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Article 
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Abstract: Instrumented gait analysis provides objective data for clinical assessment, with surface 
electromyography (EMG) serving as a key tool in identifying abnormal muscle activation. However, 
reliable reference data considering both age and gender remain limited. This study examines age- 
and gender-related differences in lower-limb EMG during gait in typically developing individuals 
using statistical parametric mapping (SPM). We also determine the minimum sample size required 
for robust clinical reference data. Our findings reveal significant differences in muscle activation 
patterns across age and gender. Children exhibited increased rectus femoris activation in initial swing 
and greater hamstring activation in mid-stance, whereas adults demonstrated higher 
semimembranosus activity at initial contact, increased soleus activation at push-off, and greater 
rectus femoris activity in late swing. Gender-based differences included higher tibialis anterior 
activation in females during terminal stance and increased vastus lateralis activity during swing, 
whereas males showed greater vastus lateralis and biceps femoris activation during terminal swing. 
Additionally, significant age-gender interaction effects were observed in the biceps femoris and 
semimembranosus, with gender-related differences becoming more pronounced in adulthood. 
Power analysis indicates that at least 47 participants, with a minimum of 12 per subgroup (male 
children, female children, male adults, female adults), are required to detect age-gender interactions 
reliably. Since our study included 97 subjects, our results are robust. We strongly recommend 
incorporating both age and gender in clinical norm bands to enhance the accuracy of gait assessments 
and improve clinical and research comparisons. 

Keywords: Electromyography (EMG); Gait Analysis; Clinical Reference Data; Statistical Parametric 
Mapping (SPM) 
 

1. Introduction 

Instrumented gait analysis provides comprehensive data on both normal and pathological gait, 
offering objective tools that are valuable for clinical assessment. Surface electromyography (EMG), a 
primary non-invasive technique, records muscle electrical activity during walking and has shown 
significant benefits for clinical decision-making [1-4]. However, interpreting EMG results requires 
clinicians to have reliable reference data to accurately identify abnormal activation patterns and 
guide treatment strategies [5]. In a Delphi survey, experts reached a consensus that a sample size of 
20 may be sufficient to establish a clinical norm band [6]. They also recommended that this data 
should include healthy individuals both below and above eight years of age, as these age groups 
likely exhibit different EMG patterns. Schwartz et al. [7] published normative gait and EMG data for 
83 children (ages 4-17) across a range of walking speeds. Bovi et al. [8] aimed to expand this research 
by including adults and exploring various gait analysis protocols. However, their study was limited 
by a sample size of 40 participants (20 in each age group) and did not specifically examine factors like 
gender. 

Extensive research has established distinct gait characteristics between adult males and females, 
highlighting significant differences in walking patterns. Females generally display higher cadence, 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 February 2025 doi:10.20944/preprints202502.1541.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202502.1541.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 12 

 

shorter step length, and similar gait speed compared to males [9, 10]. Gender-related differences in 
joint kinematics and kinetics during walking include greater hip flexion, reduced knee extension 
before initial contact, lower knee and ankle torque in midstance, and increased knee flexion, knee 
extension torque at terminal stance, along with a higher knee flexion moment and power during pre-
swing [11]. These findings suggest that gender affects motion and joint loading in gait; however, these 
differences may also vary with age. For example, ankle dorsiflexion duration in initial swing tends 
to increase more steeply with age in females than in males [12]. Age-related gait changes extend 
further, including longer stance time with slower walking, decreased ankle plantar flexor moment at 
push-off, and increased peak hip extensor moment during early stance [13, 14]. 

