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A B S T R A C T

Maintaining appropriate lower-limb joint stiffness is critical for walking performance, as it facilitates tasks such 
as absorbing impact loading, maintaining balance, and providing body support and propulsion. Quasi-stiffness, 
an indirect measure describing the joint moment–angle relationship, is often used to assess joint stiffness during 
walking as it accounts for passive soft tissue stiffness and active muscle force generation. Thus, identifying the 
primary muscle contributors to joint moments and angles can elucidate how muscles are coordinated to maintain 
quasi-stiffness. However, determining individual muscle contributions experimentally is challenging. Therefore, 
the objective of this study was to use musculoskeletal modeling and simulation to identify individual muscle 
contributions to sagittal-plane quasi-stiffness during walking. Simulations of 15 healthy young adults were 
developed and individual muscle contributions to joint moments and angles were determined within discrete 
phases of the gait cycle. As expected, contributors to ankle, knee and hip moments were the primary dorsiflexors/ 
plantarflexors, knee flexors/extensors, and hip flexors/extensors, respectively, as these muscles cross the joint 
and directly contribute to their respective joint moments. However, major contributors to the joint angles also 
included distant and contralateral muscles. Specifically, the hip extensors and ankle dorsiflexors were found to 
contribute to the knee angle (8.4–19.7% and 9.0–17.1% of total muscle contributions, respectively), while 
contralateral hip extensors were found to contribute (16.6–27.2%) to the hip angle. These results highlight the 
role of distant muscles in maintaining quasi-stiffness, and provide a foundation for developing rehabilitation 
strategies and assistive devices to target stiffness impairments in clinical populations.

1. Introduction

Maintaining sufficient joint stiffness is critical for successfully per
forming locomotor tasks, with healthy individuals able to modulate 
dynamic joint stiffness for different task demands (e.g., Bayram and 
Bayram, 2018; Collins et al., 2018; Kern et al., 2019). Previous research 
with lower-limb prostheses has further highlighted the influence of joint 
stiffness on specific biomechanical outcomes of walking. For example, 
studies have found that decreased prosthetic ankle–foot stiffness was 
associated with improved balance control during turning (Shell et al., 
2017) and reduced impact loading during straight-line walking (Major 
et al., 2014). Others have likewise noted that individuals feel more 
stable during weight acceptance with a more compliant prosthesis 
(Perry et al., 1997). Previous studies have also identified prosthetic 
ankle–foot stiffness values that improve kinematic symmetry (Clites 
et al., 2021) and reduce metabolic cost (Zelik et al., 2011). Although 

investigations of prostheses have elucidated the role of overall joint 
stiffness in locomotor performance, it is not clear how individual mus
cles modulate joint stiffness in healthy walking.

Previous studies have correlated muscle activity of the tibialis 
anterior, soleus and gastrocnemius with ankle quasi-stiffness during 
walking (e.g., Sekiguchi et al., 2018, Sekiguchi et al., 2015). However, 
surface electromyography (EMG) cannot elucidate causal relationships 
(Zajac et al., 2002) of how individual muscles contribute to quasi- 
stiffness. Furthermore, these studies did not explore distant and 
contralateral muscles, which can influence joint angles and resulting 
quasi-stiffness through dynamic coupling (Zajac and Gordon, 1989; 
Zajac et al., 2002).

Quasi-stiffness is an indirect, mechanics-based measure that is often 
used to assess dynamic joint stiffness during walking tasks (Collins et al., 
2018; Crenna and Frigo, 2011; Gabriel et al., 2008; Hansen et al., 2004; 
Safaeepour et al., 2014; Shamaei et al., 2013a). Quasi-stiffness is 
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determined experimentally by evaluating the slope of joint 
moment–angle loops during discrete phases of the gait cycle (Crenna 
and Frigo, 2011; Davis and DeLuca, 1996; Hansen et al., 2004; Shamaei 
et al., 2013a). As such, quasi-stiffness does not necessarily describe the 
capacity of the system to store elastic energy, but instead describes the 
resistance of the joint to motion in the presence of an applied force, 
which captures the combined resistance from passive soft tissues and 
active muscle force generation (Davis and DeLuca, 1996; Latash and 
Zatsiorsky, 1993; Rouse et al., 2013). Quasi-stiffness has been used in 
developing assistive devices (e.g., orthoses and prostheses) that augment 
or mimic biological joint mechanics (Au and Herr, 2008; Caputo and 
Collins, 2013; Nigro and Arch, 2023). Therefore, an increased under
standing of how individual muscles contribute to quasi-stiffness during 
healthy walking can help inform the prescription of devices for in
dividuals based on their specific muscle impairments. Furthermore, 
elucidating individual muscle contributions to quasi-stiffness during 
healthy walking can help identify how neuromuscular impairments may 
compromise quasi-stiffness and inform targeted rehabilitation strategies 
to restore healthy walking mechanics.

