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This study aims to elucidate the biomechanical effects of varying spring‐loaded knee brace (SLKB) 
stiffness on knee joint mechanics. This study combined musculoskeletal modeling with a direct 
collocation optimal control framework to perform a predictive simulation of walking under varied SLKB 
stiffness (0–1.0 Nm/deg), walking speeds (1.1–1.5 m/s), and slopes (level, 5°/10° uphill and downhill). 
A multi‐term cost function minimized metabolic energy, muscle activation rates, actuator excitations, 
joint accelerations, and joint‐limit penalties, yielding physiologically realistic trajectories that satisfied 
dynamic, path, and boundary constraints. Low‐stiffness SLKBs closely matched the no‐brace baseline, 
whereas increasing stiffness progressively restricted knee range of motion, induced minimal ground 
reaction force changes except under incline conditions, elevated knee flexor activations (biceps 
femoris, lateral gastrocnemius) for foot clearance, and reduced vastus medialis activity during inclined 
and declined walking. Crucially, medium to high‐stiffness SLKBs produced consistent early‐stance 
unloading of the knee vertical joint reaction force—up to 29.3% reduction uphill and 23.6% reduction 
downhill—although unloading effects attenuated or reversed in mid‐ and late‐stance. Increasing SLKB 
stiffness influenced knee kinematics and muscle activations, with phase‑ and condition‑dependent 
unloading effects, particularly during uphill walking. These findings suggest potential benefits 
for knee osteoarthritis, warranting in vivo validation and the development of subject‐specific, 
condition‑adaptive designs.
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The knee joint is essential for human mobility. Anatomically, the knee joint comprises the femur, tibia and patella, 
together with ligaments that stabilize the joint and surrounding muscles such as the quadriceps, hamstrings and 
gastrocnemius, all of which contribute to the distribution and magnitude of loads experienced by the joint. These 
complex structure enables load-bearing and accommodates a wide range of motions required for daily activities, 
including ambulation across varied terrains and negotiation of inclines and declines. Degenerative conditions, 
particularly osteoarthritis, account for the majority of knee complaints. A recent systematic analysis projected 
that by 2050 knee osteoarthritis will affect over 642 million individuals worldwide, thereby imposing substantial 
socioeconomic burdens1. To support the joint, alleviate pain, and enhance stability, clinicians commonly 
prescribe knee braces2,3. Among these devices, spring-loaded knee braces (SLKBs) have emerged as innovative 
orthopedic aids that provide dynamic mechanical assistance. Each SLKB integrates a spring-loaded hinge that 
stores energy during knee flexion and releases it during extension, thereby delivering an extension-assistive 
moment that reduces joint loading across tibiofemoral compartments. This mechanism not only alleviates 
symptoms in conditions such as osteoarthritis, meniscal tears, and ligament injuries but also augments muscular 
support during activities like stair climbing, squatting, and walking. Crucially, the efficacy of SLKBs depends on 
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their mechanical characteristics—particularly hinge stiffness—and the interaction of these properties with the 
knee’s natural kinematics.

However, the interaction between SLKB stiffness and walking speed—and their combined impact on intra-
articular forces and kinematic patterns—remains poorly understood. As walking speed increases, ground 
reaction forces (GRFs), muscle-generated loads, and inertial contributions undergo substantial changes4, 
potentially altering the assistive or restrictive functions of SLKBs. Excessive hinge stiffness may impede 
physiological knee flexion and extension, leading to compensatory muscle activation or accelerated joint wear, 
whereas insufficient stiffness might fail to attenuate injurious loads during high-speed activities. Addressing 
this trade-off necessitates a simulation framework capable of realistically replicating the dynamic conditions 
encountered in daily locomotion.

Recent investigations have advanced our understanding of knee-brace biomechanics. Experimental trials 
have demonstrated that bracing can enhance joint stability and reduce pain, and biomechanical analyses have 
shown reductions in joint torque and contact forces during various movements5,6. While in vivo measurement 
of knee joint forces offers valuable insights for gait analysis, its reliance on invasive sensor implantation restricts 
widespread application7,8. Conversely, prior computational studies have primarily focused on isolated knee 
flexion–extension motions, with limited exploration of SLKB performance during functional tasks such as 
walking9,10. Moreover, few studies have concurrently examined the influence of brace stiffness and gait velocity 
within a unified simulation environment. This knowledge gap is critical, as an effective knee brace must perform 
reliably across diverse dynamic scenarios representative of daily life.

