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Objective: Stair ambulation is an essential daily activity associated with 
maintaining mobility and musculoskeletal health, and its biomechanical 
characteristics may influence fall risk. This study aimed to examine how different 
stair-walking strategies—single-step and double-step ascent—affect peri-
knee muscle forces and joint loading using OpenSim-based musculoskeletal 
simulations, thereby providing biomechanical insights for public health–
oriented interventions in injury prevention and rehabilitation.
Methods: Synchronized kinematic and kinetic data were imported into OpenSim 
musculoskeletal models to compute knee joint angles, joint reaction forces, 
and peri-knee muscle forces. The simulated muscle activation levels were 
then compared with synchronized surface electromyography (sEMG) signals to 
validate the reliability of the simulations.
Results: Results indicated that the double-step stair ascent mode produced 
significantly greater step length (p = 0.001) and larger peak hip (p = 0.002) and 
knee (p = 0.015) flexion compared with the single-step mode. Continuous-
time SPM analysis further revealed that knee flexion remained significantly 
higher in the double-step mode throughout most of the single support phase 
(p < 0.001), while no significant differences were observed in knee joint reaction 
forces (p > 0.05). Muscle force analysis showed that quadriceps muscle force, 
including the quadriceps components (vastus medialis/lateralis/intermedius 
and rectus femoris) was significantly greater in the double-step mode during 
the early stage of the single support phase (p < 0.001). For the hamstrings, only 
the biceps femoris long head demonstrated significant differences between 
modes (p < 0.001), whereas the biceps femoris short head, semimembranosus, 
semitendinosus, and gastrocnemius showed no significant differences (p > 0.05).
Conclusion: Double-Step Mode increased step length, hip mobility, and 
quadriceps activation without significantly elevating knee joint forces, 
supporting knee stability under higher mechanical demands. From a public 
health perspective, stair walking may enhance lower-limb muscle engagement 
and potentially contribute to the maintenance of balance control and mobility, 
while Single-Step Mode may be safer for individuals with knee impairments by 
minimizing joint stress and supporting rehabilitation.
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1 Introduction

Stair ambulation is an indispensable functional activity in daily 
life, and its biomechanical characteristics and knee-loading 
mechanisms have long attracted attention in both sports science and 
rehabilitation medicine (1–3). Compared with level walking, stair 
ambulation requires greater lower-limb muscle force and joint range 
of motion to overcome changes in gravitational potential energy (4). 
Specifically, knee-flexion angles and extensor moments during stair 
ambulation increase by approximately 50% relative to level walking, 
and patellofemoral joint stress peaks can reach two to four times those 
observed during level gait (5, 6), resulting in substantially higher knee 
loading. These increased mechanical demands make stair walking a 
sensitive indicator of lower-limb function and a key component of 
physical performance assessment in both clinical and public health 
contexts. Moreover, different stair-walking strategies (e.g., single-step 
vs. double-step ascent) alter foot-support phases and the trajectory of 
the body’s center of mass, which may evoke distinct activation patterns 
in peri-knee musculature, further modulating knee-joint loading. 
However, the biomechanical mechanisms underlying these mode-
dependent changes remain incompletely understood.

From a public health perspective, stair ambulation plays a critical 
role in maintaining mobility independence, preventing falls, and 
promoting musculoskeletal health across the lifespan. Impairments in 
stair negotiation ability are associated with reduced physical activity, 
increased risk of musculoskeletal disorders, and decreased quality of 
life, particularly among individuals with obesity, knee osteoarthritis, 
or diminished muscle force (7–9). Therefore, understanding the 
biomechanical strategies that influence knee loading during stair 
walking can inform preventive interventions, promote active lifestyles, 
and optimize rehabilitation outcomes.

Although previous studies have described the kinematic features 
and surface electromyography (sEMG) patterns of stair ambulation, 
conventional experimental approaches are limited in their ability to 
precisely quantify deep-muscle forces and activation levels (10). With 
advances in computational simulation, the open-source OpenSim 
platform provides a powerful tool to address this limitation (11). By 
integrating subject-specific musculoskeletal modeling, inverse 
dynamics, and dynamic-optimization algorithms, OpenSim can 
simulate muscle function throughout movement and yield accurate 
estimates of individual muscle forces, enabling in-depth investigation 
of the relationship between muscle loading and human movement 
mechanics (12, 13). The simulation accuracy of OpenSim has been 
experimentally validated in high-intensity tasks such as squatting and 
jumping (13–18).