While age- and gender-related changes in gait functions are well-documented, the underlying 
factors driving these changes remain poorly understood. Some studies suggest that these gender-
dependent differences may be partially attributed to variations in muscle recruitment patterns. Di 
Nardo et al. [15, 16] observed higher activation of the tibialis anterior and gastrocnemius lateralis 
within a single gait stride in adult females, whereas this activation was absent in children aged 6-8. 
They propose that this difference may reflect the influence of motor control development with age 
on EMG patterns. Schmitz et al. [17] specifically examined the effect of age on the activation patterns 
of lower body muscles during gait and found increased gastrocnemius lateralis activation during the 
loading response in younger adults, alongside greater activity of the vastus lateralis, soleus, and 
rectus femoris during mid-stance. They attributed these differences to higher ankle joint stiffness and 
altered stabilizing strategies in older adults. In a comprehensive study, Bailey et al. [12] examined the 
interactive effects of age and sex on EMG in 93 healthy adults, revealing a correlation between higher 
rectus femoris activation in males and greater gastrocnemius lateralis activation in females during 
mid-swing, with both variables showing age-related changes. However, their study was limited to 
adults (aged >20), excluding children, while other studies have shown that children may exhibit 
significantly different EMG patterns due to the ongoing development of motor control, particularly 
in females [15, 16]. Therefore, there is a need for further investigation into the effect of age, specifically 
comparing children and adults, as a factor in studying the influence of gender on neuromuscular 
control of gait. Additionally, most of the existing literature has focused on specific phases of gait, 
while methodologies like statistical parametric mapping (SPM, www.spm1d.org) [18] allow for 
analysis across the entire gait cycle, addressing the limitations of previous studies by preventing the 
missing of critical information.  

To our knowledge, no study has systematically examined the interaction between age and 
gender on lower limb muscle activation during gait using a comprehensive EMG dataset that 
includes children. A secondary aim of our study is to determine the minimum sample size needed in 
a reference dataset to effectively capture these influences, thereby enhancing the clinical applicability 
of EMG interpretations. 

2. Materials and Methods 

2.1. Ethics Statement 

The study was approved by the local Ethical Committee “Medical Faculty, Heidelberg 
University (no: S-243/2022)”. 

2.2. Participants 

The data analyzed in this study were part of a larger database established at the local University Clinics between 
2000 and 2024, comprising data from more than 350 typically developing (TD) individuals. All healthy 
participants had no history of motor pathology. The primary inclusion criterion for this study was the 
availability of both EMG and gait data. Based on this criterion, 108 subjects were initially selected and 
categorized into three age groups: children (aged <13, thirty-five subjects), juveniles (aged 13–18, eleven 
subjects), and adults (aged >18, sixty-two subjects). Due to the significantly smaller sample size in the juvenile 
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group compared to the other groups, these individuals were excluded from further analysis. As a result, a total 
of 97 typically developing individuals were included in the study. The demographic details of the participants 
are provided in Table 1. Each participant was informed about the study’s purpose and provided written 
informed consent.  

Table 1. Demographic characteristics of age and gender groups. 

Age groups Gender groups No. Age (years) 
Age range 
(min-max) 

Height (cm) Body mass (kg) 
Body mass index 

(BMI) (𝐤𝐠/𝒎𝟐) 

Children 
Male 21 9.36 (1.77) 5.7-12.7 137.76 (11.89) 33.02 (88.82) 17.04 (2.14) 

Female 14 9.28 (2.19) 5.6-12.6 138.42 (15.16) 34.37 (13.78) 17.02 (4.06) 

Adults 
Male 29 31.42 (10.86) 21.2-64.1 180.55 (7.16) 77.25 (8.71) 23.69 (2.33) 

Female 33 28.7 (11.03) 18.2-62.6 168.84 (11.03) 62.88 (7.6) 22.04 (2.17) 

2.3. Instrumentation and Protocol 

All participants walked barefoot at a self-selected speed along a 15-meter walkway during data 
acquisition. Kinematic and kinetic data were recorded using a twelve-camera 3D motion analysis 
system (VICON, Oxford Metrics Limited, UK) operating at 120 Hz and three force plates (Kistler 
Instruments Co.). Skin-mounted markers were placed according to the protocol of Kadaba et al. [19], 
and the plug-in-gait model was used for analysis. Gait parameters were determined from at least 
seven strides per participant. 