Computational simulation offers a noninvasive, highly controllable means to investigate joint mechanics 
under conditions that are difficult or impractical to reproduce experimentally. It enables systematic variation of 
parameters such as joint geometry and walking conditions, while capturing detailed muscle and contact force 
responses11–13. A central feature of our approach is predictive simulation enabled by the direct collocation method. 
Unlike traditional simulation techniques that relied on iterative approximations and simplifying assumptions, 
direct collocation provides a robust framework for managing the complex, multidimensional variables inherent 
in human motion14. Moreover, while clinical assessments focus largely on subjective pain metrics and gross 
functional scales, objective quantification of internal joint loading through noninvasive computational modeling 
remains relatively rare. Direct collocation methods present an opportunity to bridge this gap by enabling high‐
fidelity simulation of muscle and ligament contributions under diverse loading scenarios. This method discretizes 
the gait cycle into finite segments, enabling simultaneous optimization of state and control variables throughout 
the motion15. We implemented direct collocation within a detailed musculoskeletal model of normal walking, 
systematically varying walking speed and SLKB stiffness. This framework captures rapid, subtle variations in 
joint kinematics and muscle activations that occur during everyday activities.

Research on knee brace biomechanics has employed a variety of methodological approaches, yet many prior 
investigations have been limited in scope. Experimental gait analyses have often focused on the effects of limited 
commercial brace designs, reporting changes in joint kinematics or GRFs under level‐walking conditions16. 
Computational studies, particularly those using finite element methods, have largely concentrated on quasi‐
static evaluations of brace–limb interaction, providing valuable insights into localized stress distributions but 
offering limited information on dynamic gait performance with active muscle involvement17,18. Stoltze et al19. 
examined an unloading knee brace in patients with knee osteoarthritis at self‐selected walking speeds, without 
assessing controlled gait speeds or varied slope conditions. Other biomechanical assessments have investigated 
brace function during discrete, high‐demand tasks such as jumping or squatting, but have not systematically 
controlled walking speed or explored a broader range of locomotor conditions10,20,21. Scenarios common to 
daily life—such as uphill and downhill walking while wearing a knee brace—have not been extensively studied, 
despite their clear relevance to brace performance and user mobility. The present study addresses these gaps by 
employing a validated full‐body musculoskeletal model to systematically vary SLKB stiffness across multiple 
controlled walking speeds and slope conditions, enabling a comprehensive evaluation of kinematics, GRFs, and 
muscle activations in gait contexts that closely reflect real‐world demands.

This study aims to elucidate the biomechanical effects of varying SLKB stiffness on knee joint mechanics. 
We integrated musculoskeletal modeling with direct collocation optimization to simulate normal gait across a 
spectrum of walking speeds and brace stiffness configurations. By isolating the individual contributions of speed 
and stiffness, our approach quantifies detailed outcomes—joint angles, internal forces, and muscle activations—
to reveal how stiffness modulates tibiofemoral loading. These insights can guide the design of more effective 
spring-loaded knee braces and inform clinical decision-making.

Methods
In this study, we simulated the biomechanical effects of spring-loaded knee braces (SLKBs) with varying stiffness 
on level and inclined walking at different speeds. We integrated an open-source musculoskeletal model with 
a direct collocation optimal control framework for multibody dynamics simulation (Fig.  1). Our approach 
generated physiologically realistic gait trajectories that satisfied dynamic constraints while systematically 
accounting for variations in SLKB stiffness.

The optimal control problem was formulated by defining state variables—including joint positions and 
velocities for all degrees of freedom (DoFs), normalized tendon forces, and muscle (or torque-actuator) 
activations—and control variables such as the time derivatives of muscle activations, torque-actuator excitations, 
joint accelerations, and tendon force rates. The system dynamics are governed by