Building on this foundation, the present study employs OpenSim-
based simulations to construct biomechanical models for different 
stair-walking patterns, focusing on muscle forces around the knee 
during the single-support phase. The study aims to elucidate how stair-
walking strategies influence muscle-force distribution and to investigate 
the knee’s biomechanical adaptation under different ascent modes. 
Compared with previous studies that mainly focused on kinematics or 
surface EMG patterns, this study systematically examines muscle forces 
around the knee using OpenSim, providing a detailed assessment of 
muscle function that has not been fully addressed in earlier research. 
Previous studies have shown that larger step heights and increased knee 
flexion during stair ascent significantly elevate quadriceps demand (5, 
6). Therefore, we hypothesize that the Double-Step Mode will increase 

quadriceps muscle force and knee joint loading compared with the 
Single-Step Mode. Ultimately, the findings are expected to provide 
theoretical guidance for public health–oriented strategies supporting 
injury prevention, rehabilitation, and functional mobility enhancement.

2 Subjects and methods

2.1 Subjects

This study recruited 20 healthy adult males as participants, with a 
mean age of 20.6 ± 0.24 years, mean height of 182.12 ± 2.35 cm, and 
mean body weight of 75.82 ± 1.80 kg. The sample size was determined 
a priori using G*Power based on a paired t-test design, with an effect 
size of dz. = 0.9, a significance level of α = 0.05, and a desired statistical 
power of 0.95, which indicated a minimum required sample size of 19 
participants. Inclusion criteria were as follows: (1) no congenital lower 
limb joint deformities or acquired musculoskeletal disorders; (2) no 
history of lower limb joint injury within the past 6 months; (3) 
physical capability to complete the stair walking task. Exclusion 
criteria included: (1) a history of lower limb surgery; (2) use of 
medications affecting neuromuscular function within 12 months prior 
to testing; (3) presence of neuromuscular disorders, psychological 
conditions, or cardiovascular and cerebrovascular diseases; (4) 
presence of acute pain symptoms. This study protocol was reviewed 
and approved by the Ethics Committee of Qinhuangdao First Hospital 
(Approval No.: 2025 K-135-01). All participants voluntarily signed a 
written informed consent form after being fully informed of the 
experimental procedures and agreed to participate in the study. In 
addition, written informed consent for the publication of identifying 
images and information in an open-access publication was obtained 
from all participants. All methods were carried out in accordance with 
relevant guidelines and regulations.

2.2 Experimental equipment

In this study, a Qualisys three-dimensional motion capture system 
equipped with eight high-speed infrared cameras operating at 200 Hz 
was used to record movement trajectories. Simultaneously, four 
Kistler three-dimensional force plates embedded within the staircase 
platform were utilized to collect kinetic data at a sampling rate of 
2000 Hz. Additionally, a Delsys wireless surface electromyography 
(sEMG) system was employed to record muscle activation signals, 
with a sampling frequency of 2000 Hz and an inter-electrode distance 
of 10 mm, which allows precise recording of localized muscle activity 
while minimizing signal crosstalk. These experimental sEMG signals 
were used solely for validating the simulated muscle activation 
patterns obtained from OpenSim. Data collection was synchronized 
with a custom-designed five-step standardized staircase (step height: 
15 cm ± 0.5 mm, step depth: 29 cm ± 0.5 mm), constructed according 
to the GB50352-2005 building code.

2.3 Testing procedure

Participants first performed a standardized 5-min general 
warm-up, including 3 min of forward jogging, 1 min of lateral jogging, 
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and 1 min of backward jogging (19). Reflective markers were then 
placed on anatomical landmarks across the body (Figure 1). Surface 
EMG electrodes were attached to target muscles of the right lower 
limb (Table  1) to validate the reliability of the OpenSim 
musculoskeletal model. Prior to electrode placement, the skin at each 
site was shaved if necessary and cleaned with alcohol to reduce 
impedance (<5 kΩ). Electrodes were placed along the muscle belly, 
parallel to the muscle fiber direction, following SENIAM guidelines 
(20). Subsequently, participants stood in the central area for a 10-s 
static calibration (Figure 1). Dynamic testing involved two stair ascent 
modes conducted in a randomized order, all participants stair ascent 
with their right leg: Single-Step Mode: Participants ascended the 
staircase step-by-step, with the supporting foot contacting only the 
adjacent upper step. Double-Step Mode: Participants ascended by 
skipping one step, with the supporting foot landing directly on the 
second upper step. Three valid trials were collected for each mode.