Previous forward dynamics simulations of walking with altered 
passive hip stiffness identified distant compensations such as increased 
work by the soleus to restore healthy gait patterns (Goldberg and 
Neptune, 2007). However, modifying passive joint stiffness alone does 
not account for altered muscle force generation (e.g., Lee et al., 2019), 
whereas quasi-stiffness captures joint-level mechanics that include both 
passive and active forces. Although it is important to recognize 
compensatory strategies that result from altered joint stiffness, it is not 
clear which muscles contribute to stiffness impairments, which would be 
useful for identifying targets to directly improve impaired joint me
chanics rather than facilitating compensatory responses. Previous work 
investigating foot placement found that muscles on the contralateral 
limb contributed to foot trajectories (Roelker et al., 2019), suggesting 
that distant and contralateral muscles may likewise modulate quasi- 
stiffness through their influence on joint angles. Thus, more research 
is needed to determine 1) which muscles contribute to lower-limb joint 
quasi-stiffness, and 2) how agonist and antagonist muscles are coordi
nated to provide quasi-stiffness (e.g., through joint moment versus joint 
angle modulation).

Neuromusculoskeletal modeling and simulation provides a compu
tational framework for estimating muscle forces and determining 
biomechanical functions that cannot be measured experimentally (e.g., 
Zajac et al., 2002, 2003; Seth et al., 2018). Musculoskeletal modeling 
not only allows identification of individual muscle contributions to the 
net joint moment (e.g., Kipp et al., 2022), but also individual muscle 
contributions to joint angles (Anderson et al., 2004), both of which are 
critical to determining contributions to quasi-stiffness. The objective of 
this study was to use modeling and simulation to determine individual 
muscle contributions to sagittal-plane ankle, knee and hip quasi-stiffness 
during healthy walking in order to help identify how specific muscle 
impairments may lead to dysregulated quasi-stiffness in clinical pop
ulations. While we expected that that the primary contributors to ankle, 
knee and hip quasi-stiffness would be the muscles that cross each joint 
and directly contribute to respective net joint moments, we also ex
pected distant and contralateral muscles to contribute to quasi-stiffness 
by modulating joint angles through dynamic coupling. Understanding 
how lower-limb joint quasi-stiffness is modulated in healthy walking 
will establish a framework for future studies investigating contributions 
to quasi-stiffness for individuals with altered neuromotor control and 
during other locomotor tasks. Furthermore, this work will serve as a 
foundation for developing assistive devices and rehabilitation strategies 
to improve stiffness impairments in clinical populations.

2. Methods

2.1. Experimental data

Previously collected kinematic, kinetic and EMG data (for additional 
details, see Molina et al., 2023) were used to create musculoskeletal 
models and simulations. Fifteen healthy young adults (8 female; age: 25 
± 4 years; height: 169 ± 13 cm; mass: 69 ± 12 kg) completed 30-second 
walking trials on a split-belt instrumented treadmill while walking at 
their self-selected speed. Three-dimensional ground reaction forces 
(GRF) and full-body kinematic data were collected. EMG data were 
collected bilaterally from the following muscles: medial gastrocnemius, 
soleus, tibialis anterior, rectus femoris, vastus medialis, biceps femoris, 
semitendinosus and gluteus medius. For each subject, we determined a 
representative step (heel contact to ipsilateral toe-off; gait events 
determined using vertical GRFs) for the simulation analyses using a 
functional median depth method (Sangeux and Polak, 2015) based on 
GRF and kinematic profiles.

