantly moderate positive correlation was observed in the proximal muscles 
across all phases of the gait cycle. This may attributed to greater impairment of distal muscles compared to proximal lower 
limb muscles, consistent with the findings of Andrew and Bohannon [32] who observed that proximal muscles less impair-
ment than distal muscles. Lin et al. suggested that the muscle weakness or fatigue at the ankle has a greater impact than 
fatigue at the knee [33]. Likewise, Horling et al. found that individuals with distal muscle weakness experienced greater 
instability during forward and backward perturbations, whereas those with proximal muscle weakness were only unstable 
during backward perturbations [34]. In our study, intense activity of the GM, BF, and TA was observed on the affected side 
during the DS1, DS2, and SW phases, likely due to weakness in the knee and ankle. During the SS phase, activity of the 
GM, RF, TA, and PL was noted, possibly to prevent excessive hip drop during contralateral swing, facilitate high activity 
of RF due to knee hyperextension, and stabilize the ankle to support body weight [10,23]. Reduced activity in the BF was 
observed in stroke patients, potentially linked to their inability to achieve effective knee flexion, which aligns with previous 
findings associating this impairment with altered muscle activation patterns and simplified synergies during gait [35]. On 
the non-affected side, altered activity was observed in all six muscles. Our findings are consistent with Chow et al., [36] 
which observed a co-contraction of the TA, MG, and PL, typically antagonist muscles that ensure smooth ankle motion.

Our study suggests a potential training approach based on age-related weakness in proximal muscles among healthy 
individuals, which could heighten the risk of falls when distal muscles are intensively used, leading to increased local 
fatigue. Therefore, prioritizing training for proximal lower limb muscles may enhance muscle endurance and strength. For 
stroke patients, particularly elderly individuals, if weakness predominantly affects distal muscles, physiotherapy should 
be concentrated not only on strengthening the distal muscles of the affected limb but also on training the core body and 
proximal leg muscles to improve symmetry and support for weight-bearing. However, this current study was constrained 
by the lack of information regarding the specific locations of brain lesions in stroke patients and the dominant side in both 
groups, which importantly impacts gait performance. The specific location and extent of the brain injury sustained by 
stroke patients can significantly affect their motor control and coordination, leading to diverse gait impairment. Additionally, 
the study was limited by a relatively small sample size, particularly among stroke patients. A larger sample size is needed 
to better understand the factors related to gait function in post-stroke patients. Analyzing the impact of specific brain 
lesions on gait performance and including a more diverse and larger patient population would provide a more comprehen-
sive understanding of the factors influencing gait function in post-stroke individuals. Furthermore, the variability in EMG 
measurement (e.g., electrode placement and skin preparation) and stroke severity among participants may influence the 
results. Incorporating the Vicon systems for kinematics validation has also been highlighted as a potential approach to 
enhance the scientific rigor of the study. It is necessary to consider these influences in future studies.
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Conclusion

This study investigated the correlation of lower limb muscle activities during walking in stroke patients compared to 
healthy individuals, highlighting significant disparities in muscle activation. The findings indicate pronounced differ-
ences in activation during the stance phase for healthy individuals and across the entire gait cycle for stroke patients. 
Key finding in the stroke group highlights that the RF and GM muscles are essential to gait stability, particularly during 
single support. Stroke patients exhibited knee hyperextension during stance often due to muscle weakness and com-
pensatory strategies, contributing to abnormal coordination patterns and potentially coexisting with stiff knee gait during 
swing phase. In healthy individuals, minor asymmetry might not heavily impact walking, but it is important to monitor 
and correct any emerging imbalances to prevent potential issues, such as an increased risk of falls. For stroke patients, 
the observed asymmetry in muscle activation throughout all gait phases indicates impaired motor control and muscle 
coordination resulting from neurological damage. These insights are valuable for rehabilitation professionals, such as 
physiotherapists, to design rehabilitation programs for stroke patients. Rehabilitation efforts should focus on reducing 
muscle activity asymmetries through targeted exercises and therapies to improve balance, strength, and overall gait 
stability.

Acknowledgments

Our gratitude extends to Assistant Professor Chatwalai Sonthikul for valuable insight on addressing the clinical implica-
tions of stroke. We also thank all participants for their contributions to this study.

Author contributions

Conceptualization: Thanita Sanghan, Surapong Chatpun.

Data curation: Thanita Sanghan, Nusreena Hohsoh.

Formal analysis: Thanita Sanghan, Surapong Chatpun.

Funding acquisition: Goran Stojanović, Surapong Chatpun.

Investigation: Thanita Sanghan, Nusreena Hohsoh.