EMG data were collected from seven major lower-extremity muscles: tibialis anterior (TIB), 
soleus (SOL), gastrocnemius (GAS), rectus femoris (REF), vastus lateralis (VAS), biceps femoris (BIC), 
and semimembranosus (SEM) of both legs. Data acquisition was performed using the Myon 320 
system (Myon AG, Schwarzenberg, CH). Bipolar surface adhesive electrodes (Blue Sensor, Ambu 
Inc., Glen Burnie, MD, USA) were placed on the target muscles following SENIAM guidelines [20], 
with an inter-electrode distance of 2 cm [21]. To amplify the EMG signal, the Biovision EMG 
apparatus (Biovision Inc., Wehrheim, Germany) was used before 2013/14, and Delsys systems (Delsys 
Inc., Natick, MA, USA) were used after 2013/14, with a preamplification factor of ×5000. 

2.4. Signal Processing 

Raw EMG signals were processed as follows: band-pass filtering (Butterworth filter, cutoff 
frequency: 20–350 Hz), rectification, smoothing (Butterworth low-pass filter, cutoff frequency: 9 Hz), 
amplitude normalization to the mean signal, and time normalization to one gait cycle (101 data 
points). The processed data were then averaged across valid strides using MATLAB (2018b, The 
MathWorks, Inc., USA) [21]. The peak value of the time series and its occurrence within the gait cycle, 
along with the mean values over the entire cycle, were calculated. Additionally, these features were 
analyzed in relation to time by computing them for the full stride, as well as separately for the stance 
and swing phases [22]. 

To support the findings from EMG envelopes, additional kinematic, kinetic, and spatiotemporal 
(ST) parameters—namely cadence, walking speed, stride time, stride length, and foot-off time—were 
calculated from the gait data to examine differences between age and gender groups. Additionally, 
the gait data included the peak angles, moments, and power at the ankle, knee, and hip joints in the 
sagittal plane (flexion-extension/dorsiflexion-plantarflexion). 

2.5. Statistical analysis 

We used SPM technique (version: M.0.4.10) implemented in MATLAB [18] to compare the EMG 
envelopes of each muscle across age and gender groups throughout the gait cycle. This method treats 
the data as continuous time-series, maintaining the temporal structure of muscle activation patterns 
during the entire cycle. SPM(t) evaluates the data at every time point within the gait cycle, detecting 
significant differences between age groups (children vs. adults) and gender groups (males vs. 
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females). The results (SPM{t}) reveal the specific regions of the gait cycle where statistically significant 
differences occur, emphasizing phases where age and gender notably influence muscle activation. By 
eliminating the need to divide the gait cycle into predefined phases, SPM provides a more detailed 
and holistic analysis of time-dependent variations in muscle activity.   

Following the SPM analysis for the effects of age and gender, gait and spatiotemporal (ST) 
parameters were examined using repeated measures MANOVA, with the significance level set at p 
= 0.05. Furthermore, the interaction effect between age and gender on EMG features was also assessed 
using repeated measures MANOVA, followed by post-hoc analyses with Bonferroni correction, 
adjusting the significance level to p = 0.0125. For variables showing a significant interaction effect, the 
effect size (Cohen’s f²) was calculated to quantify the magnitude of the observed differences. 
Additionally, to determine the minimum sample size required for establishing an EMG reference 
dataset that accounts for the influence of both age and gender on the patterns, we used G*Power 
software (version 3.1.9.7; Heinrich-Heine-Universität Düsseldorf, Germany; 
http://www.gpower.hhu.de). The test family was set as F tests, with the statistical test defined as 
“MANOVA: Special effects and interactions”, an alpha level of 0.0125, and power of 0.8. The highest 
calculated effect size was included in the analysis to ensure robust sample size estimation. The 
number of groups was set at 4, since we had two gender groups × two age groups, and also the 
number of predictions at 3 (age, gender and interaction).  

3. Results 

No significant differences in height, weight, or BMI were observed between males and females 
within the children’s age group. However, in the adult group, all parameters demonstrated 
significant differences (p < 0.001), with males being taller and having higher weight and BMI 
compared to females.  