2.4 OpenSim simulation workflow

The standard Gait2392 musculoskeletal model (23 degrees of 
freedom, 92 muscle-tendon units) was used for simulation modeling. 
Kinematic and kinetic data collected in C3D format were converted 
into .trc (trajectory files) and .mot (motion files) formats using 
MATLAB. The simulation workflow was as follows (see Figure 2): 
During the scaling phase (Scale), a subject-specific lower-limb 
musculoskeletal model was established by adjusting segment lengths, 
masses, and inertial properties based on each participant’s 
anthropometric data, using static calibration markers. A least squares 
optimization was applied to minimize the spatial coordinate errors 

between virtual model markers and experimental markers, ensuring 
that the root mean square error (RMSE) was controlled within 2 mm 
(21). Next, Inverse Kinematics (IK) was performed to calculate joint 
angles. To optimize dynamic consistency, the Residual Reduction 
Algorithm (RRA) was applied, with horizontal residual forces and 
torques constrained to within 5 and 0.5% of body weight, respectively, 
following standard OpenSim guidelines (22). Subsequently, the 
Computed Muscle Control (CMC) algorithm was used to estimate 
muscle activations and force distributions (23). Finally, the Analysis 
Tool module was utilized to calculate knee joint reaction forces (24).

2.5 Data processing

According to standard gait cycle segmentation criteria, the single 
support phase was defined as the period during which the tested leg 
(right lower limb) functioned as the stance limb, beginning at the 
contralateral toe-off and ending at the contralateral heel strike. Heel 
strike was identified as the instant when the vertical ground reaction 
force (vGRF) of the tested limb exceeded 5 N, whereas toe-off was 
identified as the instant when the vGRF dropped below 5 N (25). The 
single support phase was then normalized to 0–100% of the gait cycle. 
Knee joint reaction force and muscle force data were normalized to 
body mass. Raw EMG signals were processed with a 20–450 Hz band-
pass filter, full-wave rectification, and a 10 Hz low-pass filter to obtain 
linear envelopes for subsequent analysis. The RMS method was then 
applied on the processed signals to quantify muscle activation levels. 
Finally, biomechanical parameters derived from the simulation were 
visualized using Origin software and smoothed with a cubic spline 
interpolation method.

FIGURE 1

Schematic diagram of static data collection.
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2.6 Statistical analysis

Paired samples t-tests were conducted to examine the effects of 
stair-walking patterns on basic gait cycle characteristics and joint 
range of motion. Normality of the data was assessed using the 
Shapiro–Wilk test before performing paired t-tests. In addition, 
Statistical Parametric Mapping for paired samples (paired SPM{t}) 
was employed to evaluate the influence of different stair-walking 
patterns on knee flexion angles, knee joint reaction forces, and peri-
knee muscle forces throughout the single support phase. All statistical 
analyses, including paired t-tests and paired SPM{t}, were performed 
using SPSS 20.0 (IBM Corp., USA) and MATLAB 2023a (MathWorks 
Inc., USA), respectively, with a significance threshold set at p < 0.05.

3 Research results

The primary outcome measures derived from OpenSim 
simulations included joint angles, muscle forces, joint reaction forces, 
and muscle activation levels during the single-support phase (Table 2).

3.1 Model validation

The root mean square (RMS) method was applied to process the 
collected sEMG signals, converting them into muscle activation 
indicators (ranging from 0 to 1, representing no activation to full 
activation, respectively). The processed results were compared with 
the muscle activation levels of the medial gastrocnemius, lateral 
gastrocnemius, rectus femoris, and tibialis anterior muscles calculated 
by the OpenSim optimization algorithms. The findings (see Figure 3) 
showed that during the single support phase, muscle activation 
patterns obtained from the OpenSim model were in good agreement 
with the experimentally collected surface EMG signals, confirming the 
high reliability of the constructed OpenSim model.

3.2 Kinematic characteristics of the gait 
cycle

Statistical analysis of the basic gait cycle characteristics (Table 3) 
revealed that the average step length in the double-step mode was 

significantly different from that in the single-step mode (t = −9.810, 
p = 0.001). Specifically, the average step length in the double-step 
mode was (1.39 ± 0.04 m) meters, which was significantly greater than 
that in the single-step mode (0.74 ± 0.11 m) meters.