2.2. Musculoskeletal model and simulation

We scaled a full-body musculoskeletal model with 23 degrees of 
freedom and 92 musculotendon actuators to fit the anthropometry of 
each participant using OpenSim 4.4 (Delp et al., 2007; Seth et al., 2018). 
An inverse kinematics (IK) analysis determined joint angles throughout 
the simulated step by solving a weighted least squares problem to 
minimize differences between experimental and model marker trajec
tories (average RMS error: 1.3 cm). We iteratively used a residual 
reduction algorithm (RRA) to make small adjustments to the center-of- 
mass position, segment mass distributions and kinematics from IK to 
reduce dynamic inconsistences with experimental GRF data (Delp et al., 
2007), while ensuring that residual forces and kinematic errors were 
below recommended thresholds (Hicks et al., 2015).We then used 
computed muscle control (CMC) to estimate the muscle excitations that 
track the joint kinematics while applying the GRFs to the center-of- 
pressure of each foot (Thelen et al., 2003; Thelen and Anderson, 
2006). Resulting simulated muscle activations from CMC were 
compared against experimental EMG data to ensure that the muscles 
were generating force at appropriate times. When necessary, excitation 
constraints (e.g., timing and/or magnitude bounds informed by the 
experimental EMG data) were added to the CMC actuators to better 
match the simulated muscle activity with the experimental EMG 
patterns.

Given that quasi-stiffness characterizes the relationship between the 
net joint moment and joint angle during discrete phases of the gait cycle, 
we determined individual muscle contributions to sagittal-plane ankle, 
knee and hip net joint moments as well as individual muscle contribu
tions to the joint angles for previously defined quasi-stiffness phases 
(Table 1, Fig. 1).

Table 1 
Muscle contributions to the net joint moment and angle were computed for 
previously-defined quasi-stiffness phases (Molitor and Neptune, 2024). 
Approximate timing for each phase is reported with respect to a full gait cycle (i. 
e., ipsilateral heel-contact to its subsequent heel-contact).

Joint Phase Approximate % Gait Cycle

Ankle Dorsiflexion 12–35%
Dual-Flexion 35–51%
Plantarflexion 51–65%

Knee Flexion 1–20%
Extenison 20–45%

Hip Extension 40–55%
Flexion 55–65%
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2.3. Individual muscle contributions to net joint moments

To determine individual muscle contributions to sagittal-plane 
ankle, knee and hip net joint moments, we multiplied the instanta
neous force generated by each muscle (estimated from CMC) by its 
instantaneous moment arm about the given joint (based on the kine
matic state of the model) throughout each phase (Table 1) of the 
simulated walking step (Kipp et al., 2022). Using a custom MATLAB 

script, we summed individual muscle moments within functional groups 
(Table 2) to determine contributions of each group to the net joint 
moment. We also compared the summed muscle moments from all 92 
musculotendon actuators against the net joint moments determined 
through an inverse dynamics analysis (error range: 1.38–2.49 Nm) to 
ensure the accuracy of the joint moment decomposition.

Fig. 1. Quasi-stiffness phases for the ankle (top row), knee (middle row) and hip (bottom row) as defined in Molitor and Neptune (2024).
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2.4. Individual muscle contributions to joint angles

To determine individual muscle contributions to sagittal-plane 
ankle, knee and hip joint angles, we applied an induced position anal
ysis similar to Anderson et al. (2004). We first performed an induced 
acceleration analysis (IAA) to identify contributions to joint acceleration 
due to gravitational forces, velocity-dependent forces (i.e., Coriolis and 
centripetal) and muscle forces (Hamner et al., 2010). Using a custom 
MATLAB script, we then integrated the accelerations twice within each 
phase of the gait cycle to determine the joint angle as a function of the 
muscle and external forces as well as the initial conditions (Eq. 1; from 
Anderson et al., 2004). 

q⇀(t)= q0
⇀

⏟⏞⏞⏟
initialposition

+
˙q0

⇀
(t − t0)

⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟
changesinpositionduetoinitialvelocity

+
∑

i
qi
⇀

⏟̅̅ ⏞⏞̅̅ ⏟
inducedpositionsduetoappliedforces

(1) 

Initial joint position and velocity for each phase were determined 
from the IK analysis. Contributions to joint angles from all 92 muscu
lotendon actuators, gravitational forces, velocity-dependent forces and 
initial conditions were summed for each phase. To confirm the accuracy 
of individual muscle contributions, we verified that for all joints and 
phases, the summed contributions to joint angles were within five de
grees (range: 0.59–4.46 degrees) of the joint angles derived from IK. 
Muscles within each functional group (Table 2) were combined to 
determine contributions of each group to the joint angle.