	 M (q) q̈ + C (q, q̇) + G (q) = τ
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where M (q) is the mass matrix, C (q, q̇) incorporates Coriolis and centrifugal effects, G (q) represents 
gravitational forces, and τ  denotes the generated torques and external force such as GRFs. In addition to dynamic 
constraints, we enforced a series of path constraints to guarantee physiological fidelity at every point in the gait 
cycle within the direct collocation framework. Muscle activations and torque‐actuator excitations were limited 
between zero and one, preventing nonphysical levels of neural drive or assistive torque. Joint kinematics—such 
as hip, knee, and ankle angles and angular velocities—were confined to anatomically defined ranges derived 
from cadaveric studies and in vivo measurements, thereby avoiding hyperextension or impingement14. Muscle‐
tendon forces were also bounded by their maximum isometric and dynamic capabilities, ensuring that fibers 
did not generate implausible loads. In addition to the path constraints described above, we enforced boundary 
conditions that captured the symmetry of a half-cycle walking simulation. Specifically, the generalized 
coordinates and velocities at the end of the simulated half-cycle were set to mirror those at the start, with left 
and right limb joint angles swapped and angular velocities sign-reversed to reflect contra-lateral symmetry. The 
horizontal pelvis translation advanced by half the prescribed stride length, ensuring that the average forward 
velocity over the half-cycle equaled the target walking speed. Finally, we adjusted the gravity vector orientation 
to represent level, uphill, or downhill slopes, guaranteeing that foot–ground interactions corresponded to the 
intended incline.

Our simulation framework was constructed upon an open-source musculoskeletal model (Primary model) 
that represents the entire lower extremity based on OpenSim 2392 model, along with a torque-actuated upper 
body constructed by Falisse et al.,22,23. The musculoskeletal model has been validated in terms of GRFs, joint 
dynamics, and muscle activation patterns under various walking speeds14,23. The musculoskeletal model 
comprises 20 rigid body segments, including the pelvis, trunk, bilateral femurs, tibias, taluses, calcanei, foot 
segments, as well as upper limb segments such as the humeri, forearms, and hands. It features a total of 31 
degrees of freedom, incorporating a 6‑DoF pelvic root, bilateral hip joints with 3 DoF each, knee joints with 
1 DoF each, ankle joints with 1 DoF each, subtalar and metatarsophalangeal joints with 1 DoF each per side, 
a 3‑DoF lumbosacral joint, and shoulder and elbow joints. In the model, each foot was represented by two 
segments, the forefoot and the toes. The forefoot contains four distributed contact sphere elements, while the 
toe segment includes two contact sphere elements according to Falisse et al.23. Ninety-two muscle–tendon units 
actuate the lower limbs, and several ideal torque motors assist the upper limb joints. To simulate foot–ground 
contact, six contact spheres are affixed to each foot with Hunt-Crossley model to represent contact force14,24. The 
skeletal segments are defined with physiological inertial properties, and the overall body mass is set at 62 kg. 
Muscle activation dynamics were modeled using established neural excitation and force-production models 
with polynomial approximations for muscle moment arms14,25.

In this study, we varied three experimental factors—SLKB stiffness, walking speed, and slope angle—to assess 
their combined effects on gait biomechanics. Previous studies have reported knee‑brace stiffness values in the 
range of approximately 0.05 to 0.3 Nm/deg9,10,26,27, based on experimental measurements and manufacturer 
specifications. Guided by these findings, we selected SLKB stiffness levels of 0.05, 0.10 and 0.25 Nm/deg to 
represent the lower, mid, and upper bounds of the reported range. In addition, higher stiffness levels of 0.50 and 
1.00 Nm/deg were included to enable parametric exploration of brace performance, thereby assessing potential 
effects under more extreme assistive conditions. The SLKB was set with bidirectional elasticity, enabling it 
to generate supportive moments during both knee flexion and extension. The typical walking speed is about 
1.3 m/s28. Thus, we tested velocities of 1.1, 1.2, 1.3, 1.4, and 1.5 m/s to encompass the range encountered in 
daily activities. To examine incline effects, we conducted gait simulations on 5° and 10° uphill and downhill 
slopes. Trials without an SLKB (0 Nm/deg stiffness) served as the baseline condition, as this configuration has 
been validated to reproduce physiologically natural walking mechanics14. Additionally, to capture variability in 
body morphology across individuals, a set of ten skeletal models was derived from a SKEL-based framework29. 
Sampling was guided by the principal morphological dimensions, yielding a balanced representation of male and 
female body shapes. These models were subsequently aligned with the OpenSim musculoskeletal environment 
to generate individualized simulations. The sampled cohort had an average height of approximately 1.71 ± 0.08 m 
and a mean body mass of 71.4 ± 13.5 kg. The resulting models were then employed to examine gait dynamics 
under the two extreme brace stiffness levels (0 and 1.0 Nm/deg).