Statistical analysis of joint range of motion during the single 
support phase under different stair ascent modes (Table 4) revealed 
significant differences in both hip and knee flexion between the single-
step and double-step modes. Specifically, the hip flexion angle in the 
double-step mode (51.26 ± 8.34°) was significantly greater than that 
in the single-step mode (30.02 ± 5.94°, t = −6.816, p = 0.002). 
Similarly, the knee flexion angle was also significantly higher in the 
double-step mode (51.88 ± 9.87°) compared to the single-step mode 
(40.70 ± 5.63°, t = −4.080, p = 0.015).

3.3 Characteristics of knee joint angles and 
reaction forces

Based on the continuous time analysis using SPM{t} (Figure 4), a 
statistically significant difference in knee flexion angle between the 
single-step and double-step modes was observed from the beginning 
of the single support phase to 85.75% of the gait cycle (t = 6.320, 
p < 0.001). However, no statistically significant differences in knee 
joint reaction forces were detected between the two stair walking 
modes across the entire gait cycle(p > 0.05).

3.4 Knee muscle force in different stair 
ascent modes

Continuous-time analysis based on SPM{t} (Figure 5) revealed 
significant differences in the muscle force levels of various quadriceps 
muscles between the single-step and double-step modes. Specifically, 
significant intergroup differences were observed in: Vastus medialis 
from the beginning of the single support phase to 42.2% of the phase 
(t = 4.366, p < 0.001); Vastus lateralis up to 41.5% of the single support 
phase (t = 8.932, p < 0.001); Vastus intermedius from the beginning to 
34.0% of the single support phase (t = 4.283, p < 0.001); Rectus 
femoris from the beginning to 11.2% of the single support phase 
(t = 8.153, p < 0.001).

SPM{t} analysis results (Figure 6) show selective differences in the 
muscle force of the hamstrings between different stair ascent modes. 
Specifically, the biceps femoris long head exhibited significant muscle 
force differences between the single-step and double-step modes from 
the beginning of the single support phase to 11.6% of the phase 
(t = 5.771, p < 0.001). However, no significant intergroup differences 
were observed for the biceps femoris short head, semimembranosus, 
semitendinosus, or gastrocnemius (p > 0.05) in the statistical tests.

4 Discussion and analysis

This study, based on OpenSim simulation technology, aims to 
investigate the differential effects of single-step and double-step modes 
on gait cycle, kinematics, joint reaction forces, and muscle force 
characteristics during stair climbing. The primary focus is to reveal 
the biomechanical load differences in the knee joint across different 
stair ascent modes, providing biomechanical insights relevant to fall 

TABLE 1  Muscle identification and electrode placement.

Name Electrode positions

Medial gastrocnemius Over the maximal muscle bulge 

between the medial femoral epicondyle 

and the calcaneal tuberosity

Lateral gastrocnemius Posterior to the medial femoral 

condyle, 1/3 along the line from the 

fibular head to the calcaneus

Rectus femoris Midpoint of the line between the ASIS 

and the superior patellar pole

Tibialis anterior At 25–33% of the leg length (from knee 

joint line to lateral malleolus), lateral to 

the tibial crest
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prevention, musculoskeletal health maintenance, and rehabilitation 
strategies. The results show significant differences between the single-
step and double-step modes in terms of gait cycle step length, hip joint 
mobility, and muscle force characteristics.

The double-step mode requires a longer stride and greater hip and 
knee joint excursions compared to the single-step mode, reflecting 
higher mechanical demands and the need for coordinated lower limb 
joint control. This adaptation allows the body to overcome the vertical 
displacement of multiple steps simultaneously, necessitating increased 
hip and knee flexion and greater overall joint motion. Previous studies 
have demonstrated that step height, stride length, and obstacle 
characteristics influence lower limb joint angles and moments during 

stair ascent. For instance, Spanjaard et al. reported that step height and 
body mass significantly affect gastrocnemius fascicle behavior during 
stair climbing (26). Sakurai et al. observed that step-over strategies 
change with obstacle depth and height, reflecting age-related and task-
specific adaptations (27). Hennah and Doumas found that dual-task 
or complex walking surfaces induce adaptive changes in step height, 
width, and stride length (28). More recent studies using advanced 
technologies confirm these effects: McCabe et al. reported that larger 
steps increase hip and knee excursions during stair ascent, and Chan 
et  al. observed higher lower limb angular momentum and joint 
excursions in multi-step ascent (29, 30). Riener et al. also highlighted 
that stair inclination and step length modulate joint range of motion 

FIGURE 2

OpenSim simulation workflow.