Methodology: Thanita Sanghan, Surapong Chatpun.

Supervision: Goran Stojanović, Rezaul Begg, Surapong Chatpun.

Visualization: Thanita Sanghan.

Writing – original draft: Thanita Sanghan, Nusreena Hohsoh.

Writing – review & editing: Rezaul Begg, Surapong Chatpun.

References
	1.	 World Stroke Organisation Annual Report 2023. The World Stroke Organisation; 2023.

	2.	 Feigin VL, Brainin M, Norrving B, Martins S, Sacco RL, Hacke W, et al. World Stroke Organization (WSO): Global Stroke Fact Sheet 2022. Int J 
Stroke. 2022;17(1):18–29. https://doi.org/10.1177/17474930211065917 PMID: 34986727

	3.	 Balaban B, Tok F. Gait disturbances in patients with stroke. PM R. 2014;6(7):635–42. https://doi.org/10.1016/j.pmrj.2013.12.017 PMID: 24451335

	4.	 Li S, Francisco GE, Zhou P. Post-stroke Hemiplegic Gait: New Perspective and Insights. Front Physiol. 2018;9:1021. https://doi.org/10.3389/
fphys.2018.01021 PMID: 30127749

	5.	 Wang Y, Mukaino M, Ohtsuka K, Otaka Y, Tanikawa H, Matsuda F, et al. Gait characteristics of post-stroke hemiparetic patients with different walking 
speeds. Int J Rehabil Res. 2020;43(1):69–75. https://doi.org/10.1097/MRR.0000000000000391 PMID: 31855899

	6.	 Rozanski GM, Huntley AH, Crosby LD, Schinkel-Ivy A, Mansfield A, Patterson KK. Lower limb muscle activity underlying temporal gait asymmetry 
post-stroke. Clin Neurophysiol. 2020;131(8):1848–58. https://doi.org/10.1016/j.clinph.2020.04.171 PMID: 32570199

https://doi.org/10.1177/17474930211065917
http://www.ncbi.nlm.nih.gov/pubmed/34986727
https://doi.org/10.1016/j.pmrj.2013.12.017
http://www.ncbi.nlm.nih.gov/pubmed/24451335
https://doi.org/10.3389/fphys.2018.01021
https://doi.org/10.3389/fphys.2018.01021
http://www.ncbi.nlm.nih.gov/pubmed/30127749
https://doi.org/10.1097/MRR.0000000000000391
http://www.ncbi.nlm.nih.gov/pubmed/31855899
https://doi.org/10.1016/j.clinph.2020.04.171
http://www.ncbi.nlm.nih.gov/pubmed/32570199


PLOS One | https://doi.org/10.1371/journal.pone.0319955  May 12, 2025 20 / 21

	 7.	 Souissi H, Zory R, Bredin J, Roche N, Gerus P. Co-contraction around the knee and the ankle joints during post-stroke gait. Eur J Phys Rehabil 
Med. 2018;54(3):380–7. https://doi.org/10.23736/S1973-9087.17.04722-0 PMID: 28849896

	 8.	 Hong YNG, Ballekere AN, Fregly BJ, Roh J. Are muscle synergies useful for stroke rehabilitation?. Current Opinion in Biomedical Engineering. 
2021;19:100315. https://doi.org/10.1016/j.cobme.2021.100315

	 9.	 Sheffler LR, Chae J. Hemiparetic Gait. Phys Med Rehabil Clin N Am. 2015;26(4):611–23. https://doi.org/10.1016/j.pmr.2015.06.006 PMID: 
26522901

	10.	 Perry J, Burnfield JM. Gait Analysis: Normal and Pathological Function. 2nd ed. Thorofare, N.J.: SLACK Inc., c2010; 2010.

	11.	 Beyaert C, Vasa R, Frykberg GE. Gait post-stroke: Pathophysiology and rehabilitation strategies. Neurophysiol Clin. 2015;45(4–5):335–55. https://
doi.org/10.1016/j.neucli.2015.09.005 PMID: 26547547

	12.	 Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recommendations for SEMG sensors and sensor placement procedures. J 
Electromyogr Kinesiol. 2000;10(5):361–74. https://doi.org/10.1016/s1050-6411(00)00027-4 PMID: 11018445

	13.	 Wei P, Zhang J, Wang B, Hong J. Surface Electromyography and Electroencephalogram-Based Gait Phase Recognition and Correlations Between 
Cortical and Locomotor Muscle in the Seven Gait Phases. Front Neurosci. 2021;15:607905. https://doi.org/10.3389/fnins.2021.607905 PMID: 
34093106