Figure. 1..  Simulation conditions and optimization scheme.
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Central to our optimal control formulation is the cost function, which seeks to minimize a weighted 
combination of biomechanical criteria. In musculoskeletal simulations, the cost function is designed to capture 
essential biomechanical and physiological principles. In this study, the energy term estimates the metabolic 
power needed for muscle activation, force production, and posture maintenance under different loading 
conditions, which encourages movement patterns that mirror the energy‐efficient strategies humans naturally 
employ. The regularization terms on control inputs and on the derivatives of state variables smooth out neural 
command signals and kinematic transitions to reflect the limited rate at which muscle excitation can change 
and the viscoelastic damping behavior of muscle–tendon complexes. The joint limit penalty assigns large costs 
to configurations that exceed anatomical ranges, ensuring that joint angles stay within safe, physiologically 
plausible limits. Together, these elements drive the optimizer to generate motion trajectories that reproduce 
walking kinematics and kinetics while respecting the energetic economy, neuromuscular control constraints, 
and anatomical boundaries inherent in real human movement14. Mathematically, the cost function is expressed 
as

	
J =

tf

∫
0

(
w1Ė2 + w2a2 + w3e2

a + w4u2
a + w5T 2

p

)
dt

where tf  is the gait cycle duration, Ė denotes the metabolic energy rate, a is the muscle activation rate, ea 
represents the excitation for the torque actuators, ua denotes joint acceleration, Tp corresponds to passive 
torques arising from joint limits, and w1−5 are empirically tuned weights (500, 2000, 1 000 000, 50 000, and 
1000, respectively) to ensure that simulated energetic and kinematic characteristics align with experimental 
observations. An additional sensitivity analysis was performed by varying w1−5 by ± 50% in gait simulations 
with varying brace stiffness on 5° and 10° uphill slopes.

The entire computational workflow was implemented in Python. We leveraged the CasADi library to 
symbolically formulate the optimal control problem and to perform algorithmic differentiation and direct 
collocation on muscle‐driven dynamics30. This optimization engine was then connected to OpenSimAD, 
a differentiable extension of the OpenSim simulation framework, which provides analytic gradients of 
musculoskeletal model outputs with respect to states and controls31. By using CasADi’s efficient solver 
infrastructure with OpenSimAD’s gradient, a fully differentiable pipeline was established for computing energy‐
optimal muscle excitations and joint kinematics. We discretized the half-gait cycle into 50 nodes using third‐
order polynomial interpolation to capture critical events such as heel strike and heel‐off. An initial guess for 
state and control trajectories was generated from experimental walking datasets, providing a reliable starting 
point14. The resulting nonlinear programming (NLP) problem—comprising decision variables, dynamic and 
path constraints, and boundary conditions—was solved via the IPOPT interior‐point algorithm until achieving 
an optimality‐gap tolerance of 1 × 10⁻332.

After simulation, we reconstructed the half‐cycle outputs into a full gait cycle spanning one right foot contact 
to the next. We then extracted key biomechanical metrics: joint kinematics (hip, knee, and ankle flexion/
extension angles), three‐dimensional GRFs, temporal profiles of muscle activations, and joint reaction forces 
(JRFs) computed through OpenSim’s joint reaction analysis33.

Simulations were executed on a high‐performance laptop equipped with an AMD Ryzen 9 7945HX 
processor and 64  GB of RAM. This integrated methodological framework enabled a rigorous assessment of 
SLKB biomechanical impacts across diverse conditions, yielding insights pertinent to clinical interventions and 
device engineering.

Results
In level walking simulations, models with lower SLKB stiffness produced joint kinematics similar to the baseline 
condition (Fig.  2). As SLKB stiffness increased, the knee’s range of motion decreased markedly (Fig.  3). At 
1.3 m/s, the average knee extension angle over one gait cycle was –22.2°, –21.2°, –20.2°, –17.8°, –18.8°, and –9.4° 
for SLKB stiffness values of 0, 0.05, 0.10, 0.25, 0.50, and 1.00 Nm/deg, respectively. Compared with level walking, 
both average hip and knee angles increased during 5° and 10° uphill as well as 10° downhill walking.