TABLE 2  Outcome measures derived from OpenSim simulations.

Variable Unit Measurement phase Description

Joint angle ° Single-support phase Hip flexion, Hip adduction, Hip external rotation, Knee flexion, and Ankle dorsiflexion angles

Muscle force N/BW Single-support phase
Vastus medialis, Vastus lateralis, Vastus intermedius, Rectus femoris, Biceps femoris (long and 

short heads), Semimembranosus, Semitendinosus, Medial and Lateral gastrocnemius

Joint reaction force N/BW Single-support phase Knee joint reaction force

Muscle activation % Single-support phase Simulated muscle activation levels obtained from OpenSim’s CMC algorithm

FIGURE 3

Comparison between EMG signals and muscle activation levels obtained by OpenSim optimization algorithms.
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and mechanical requirements (31). In this study, the stair height and 
depth were 15 cm and 29 cm, respectively, which are slightly lower but 
comparable to those commonly used in previous studies, where stair 
height typically ranges from 17 to 21 cm and depth from 28 to 32 cm 
(32, 33). Hiemer et al. demonstrated that even small variations in stair 
dimensions can significantly affect knee kinematics and kinetics, 
indicating that step geometry plays a crucial role in shaping lower-
limb motion strategies (33). Despite the relatively low stair height used 
in the present study, larger hip and knee joint excursions were 
observed, which may be  attributed to the double-step mode that 
increases mechanical demands by requiring the body to overcome the 
vertical displacement of two steps simultaneously. This suggests that 
the observed kinematic differences are influenced not only by step 
geometry but also by the specific biomechanical requirements of the 
double-step mode. Together, these findings suggest that the 

double-step mode imposes greater biomechanical demands, requiring 
increased flexibility, stability, and control in the lower limb joints to 
ensure safe and efficient stair ascent. These adaptations not only reflect 
biomechanical efficiency but also offer valuable guidance for designing 
stair-climbing–based exercise or rehabilitation programs aimed at 
improving lower-limb muscle force and coordination.

Brach and Fujikawa’s studies pointed out that a larger knee flexion 
angle can improve mechanical leverage by elongating the quadriceps, 
thereby reducing quadriceps muscle force during stair climbing and 
enhancing the support capability of the lower limbs (34, 35). However, 
this study found that in the early phase of the single support, the knee 
flexion angle was significantly larger in the double-step mode, yet the 
quadriceps muscle force increased. This may be partially explained by 
the greater step length in the double-step mode, which could increase 
landing impact forces and consequently require higher quadriceps 

FIGURE 4

Comparison of knee flexion angle and knee joint reaction force under different stair walking modes. Black line represents the single-step mode, and 
red line represents the double-step mode.

TABLE 3  Basic characteristics of the gait cycle.

Parameter Single-step mode Double-step mode t p

Walking speed (m/s) 0.68 ± 0.08 0.72 ± 0.08 −0.754 0.477

Cadence (steps/min) 107.40 ± 7.53 107.4 ± 9.37 0.000 1.000

Average step length (m) 0.74 ± 0.11 1.39 ± 0.04 −9.810 0.001

Step width (m) 0.12 ± 0.02 0.15 ± 0.03 −1.504 0.207

Stance time (s) 0.15 ± 0.02 0.15 ± 0.03 0.173 0.871

Stance phase percentage (%) 63.20 ± 2.01 62.77 ± 1.28 −0.466 0.666

Swing phase percentage (%) 36.80 ± 2.01 37.22 ± 1.28 −0.466 0.666

TABLE 4  Range of motion of joints during the single support phase.