	14.	 Hwang B, Oh B-M, Jeon D. An Optimal Method of Training the Specific Lower Limb Muscle Group Using an Exoskeletal Robot. IEEE Trans Neural 
Syst Rehabil Eng. 2018;26(4):830–8. https://doi.org/10.1109/TNSRE.2018.2816961 PMID: 29641387

	15.	 Den Otter AR, Geurts ACH, Mulder T, Duysens J. Abnormalities in the temporal patterning of lower extremity muscle activity in hemiparetic gait. 
Gait Posture. 2007;25(3):342–52. https://doi.org/10.1016/j.gaitpost.2006.04.007 PMID: 16750632

	16.	 Warren GL, Maher RM, Higbie EJ. Temporal patterns of plantar pressures and lower-leg muscle activity during walking: effect of speed. Gait Pos-
ture. 2004;19(1):91–100. https://doi.org/10.1016/s0966-6362(03)00031-6 PMID: 14741308

	17.	 Shin SY, Kim Y, Jayaraman A, Park H-S. Relationship between gait quality measures and modular neuromuscular control parameters in chronic 
post-stroke individuals. J Neuroeng Rehabil. 2021;18(1):58. https://doi.org/10.1186/s12984-021-00860-0 PMID: 33827607

	18.	 Schober P, Boer C, Schwarte LA. Correlation coefficients: appropriate use and interpretation. Anesth Analg. 2018;126(5):1763–8. https://doi.
org/10.1213/ANE.0000000000002864 PMID: 29481436

	19.	 Sanghan S, Leelasamran W, Chatpun S. Imbalanced gait characteristics based on plantar pressure assessment in patients with hemiplegia. 
Walailak J Sci Tech. 2014;12(7):595–603.

	20.	 Stein J, Harvey R, Winstein C, Zorowitz R, Wittenberg G. Stroke recovery and rehabilitation. 2nd ed. New York, NY: Demos Medical. 2015.

	21.	 Akbas T, Neptune RR, Sulzer J. Neuromusculoskeletal Simulation Reveals Abnormal Rectus Femoris-Gluteus Medius Coupling in Post-stroke 
Gait. Front Neurol. 2019;10:301. https://doi.org/10.3389/fneur.2019.00301 PMID: 31001189

	22.	 Miyake T, Okabe M. Roles of Mono- and Bi-articular Muscles in Human Limbs: Two-joint Link Model and Applications. Integr Org Biol. 
2022;4(1):obac042. https://doi.org/10.1093/iob/obac042 PMID: 36441608

	23.	 Kumar S, Mohanan S, Vattoth AL, Bajaj G, Pandey T. Anatomy and biomechanics of lower extremity tendons: imaging implications. Semin Ultra-
sound CT MR. 2023;44(4):364–85. https://doi.org/10.1053/j.sult.2023.03.020 PMID: 37437973

	24.	 Neumann DA. Kinesiology of the hip: a focus on muscular actions. J Orthop Sports Phys Ther. 2010;40(2):82–94. https://doi.org/10.2519/
jospt.2010.3025 PMID: 20118525

	25.	 Li S. Stiff knee gait disorders as neuromechanical consequences of spastic hemiplegia in chronic stroke. Toxins (Basel). 2023;15(3):204. https://
doi.org/10.3390/toxins15030204 PMID: 36977095

	26.	 Cooper A, Alghamdi GA, Alghamdi MA, Altowaijri A, Richardson S. The relationship of lower limb muscle strength and knee joint hyperexten-
sion during the stance phase of gait in hemiparetic stroke patients. Physiother Res Int. 2012;17(3):150–6. https://doi.org/10.1002/pri.528 PMID: 
22147298

	27.	 Campanini I, Merlo A, Damiano B. A method to differentiate the causes of stiff-knee gait in stroke patients. Gait Posture. 2013;38(2):165–9. https://
doi.org/10.1016/j.gaitpost.2013.05.003 PMID: 23755883

	28.	 Shumway-Cook A, Woollacott M. Motor control: translating research into clinical practice. Wolters Kluwer; 2016.

	29.	 Cech DJ, Martin ST. Functional Movement Development: Across the Life Span. 3rd ed. Saint Louis: W.B. Saunders; 2012. p. 355–70.