SLKBs with low stiffness exhibited minimal deviations from baseline GRFs in the normal direction (Fig. 2). 
During 1.3 m/s walking on a 5° uphill slope, the first peak of the normal GRF decreased for SLKB stiffnesses 
of 0.10, 0.25, 0.50, and 1.00 Nm/deg relative to baseline. On a 10° uphill slope at the same speed, only the 
1.00 Nm/deg configuration produced a smaller first peak of the normal GRF compared with baseline. Due to 
the application of the knee brace, both kinematics and GRFs were altered, which in turn led to corresponding 
changes in the computed net joint moments, as illustrated in Fig. 4.

High-stiffness SLKBs induced larger changes in muscle activation and muscle force patterns compared with 
the no-brace baseline (Figs. 5 and 6). Most SLKB configurations increased the mean activation of knee flexors—
including the short head of the biceps femoris, and the lateral gastrocnemius. In contrast, during 5° uphill, 10° 
uphill, and 10° downhill walking, SLKBs reduced activation of the knee extensor, e.g., vastus medialis.

The peak knee joint reaction force predicted by the primary model was comparable to that reported in the 
datasets34 for a subject whose height, body mass, and walking speed were similar to those of the model used 
in this study (Fig. 7). Since SLKB substantially altered both kinematic and kinetic patterns, conventional gait-
cycle segmentation was no longer applicable. Based on the GRF profiles observed in this study, we divided the 
vertical JRF into three stance-phase intervals (0–20%, 20–40%, and 40–60%) to approximate the early, mid-, and 
late-stance phases for convenience (Figs. 7 and 8). During the 0–20% phase of the gait cycle, 5° uphill walking 
produced average knee joint vertical JRF changes of + 0.2%, − 2.3%, − 18.3%, − 21.9%, and − 29.3% relative to 
baseline for SLKB stiffnesses of 0.05, 0.10, 0.25, 0.50, and 1.00 Nm/deg, respectively. In 10° uphill walking, 
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the corresponding changes were − 0.5%, − 1.1%, − 3.4%, − 7.2%, and − 22.9%. Sensitivity analysis revealed that 
varying the weights of cost function by ± 50% show consistent unloading effect of brace with 0.5 Nm/deg and 1.0 
Nm/deg stiffness in uphill walking during the 0–20% phase of the gait cycle (See Supplementary Information). 
For 5° downhill walking, average knee joint vertical JRF changes were + 0.6%, − 2.2%, − 3.4%, − 5.8%, and − 10.4%, 
whereas 10° downhill walking yielded − 1.3%, − 6.2%, − 13.7%, − 19.2%, and − 23.6%. During the 20–40% phase, 
the unloading effect of knee joint was attenuated and was absent at 1.00 Nm/deg SLKB stiffness during downhill 
walking. During the 40–60% phase, SLKB generally increased vertical JRFs of knee joint compared with baseline 
(Fig. 8).

Discussion
This study leveraged musculoskeletal modeling integrated with direct collocation optimization to simulate 
normal walking under varied conditions and SLKB stiffness configurations. Previous knee‐brace studies have 
predominantly investigated motions involving large knee‐flexion angles9,20. By contrast, this work systematically 
evaluated SLKB effects on walking at various speeds and on uphill and downhill slopes. The results demonstrated 
how different brace designs influence knee mechanics during gait. These findings lay the groundwork for more 
tailored and effective interventions using SLKBs or similar knee-assistive devices.

One significant effect of SLKBs is their joint-limiting function. We found that SLKBs not only significantly 
reduced the knee’s range of motion but also altered hip excursion, reflecting the cooperative action of these 
joints. During level-ground walking, the joint-limiting effect became more pronounced with increasing SLKB 
stiffness. However, knee flexion during the swing phase is essential for foot clearance35. To overcome SLKB 
resistance and achieve adequate flexion, we observed increased activation of knee flexor muscles—specifically 
the biceps femoris (short head) and lateral gastrocnemius—relative to the no-brace baseline in most level-ground 
scenarios. Therefore, SLKBs with high linear stiffness may not be ideal for effortless level-ground ambulation. 