The SPM analysis for the effect of age (Figure 1) indicates that the main differences in EMG 
activity between children and adults occurred during the mid-stance phase of the gait cycle for the 
biceps femoris (17–31% of the gait cycle, p < 0.001) and 77–80% (p = 0.039). Additionally, significant 
differences were observed for the semimembranosus during the first 5% of the gait cycle (p = 0.017) 
and 22–37% (p < 0.001); for the rectus femoris during 63–76% (p < 0.001) and 93–96% (p = 0.032); and 
for the soleus during 34–43% (p < 0.001), 62–69% (p = 0.003), and 87–94% (p < 0.001). 

Table 2 presents the mean and standard deviation (SD) of the gait and spatiotemporal 
characteristics across different age groups. The effect of age on both peak ankle dorsiflexion moment 
and power was statistically significant (p < 0.001), with higher values observed in adults. A similar 
effect was found for peak plantarflexion power (p = 0.012) and knee flexion moment (p = 0.004). 
However, children exhibited higher hip flexion and cadence during gait, as well as lower values for 
hip extension moment, walking speed, stride time, and stride length. 
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Figure 1. Average (solid line) and standard deviation (dashed line) of EMG envelopes, along with SPM results, 
for two age groups: children (red) and adults (blue). Shaded areas indicate gait cycle periods with statistically 
significant differences. 

Table 2. Mean (SD) and statistical results for the effect of age on kinematic, kinetics and ST parameters. 

Variable 
Age 

group 
Mean (SD) 

95% Confidence Interval 

(Lower-Upper Bound) 
P_value 

Maximum ankle dorsiflexion moment (N.m/kg) 
Children 1.28 (0.17) 1.22-1.34 

<.001 
Adults 1.59 (0.17) 1.55-1.64 

Maximum ankle dorsiflexion power (W/kg) 
Children 3.62 (0.86) 3.32-3.91 

<.001 
Adults 4.59 (0.95) 4.34-4.83 

Maximum ankle plantarflexion power (W/kg) 
Children 0.76 (0.38) 0.62-0.89 

0.012 
Adults 0.95 (0.33) 0.86-1.03 

Maximum knee flexion moment (N.m/kg) 
Children 0.48 (0.16) 0.42-0.54 

0.004 
Adults 0.6 (0.2) 0.55-0.65 

Maximum hip flexion (degree) 
Children 36.9 (6.3) 34.7-39.1 

0.018 
Adults 33.9 (5.4) 32.5-35.3 

Maximum hip extension moment (N.m/kg) 
Children 0.88 (0.22) 0.8-0.95  

<.001 
Adults 1.08 (0.27) 1.01-1.15  

Cadence (strides/min) 
Children 128.1 (10.2) 124.6-131.6 

<.001 
Adults 115.2 (8) 113.2-117.3 
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Speed (m/s) 
Children 1.29 (0.15) 1.23-1.34 

0.001 
Adults 1.39 (0.13) 1.35-1.42 

Stride time (s) 
Children 0.94 (0.07) 0.91-0.96 

<.001 
Adults 1.04 (0.07) 1.02-1.06 

Stride length (m) 
Children 1.21 (0.15) 1.16-1.26 

<.001 
Adults 1.45 (0.12) 1.42-1.48 

 
The gender effect, also analyzed using SPM (Figure 2), revealed significant differences for the 

biceps femoris during 66–68% of the gait cycle (p = 0.049) and 93–97% (p = 0.036). For the 
semimembranosus, significant differences were observed at approximately 95% of the gait cycle (p = 
0.049), and for the tibialis anterior, between 37–41% (p = 0.029). The vastus lateralis exhibited the 
longest durations of significant differences, occurring during 54–63% (p < 0.001), 66–75% (p < 0.001), 
and 97–100% (p = 0.029) of the gait cycle. The influence of gender on gait measures was also 
significant, with females showing a higher plantarflexion angle (p = 0.023) and larger dorsiflexion 
power (p = 0.041) at the ankle compared to males. Additionally, females exhibited an increased peak 
of hip flexion, greater hip extension power, and an earlier foot-off phase. 