Parameter Single-step mode Double-step mode t p

Hip flexion (°) 30.02 ± 5.94 51.26 ± 8.34 −6.816 0.002

Hip adduction (°) 6.22 ± 3.15 6.46 ± 2.80 −0.143 0.893

Hip external rotation (°) 5.74 ± 2.80 8.64 ± 4.56 −1.262 0.296

Knee flexion (°) 40.70 ± 5.63 51.88 ± 9.87 −4.08 0.015

Ankle dorsiflexion (°) 11.70 ± 3.32 8.31 ± 4.37 2.436 0.072
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output to control and propel the body. Although eccentric and 
concentric mechanisms may be  involved, this interpretation should 
be regarded as hypothetical since direct activation or joint moment data 
were not analyzed in this study (2, 3, 5). This phenomenon suggests that 
while a moderate increase in knee flexion angle may help enhance lower 
limb support, factors like step length variation and impact force 
absorption during stair climbing can increase the load on the quadriceps. 
Knee joint reaction forces did not differ significantly between the single-
step and double-step modes. Nevertheless, a non-significant trend 
toward higher peak forces was observed in the double-step mode (7.38 
BW vs. 5.29 BW in the single-step mode), which may be  partially 
attributed to increased step length and quadriceps muscle force, leading 
to a forward shift of the center of mass and greater loading demands on 
the stance leg during the single-support phase (2, 3, 36). Comparatively, 
in vivo measurements of tibiofemoral contact forces using instrumented 
knee implants report peak resultant forces of approximately 3.16 BW 
during stair ascent and up to 3.46 BW during stair descent in five 
subjects (37, 38). While our simulation values exceed these in-vivo 
measurements, the relative increase observed in the double-step mode 
aligns with the trend reported in previous studies. The differences may 
stem from model assumptions, stair geometry, and participant loading 
conditions. Therefore, understanding the mechanical implications of 
different stair-climbing modes can inform the development of tailored 

exercise prescriptions that balance training benefits with joint protection, 
particularly for older adults or individuals with knee disorders.

Additionally, in the double-step mode, the muscle forces of the 
quadriceps components—including vastus medialis, vastus lateralis, 
vastus intermedius, and rectus femoris—significantly increased during 
the early phase of the single-support phase. This suggests that the 
quadriceps exert greater eccentric control to counteract larger impact 
forces and maintain knee stability (39, 40). Notably, the vastus medialis 
showed a marked increase from the beginning to 42.2% of the single-
support phase, likely related to higher external rotation torque caused 
by the longer step length. As the vastus medialis primarily prevents 
lateral patellar displacement, its increased activation may help 
maintain knee joint stability (41). Overall, the activation levels of 
quadriceps components vary according to gait characteristics and 
stair-walking mode.

Similarly, significant differences in muscle force were observed in 
the vastus lateralis from the beginning of the single-support phase to 
the 41.5% phase. This may be due to the increased activation of the 
vastus medialis in response to the external rotation torque, which 
leads to a greater need for cooperation from the vastus lateralis. As a 
result, the vastus lateralis must achieve higher activation levels to 
maintain knee joint symmetry and balance (42). This finding is partly 
consistent with the results of Akima et al. (43), who used functional 

FIGURE 5

Muscle force curves of vastus medialis, vastus lateralis, vastus intermedius, and rectus femoris in different stair ascent modes. Black line represents the 
single-step mode, and red line represents the double-step mode.
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MRI to analyze motor unit recruitment and neuromuscular 
metabolism during isokinetic concentric knee extension. While their 
study involved controlled, single-joint contractions, the present 
research examines dynamic stair-climbing conditions. Nevertheless, 
their observation that the vastus medialis and vastus lateralis are 
activated synergistically may provide insight into the coordination of 
quadriceps components, helping to maintain patellar stability during 
complex lower-limb movements (40, 44).

Additionally, significant differences were observed in the vastus 
intermedius from the beginning of the single-support phase to the 
34.0% phase. This muscle, located on the front of the femur, primarily 
functions in knee extension. In the double-step mode, due to the 
increased knee flexion angle, the vastus intermedius needs to exert 
more force to complete a greater range of extension. Notably, 
significant differences in the rectus femoris only appeared from the 
beginning of the single-support phase to the 11.2% phase. As the 
rectus femoris is a bi-joint muscle, it also bears additional hip flexion 
load in the double-step mode, resulting in a higher muscle force 
requirement during the initial phase of the single-support phase. This 
emphasizes the importance of maintaining balanced quadriceps 
muscle force and neuromuscular coordination in stair-related 
movements to reduce the risk of patellofemoral pain or instability.