	30.	 Hall SJ. Basic biomechanics. 9th ed. New York, NY: McGraw-Hill Education; 2022.

	31.	 Papa EV, Foreman KB, Dibble LE. Effects of age and acute muscle fatigue on reactive postural control in healthy adults. Clin Biomech (Bristol). 
2015;30(10):1108–13. https://doi.org/10.1016/j.clinbiomech.2015.08.017 PMID: 26351001

	32.	 Andrews AW, Bohannon RW. Distribution of muscle strength impairments following stroke. Clin Rehabil. 2000;14(1):79–87. https://doi.
org/10.1191/026921500673950113 PMID: 10688348

	33.	 Lin D, Nussbaum MA, Seol H, Singh NB, Madigan ML, Wojcik LA. Acute effects of localized muscle fatigue on postural control and patterns of 
recovery during upright stance: influence of fatigue location and age. Eur J Appl Physiol. 2009;106(3):425–34. https://doi.org/10.1007/s00421-009-
1026-5 PMID: 19306019

https://doi.org/10.23736/S1973-9087.17.04722-0
http://www.ncbi.nlm.nih.gov/pubmed/28849896
https://doi.org/10.1016/j.cobme.2021.100315
https://doi.org/10.1016/j.pmr.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26522901
https://doi.org/10.1016/j.neucli.2015.09.005
https://doi.org/10.1016/j.neucli.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26547547
https://doi.org/10.1016/s1050-6411(00)00027-4
http://www.ncbi.nlm.nih.gov/pubmed/11018445
https://doi.org/10.3389/fnins.2021.607905
http://www.ncbi.nlm.nih.gov/pubmed/34093106
https://doi.org/10.1109/TNSRE.2018.2816961
http://www.ncbi.nlm.nih.gov/pubmed/29641387
https://doi.org/10.1016/j.gaitpost.2006.04.007
http://www.ncbi.nlm.nih.gov/pubmed/16750632
https://doi.org/10.1016/s0966-6362(03)00031-6
http://www.ncbi.nlm.nih.gov/pubmed/14741308
https://doi.org/10.1186/s12984-021-00860-0
http://www.ncbi.nlm.nih.gov/pubmed/33827607
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
http://www.ncbi.nlm.nih.gov/pubmed/29481436
https://doi.org/10.3389/fneur.2019.00301
http://www.ncbi.nlm.nih.gov/pubmed/31001189
https://doi.org/10.1093/iob/obac042
http://www.ncbi.nlm.nih.gov/pubmed/36441608
https://doi.org/10.1053/j.sult.2023.03.020
http://www.ncbi.nlm.nih.gov/pubmed/37437973
https://doi.org/10.2519/jospt.2010.3025
https://doi.org/10.2519/jospt.2010.3025
http://www.ncbi.nlm.nih.gov/pubmed/20118525
https://doi.org/10.3390/toxins15030204
https://doi.org/10.3390/toxins15030204
http://www.ncbi.nlm.nih.gov/pubmed/36977095
https://doi.org/10.1002/pri.528
http://www.ncbi.nlm.nih.gov/pubmed/22147298
https://doi.org/10.1016/j.gaitpost.2013.05.003
https://doi.org/10.1016/j.gaitpost.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23755883
https://doi.org/10.1016/j.clinbiomech.2015.08.017
http://www.ncbi.nlm.nih.gov/pubmed/26351001
https://doi.org/10.1191/026921500673950113
https://doi.org/10.1191/026921500673950113
http://www.ncbi.nlm.nih.gov/pubmed/10688348
https://doi.org/10.1007/s00421-009-1026-5
https://doi.org/10.1007/s00421-009-1026-5
http://www.ncbi.nlm.nih.gov/pubmed/19306019


PLOS One | https://doi.org/10.1371/journal.pone.0319955  May 12, 2025 21 / 21

	34.	 Horlings CGC, Küng UM, van Engelen BGM, Voermans NC, Hengstman GJD, van der Kooi AJ, et al. Balance control in patients with distal versus 
proximal muscle weakness. Neuroscience. 2009;164(4):1876–86. https://doi.org/10.1016/j.neuroscience.2009.09.063 PMID: 19796669

	35.	 Wang W, Li K, Yue S, Yin C, Wei N. Associations between lower-limb muscle activation and knee flexion in post-stroke individuals: A study on the 
stance-to-swing phases of gait. PLoS One. 2017;12(9):e0183865. https://doi.org/10.1371/journal.pone.0183865 PMID: 28886079

	36.	 Chow JW, Yablon SA, Stokic DS. Coactivation of ankle muscles during stance phase of gait in patients with lower limb hypertonia after acquired 
brain injury. Clin Neurophysiol. 2012;123(8):1599–605. https://doi.org/10.1016/j.clinph.2012.01.006 PMID: 22325644

https://doi.org/10.1016/j.neuroscience.2009.09.063
http://www.ncbi.nlm.nih.gov/pubmed/19796669
https://doi.org/10.1371/journal.pone.0183865
http://www.ncbi.nlm.nih.gov/pubmed/28886079
https://doi.org/10.1016/j.clinph.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22325644
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