 

 

Figure 2. Average (solid line) and standard deviation (dashed line) of EMG envelopes, along with SPM results, 
for two gender groups: male (red) and female (blue). Shaded areas indicate gait cycle periods with statistically 
significant differences. 
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Table 3. Mean (SD) and statistical results for the effect of gender on kinematic, kinetics and spatio-temporal 
parameters. 

Variable Gender group Mean (SD) 
95% Confidence Interval 

(Lower-Upper Bound) 
P_value 

Maximum ankle plantarflexion (degree) 
Males 18.4 (5.7) 16.8-20.1 

0.023 
Females 21.5 (7.1) 19.4-37.3 

Maximum ankle dorsiflexion power (W/kg) 
Males 4.03 (1) 3.74-4.32 

0.041 
Females 4.46 (1) 4.1-4.75 

Maximum hip flexion (degree) 
Males 33.6 (5.6) 31.9-35.2 

0.012 
Females 36.6 (5.9) 34.8-38.3 

Maximum hip extension power (W/kg) 
Males 0.97 (0.3) 0.88-1.05 

0.042 
Females 1.1 (0.33) 1-1.2 

Foot off (% gait cycle) 
Males 61.4 (2.1) 60.8-62 

0.024 
Females 60.5 (1.9) 59.9-61 

 
The comparison of the age-gender interaction effect on EMG features revealed significant 

differences in the mean EMG activity of the biceps femoris during both stance (p = 0.002) and swing 
(p < 0.001), as well as peak activity during swing (p < 0.001). The interaction effect on the 
semimembranosus during both stance (p = 0.006) and swing (p = 0.006) was also significant. In 
examining the averages, male children exhibited higher biceps femoris activity during stance 
compared to female children (90.4 vs. 81.9), while in adults, females demonstrated higher biceps 
femoris activity than males (88.1 vs. 79.1). A similar pattern was observed for the semimembranosus 
during stance: male children showed higher activity than female children (85.1 vs. 76.2), but in 
adulthood, activity decreased in males (71.2) while it increased in females (78.6). During the swing 
phase, the mean and peak EMG activity of the biceps femoris decreased with growth in females, 
while in males, it increased. A similar growth effect was observed for the semimembranosus in both 
genders. 

 

Table 4. Mean (SD) and statistical results for the interaction effect between age and gender groups. BIC: biceps 
femoris, SEM: semimembranosus. Only variables with a significant interaction effect (p < 0.0125) are presented. 

Dependent Variable 
Age 

groups 
Gender 
groups 

Mean (SD) 
95% Confidence 
Interval (Lower-
Upper Bound) 

p value for 
pairwise 

comparisons 

p value for  
interaction 
age*gender 

Cohen’s f² 

mean activity of BIC 
in stance 

Children 
Male 90.4 (2.7) 84.9-95.9 

0.056 
0.002 0.141 

Female 81.9 (3.3) 75.2-88.7 

Adults 
Male 79.1 (2.3) 74.3-83.7 

0.006 
Female 88.1 (2.2) 83.7-92.5 

mean activity of BIC 
in swing 

Children 
Male 116.9 (17.8) 108.5-125.3 

0.04 
<.001 0.177 

Female 130.9 (14.6) 120.6-141.2 

Adults 
Male 136.8 (23) 129.6-144 

0.002 
Female 121 (18.7) 114.2-127.7 

maximum activity of 
BIC in swing 

Children 
Male 278.5 (61.8) 247.5-309.3 

0.151 
<.001 0.199 

Female 314.1 (46.5) 276.2-351.9 

Adults 
Male 340.6 (85.4) 314.3-366.9 

<.001 
Female 268 (71.7) 243.3-292.6 

mean activity of SEM 
in stance 

Children 
Male 85.1 (2.9) 79.2-91 

0.061 0.006 0.141 
Female 76.2 (3.6) 69-83.4 
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Adults 
Male 71.2 (2.5) 66.2-76.3 