In contrast to the significant differences observed in the 
quadriceps, the selective activation of the hamstring muscles was more 
limited. Only the long head of the biceps femoris exhibited significant 
inter-group differences during the early phase of the single-support 
phase. The long head of the biceps femoris, a bi-joint muscle, is 
involved in both knee flexion and hip extension. In the double-step 
mode, the increased step length necessitates a larger hip extension 
angle, which increases the activation demand of the long head of the 
biceps femoris. However, the short head of the biceps femoris, 
semimembranosus, semitendinosus, and gastrocnemius did not show 

significant inter-group differences in statistical tests. This may 
be because these muscles primarily contribute to knee joint stability 
during the single-support phase by controlling flexion and rotation, 
rather than providing primary power output, as supported by previous 
studies on hamstring and gastrocnemius function (4, 45). In contrast, 
the quadriceps muscles play a more dominant role during this phase, 
with their synergistic activation contributing to both knee stability 
and power regulation. These findings underscore the need to 
incorporate both quadriceps and hamstring coactivation strategies in 
functional training to enhance knee stability and reduce 
overuse injuries.

In summary, in the double-step mode, the foot contact point is 
higher, and the impact force is greater. The quadriceps must generate 
greater muscle force, which likely helps support knee stability and 
attenuate joint loading. In contrast, hamstring muscle forces did not 
differ significantly between the two stair descent modes during the 
single-support phase.

From a public health perspective, these biomechanical insights 
may provide theoretical support for developing stair-based exercise 
strategies aimed at enhancing lower-limb muscle function and 
promoting safe mobility. For healthy individuals or athletes, 
incorporating Double-Step Mode may elicit distinct activation 
patterns in the quadriceps and hamstrings, which could have 
implications for dynamic knee stability. However, for individuals with 
knee joint injury or degeneration, single-step mode may help reduce 
joint loading, minimize muscle fatigue, and lower injury risk. Overall, 
tailoring stair-climbing patterns to individual physical conditions may 
help support long-term musculoskeletal health.

Several limitations should be acknowledged in this study. First, 
the sample was homogeneous, consisting only of healthy young males, 
which may limit the generalizability of the findings to females, older 
adults, or clinical populations. Second, the musculoskeletal 

FIGURE 6

Muscle force curves of biceps femoris, semimembranosus, semitendinosus, and gastrocnemius in different stair ascent modes. Black line represents 
the single-step mode, and red line represents the double-step mode.
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simulations were based on the generic Gait2392 model, which has 
simplified knee mechanics and a limited number of muscles; while 
this model is widely used and reliable for general musculoskeletal 
simulations, higher-fidelity models may provide additional insights in 
future studies. Third, the validation of simulated muscle forces using 
surface EMG was limited to four muscles—the rectus femoris, tibialis 
anterior, medial gastrocnemius, and lateral gastrocnemius. Although 
the hamstrings were not directly measured, changes in the measured 
muscles partially reflect the functional patterns of major knee-joint 
muscles. Finally, while OpenSim provides detailed estimates of muscle 
forces, such simulations require motion capture systems, force 
platforms, and modeling expertise that may not be readily available in 
typical clinical settings; more clinically accessible tools (e.g., portable 
EMG or wearable sensors) could be explored as potential alternatives 
for evaluating knee muscle function in routine practice.

Building on the current findings, future studies could prioritize 
stair descent analysis and investigation of clinical populations with 
knee disorders. Stair descent imposes unique biomechanical 
challenges compared to ascent, including increased eccentric loading 
of peri-knee muscles, higher joint reaction forces during early stance, 
and greater demands on dynamic balance to maintain stability. 
Examining these factors in healthy adults would provide fundamental 
insights into knee joint control strategies under higher-demand 
conditions. Extending this research to clinical populations, such as 
individuals with osteoarthritis or post-surgical knee recovery, could 
elucidate how pathological adaptations affect muscle activation 
patterns, joint loading, and stability during stair locomotion. 
Understanding these adaptations is crucial for designing evidence-
based rehabilitation programs and targeted exercise interventions 
aimed at minimizing knee joint stress and preventing falls.

5 Conclusion

This study, using OpenSim simulation, examined the effects of 
single-step mode and double-step mode of stair walking on gait 
kinematics, joint reaction forces, and peri-knee muscle force. The 
double-step mode increased step length and hip mobility and induced 
greater quadriceps muscle force, while knee joint reaction forces 
showed no significant difference between modes. These findings 
suggest that the double-step mode imposes higher muscular demands 
for movement control, which may contribute to maintaining knee 
stability rather than indicating increased joint loading. From a public 
health perspective, stair walking may serve as a beneficial functional 
activity to maintain lower-limb strength and support balance ability, 
single-step mode may be  more suitable for individuals with knee 
impairments to reduce joint stress and support safe rehabilitation.
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