Figure. 2..  Kinematics and normal component of the ground reaction force (GRF) in various walking 
conditions with different knee brace stiffness predicted by primary model.
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Conversely, when the goal is to restrict the knee near a neutral position—for example, in the management of 
bone fractures or ACL/PCL injuries—SLKBs could be beneficial.

This study found that SLKBs reduced the first peak of knee joint vertical JRF during level-ground walking. 
This outcome aligns with previous work reporting a 7.9% reduction in peak vasti muscle activation and up to 
a 26.3% decrease in the first peak of knee compressive force when using a knee brace36. Theoretically, knee JRF 
arises from the combination of foot–ground impact and muscle force loading across the joint. In the unbraced 
condition, knee extensor muscles act like a spring to attenuate impact during foot contact37. By defining the 
SLKB’s neutral angle as an unloaded spring position, the device can partially assume the role of the extensor 
muscles, thereby lowering knee joint vertical JRF. Similar unloading effects have been observed in studies of 
SLKB-assisted push-off and sit-to-stand movements9,20. However, during walking, the brief duration and modest 
magnitude of knee flexion induced by foot contact limit SLKB efficacy. In our simulations of level-ground gait, 
low-stiffness SLKBs failed to consistently reduce the first vertical JRF peak of knee joint, and only the 1.0 Nm/
deg configuration achieved reliable unloading during the early-stance phase. Moreover, during mid- and late-

Figure. 3..  Averaged kinematics of various walking conditions with different knee brace stiffness. Bars 
show the predictions of the primary model. Horizontal markers and lines denote mean ± standard deviation 
predicted by additional models under two extreme brace stiffness levels (0 and 1.0 Nm/deg).
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stance phase—particularly at higher walking speeds—SLKBs tended to increase vertical JRF of knee joint. 
These findings indicate that SLKB-mediated reduction of the first JRF peak of knee joint is neither robust nor 
pronounced in level-ground walking. This theoretical insight helps explain why patients with knee osteoarthritis 
may not experience immediate pain relief from SLKB36, and underscores the need for condition-adaptive knee-
brace designs.

We also observed that medium and high-stiffness SLKBs reduced the first vertical JRF peak of knee joint 
during downhill walking. Although this unloading effect was smaller than that seen in uphill walking, it 
remained consistent across 5° and 10° declines. Downhill gait induces greater knee flexion angles than level 
walking38, requiring stronger activation of knee extensors to return the joint to neutral. Under these conditions, 
the SLKB augments extensor torque and diminishes knee JRF. Similar to level walking, the unloading effect of 
knee joint dissipated or became inconsistent during the mid- and late-stance phases, indicating limited benefit 
of SLKBs in the later phases of downhill gait.

Figure. 4..  Joint moment in various walking conditions with different knee brace stiffness predicted by 
primary model.
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The core finding of this study is that SLKBs reduced the first impact peak of knee joint vertical JRF during 
uphill walking. The knee naturally flexes more during uphill gait than in level‐ground walking39, requiring 
increased work by the knee extensor muscles. Our muscle activation data corroborated this result, in which 
vastus medialis activity in the no‐brace condition was higher during the early-stance phase of uphill walking 
compared with level‐ground gait. Under these conditions, SLKBs provided greater assistance in reducing the 
JRF generated by the extensor muscles. Moreover, this unloading effect remained consistent across both 5° 
and 10° uphill slopes and across the most SLKB stiffness levels tested. These results suggest that SLKBs could 
help unload the knee joint for patients with knee osteoarthritis during uphill ambulation. On the other hand, 
because knee osteoarthritis pain can be patello-femoral driven, changes in knee flexion angle may influence the 
patellar moment arm and quadriceps force. Accordingly, reductions in tibio-femoral joint reaction forces could 
be accompanied by shifts in patello-femoral loading, which should be taken into account when interpreting the 
overall unloading effects.