0.036 
Female 78.6 (2.3) 73.9-83.3 

mean activity of SEM 
in swing 

Children 
Male 126.1 (4.6) 116.9-135.4 

0.093 
0.006 0.151 

Female 138.6 (5.6) 127.3-149.9 

Adults 
Male 148.5 (3.9) 140.6-156.4 

0.018 
Female 135.4 (3.7) 128.1-142.8 

 
To perform the power analysis on the extracted EMG features that demonstrated a significant 

interaction effect, the effect size was calculated (Table 4). The biceps femoris maximum activity 
during the swing phase showed the largest effect size (f² = 0.199). With an alpha level of 0.0125, a 
power level of 0.80, and five response variables, the total sample size required, based on the largest 
effect size, was determined to be 47. Therefore, a minimum of 47 subjects is necessary to adequately 
capture the age- and gender-related differences in the EMG data of the normative population studied. 
Ideally, this sample size of 47 should be evenly distributed across the four age-gender groups to 
ensure a balanced representation of children, adults, males, and females, with approximately 12 
subjects per group (male children, female children, male adults, and female adults). Our dataset 
consists of 97 subjects, with more than 12 subjects in each group, indicating that the sample size is 
sufficient to reliably detect the interaction effect.  

4. Discussion 

This study aimed to quantify age- and gender-related differences in lower-limb myoelectric 
activity during walking in typically developing individuals. By applying the SPM approach to EMG 
envelopes, we were able to capture differences across the entire gait cycle, preserving important 
information that could be lost through averaging. To further explore these differences, we conducted 
an analysis of the interaction effect between age and gender, followed by a power analysis to 
determine the minimum number of subjects required for establishing comprehensive reference data 
in the clinic.  

The observed differences in gait mechanics between children and adults highlight distinct 
neuromuscular strategies influenced by developmental factors. Children exhibited a higher cadence 
but lower walking speed, shorter stride time, and reduced stride length, accompanied by increased 
peak hip flexion and greater activation of the rectus femoris in initial swing and the hamstrings in 
mid-stance. A higher cadence with shorter strides reflects a reliance on more frequent, smaller steps 
to maintain stability and forward progression, a common characteristic of developing gait patterns 
[23]. The increased peak hip flexion likely aids in advancing the limb during swing, compensating 
for the shorter stride length. This is supported by the heightened rectus femoris activation in initial 
swing, which plays a crucial role in lifting and accelerating the limb forward [24]. The greater 
hamstring activation in mid-stance suggests an increased demand for knee stability and control [25]. 
Given children's relatively weaker musculature and ongoing neuromuscular maturation, the 
hamstrings may play a compensatory role in stabilizing the knee and modulating joint moments to 
accommodate their altered gait mechanics.  

 In contrast, adults exhibited different EMG and gait patterns, characterized by greater 
activation of the semimembranosus during initial contact, soleus during push-off, and rectus femoris 
during late swing, along with faster gait, increased knee flexion, hip extension, and ankle dorsi-
plantar flexion power. In adults, increased semimembranosus activation at initial contact might be 
related to a higher knee flexion moment by stabilizing the knee joint, controlling knee extension, and 
facilitating shock absorption [26]. Furthermore, the greater soleus activation during push-off 
indicates stronger plantarflexor engagement, which is essential for efficient forward propulsion and 
faster gait observed in adults [17]. In children, weaker push-off mechanisms may necessitate 
compensatory adaptations, such as increased cadence and hip flexion, whereas adults achieve higher 
walking speeds through more effective force generation at the ankle. The heightened rectus femoris 
activation in late swing further suggests a refined control strategy for decelerating the limb before 
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initial contact, optimizing positioning for the subsequent stance phase. These gait adaptations could 
reflect the influence of growth on developing motor control, leading to a smoother and more 
coordinated gait cycle. 

Gender-based differences in muscle activation patterns during gait have been well-documented 
in the literature [16, 27, 28]. Females exhibit higher EMG activity in the tibialis anterior during 
terminal stance and the vastus lateralis during pre- and initial swing, alongside increased hip flexion, 
hip extension, and ankle dorsiflexion power. These findings align with previous studies, which 
suggest that females walk with greater hip flexion and reduced knee extension at touchdown 
compared to males, generating more mechanical power at the hip and ankle during the propulsion 
phase [10]. Given their shorter height and leg length, females require a more flexed hip and 
plantarflexed ankle to generate sufficient power and compensate for their smaller physique while 
maintaining walking speed similar to males. Increased vastus lateralis activity in females, which was 
also observed in a different dynamic task like side-step maneuvers and stop jumps [29, 30], may 
reflect the need for greater muscle engagement to sustain gait at the same speed as males, further 
supported by a higher hip flexion. Additionally, as Di Nardo et al. [16] reported females tend to 
exhibit greater co-activation of ankle muscles, which was also seen in our study by an increased ankle 
joint power in this group, contributing to improved stride length and cadence despite their smaller 
size.  

Increased activation of the tibialis anterior during terminal stance likely plays a key role in 
controlling foot positioning and facilitating ankle dorsiflexion, which is crucial for toe clearance and 
preparation for the swing phase. Specifically, Chiu and Wang [31] found that, when analyzing the 
EMG signals of the biceps femoris, rectus femoris, gastrocnemius, and tibialis anterior, females 
exhibited significantly higher tibialis anterior activity during walking. This was also observed in our 
study for tibialis anterior. In contrast, males exhibited higher activation of the vastus lateralis and 
biceps femoris during terminal swing, along with a delayed foot-off. Given that males are typically 
taller and heavier, maintaining stability may require increased joint stiffness [32]. Consequently, the 
greater co-activation of agonist and antagonist muscles likely contributes to stabilizing the knee and 
hip, preparing them for initial contact. The delayed foot-off, indicative of a prolonged stance phase, 
may further reflect the need for enhanced stability during gait. 

The significant age-gender interaction effects observed in the biceps femoris and 
semimembranosus align with previous studies indicating that gender differences in muscle 
activation patterns become more pronounced with age [14, 16]. Di Nardo et al. [16] found that gender-
related EMG differences in children appear predominantly during adolescence, with adult-like 
patterns emerging around the ages of 10–12 years. This aligns with our findings, where significant 
gender differences in the biceps femoris and semimembranosus were primarily observed in adults. 
In addition, while male children exhibited higher activity in both muscles during stance, this pattern 
reversed in adulthood, with females showing higher activity. These changes in muscle activation 
suggest that gait patterns evolve with age, with sex differences becoming more prominent in 
adulthood, likely as a result of neuromuscular maturation. 

Our findings emphasize the necessity of considering both age and gender when establishing 
normative gait databases. While the impact of age on gait patterns in clinical settings is well-
documented [33, 34], our results highlight the equally important role of gender-related differences. 
Given the influence of sex-related variations in musculoskeletal structure and neuromuscular control, 
including both male and female participants across different age groups is crucial. Based on our 
power analysis, a minimum of 47 subjects is required to reliably detect age-gender interactions in 
EMG data, with at least 12 participants per subgroup (male children, female children, male adults, 
and female adults). According to our findings we strongly recommend that clinical norm bands 
incorporate both age and gender to enhance the accuracy of gait assessments and improve 
comparisons in both clinical and research settings. 

A limitation of this study is the absence of juvenile participants, which restricts the ability to 
fully examine the effects of growth and maturation on EMG patterns across sexes. Future research 
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should aim to include this age group to enable comprehensive comparisons across different 
developmental stages. Additionally, the influence of gait speed on EMG patterns was not analyzed. 
Hof et al. [35] demonstrated that average EMG profiles consist of both speed-dependent and speed-
independent components, suggesting that normalizing EMG patterns to gait speed could help 
mitigate the confounding effects of speed variations. However, in this study, participants walked at 
their self-selected speed without constraints, as the primary objective was to establish clinical EMG 
reference data for gait while focusing on age- and gender-related differences. Although gait speed 
was not a factor in our analysis, future studies should consider investigating its interaction effects 
alongside age and gender. 
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