Figure. 5..  Averaged muscle activities of various walking conditions with different knee brace stiffness. Bars 
show the predictions of the primary model. Horizontal markers and lines denote mean ± standard deviation 
predicted by additional models under two extreme brace stiffness levels (0 and 1.0 Nm/deg).
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This study has several limitations. First, it relied on computational simulations with a relatively small virtual 
cohort. Future work will incorporate experimental data from a larger and more diverse population to corroborate 
the model predictions, assess inter‐individual variability, and enhance the generalizability of the findings. 
Nevertheless, by systematically varying SLKB stiffness, walking speed, and slope parameters, we generated 
theoretical insights that can guide and streamline the design of subsequent in vivo studies. Second, we employed 
a combined cost function to simulate gait that—while representative of overall physiological demands—may 
not capture individual variations in motor control. Future in vivo research should incorporate subject‐specific 
conditions to better tailor SLKB performance. Another limitation was that real SLKBs may exhibit hysteresis 
and preload, which our current model does not capture. Hysteresis would effectively increase damping and 
could reduce unloading. Quantifying this effect requires experimental brace characterization, which represents 
an important future direction. The findings of this study should be interpreted with appropriate caution. In 
this study, internal quantities such as knee joint reaction forces and muscle forces have not yet been directly 

Figure. 6..  Muscle Force of various walking conditions with different knee brace stiffness predicted by primary 
model.
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compared with in-vivo benchmarks under brace-wearing conditions. However, to strengthen the study, we 
compared our baseline model predictions with in-vivo knee joint reaction force data reported in the literature 
for a similar walking condition. While not identical to the brace-wearing scenario, this comparison provides 
meaningful support for the validity of the baseline model. Future work will incorporate instrumented implant 
data or cadaveric experiments under brace-wearing conditions to further advance internal validation.

In terms of brace modelling, the spring moment is applied directly to the tibio-femoral joint without 
accounting for strap compliance or brace migration. This simplification may lead to an overestimation of the 
external extension moment, particularly during the swing phase when brace migration occurs. As a result, the 
predicted increase in biceps femoris activation may be influenced by the modeling simplifications rather than 
fully representing a physiological response. Future work should incorporate dynamic brace-anchorage behavior, 

Figure. 7..  Vertical joint reaction (JR) force of various walking conditions with different knee brace stiffness 
predicted by primary model. The light blue horizontal band represents the range of peak in vivo knee joint 
reaction forces over a gait cycle, as reported in the datasets34 for a subject with height, body mass, and walking 
speed comparable to those of the model used in this study.
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including strap elasticity and migration effects, to more accurately estimate the transmitted moment and its 
neuromuscular consequences. In terms of knee joint modelling, the 2392 OpenSim model assumes a single 
revolute axis, which provides a simplified representation of knee kinematics. While brace migration could 
introduce frontal and transverse plane moments under high stiffness conditions, the 1-DoF assumption offers 
a tractable framework for analysis. Future work may extend this approach to multi-DoF models to capture 
additional loading components more comprehensively. In this study, direct collocation was selected over 
other predictive locomotion frameworks (e.g., Scone, MyoSim, LocoMuJoCo) for its proven convergence and 
flexibility in incorporating brace‐stiffness parameters within a physiologically detailed musculoskeletal model. 
However, future work could explore these alternative frameworks or integrate emerging AI‐based algorithms to 
further enhance efficiency and adaptability.

Conclusions
This study revealed that increasing SLKB stiffness effectively restricted knee range of motion and altered lower-
limb kinematics, while simultaneously elevating knee flexor muscle activations to preserve foot clearance. The 

Figure. 8..  Averaged vertical joint reaction (JR) force percentage change relative to baseline of knee joint in 
stance phase (0–60% gait cycle). Bars show the predictions of the primary model. Horizontal markers and lines 
denote mean ± standard deviation predicted by additional models under brace stiffness of 1.0 Nm/deg.

 

Scientific Reports |         (2026) 16:3400 11| https://doi.org/10.1038/s41598-025-33424-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


unloading effect was phase‐ and condition‐dependent: only high‐stiffness SLKBs (1.0 Nm/deg) consistently 
reduced the first peak of vertical knee joint reaction force during level‐ground walking, whereas medium to high 
stiffness levels produced robust unloading throughout early stance in uphill ambulation, with more variable 
effects in mid‐ and late‐stance phases and during downhill walking. These findings suggest that targeted use of 
SLKBs—particularly under incline walking conditions—could enhance joint unloading in patients with knee 
osteoarthritis. Future work should validate these theoretical results through in vivo trials and explore subject-
specific, impedance-controlled brace configurations.

Data availability
All data generated or analyzed during this study are included in this published article.
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