2.5. Statistical analyses

Muscle moments were normalized by participant height and weight, 
and angles were converted to radians. We then rank-ordered each 
muscle group for its contribution (averaged across all subjects) to the net 
joint moment and angle components of quasi-stiffness for each phase of 
the gait cycle. Refer to the Supplementary Data for group-level 
descriptive statistics (mean ± standard deviation) and individual sub
ject results. Primary muscle contributors to the net joint moments and 
angles were considered to be those that account for at least 5% of the 
total muscle contribution for each respective measure. Primary con
tributors are discussed (for muscle contributions below the 5% 
threshold, refer to the Supplementary Data).

3. Results

3.1. Muscle contributions to net joint moments and angles

3.1.1. Ankle
During the ankle Dorsiflexion (12–35% gait cycle), Dual-Flexion 

(35–51%) and Plantarflexion (51–65%) phases, the largest contribu
tors to the net ankle moment and angle were the primary plantarflexors 
(SOL, GAS) and dorsiflexors (TA) (Figs. 2-4). Other notable contributors 

to the ankle angle during all three phases were PER and GMED. During 
both the Dual-Flexion and Plantarflexion phases, IL was also a notable 
contributor to the ankle angle (Fig. 2B-C, Fig. 4).

3.1.2. Knee
During the Knee Flexion (1–20% gait cycle) and Extension phases 

(20–45%), VAS, RF and HAM were major contributors to the knee 
moment (Fig. 3&5). GAS also contributed to the knee moment for both 
phases, although its contribution was more notable during the Knee 
Extension phase. For both phases, VAS, GMAX, IL, TA and SOL were all 
notable contributors to the knee angle (Figs. 4-5). During the Knee 
Flexion phase, contralateral GMED and contralateral IL also contributed 
to the knee angle, as did ipsilateral HAM and PER (Fig. 5A). During the 
Knee Extension phase, ipsilateral GMED, GAS and BFsh contributed to 
the knee angle (Fig. 5B).

3.1.3. Hip
During the Hip Extension (40–55% gait cycle) and Flexion phases 

(55–65%), primary contributors to both the net hip moment and angle 
were IL and GMED (Figs. 3-4, Fig. 6). RF and HAM also contributed to 
the hip moment. For both phases, contralateral HAM and contralateral 
IL contributed to the hip angle. Ipsilateral SOL also contributed to the 
hip angle for the Hip Extension phase (Fig. 6A) while contralateral 
GMAX and ipsilateral VAS contributed to the hip angle for the Hip 
Flexion phase (Fig. 6B).

4. Discussion

The objective of this study was to determine how individual muscles 
contribute to sagittal-plane ankle, knee and hip quasi-stiffness during 
healthy walking. We expected that the primary contributors to ankle, 
knee and hip quasi-stiffness would be the muscles that cross each joint 
and directly contribute to its joint moment, but we also expected that 
distant and contralateral muscles would contribute to quasi-stiffness 
through dynamic coupling and joint angle modulation. As expected, 
primary contributors to ankle, knee and hip quasi-stiffness were the 
ankle dorsiflexors/plantarflexors, knee flexors/extensors, and hip 
flexors/extensors, respectively, but contributions to quasi-stiffness were 
also present from distant and contralateral muscles at all three joints.

4.1. Muscle contributions to net joint moments and angles

4.1.1. Ankle
Ankle plantarflexors (SOL, GAS) and dorsiflexors (TA) were primary 

contributors to the ankle moment for the Dorsiflexion, Dual-Flexion and 
Plantarflexion phases of the gait cycle. During all three phases, the 
summed plantarflexor moment contributions were greater than the 
dorsiflexor contributions, which aligns with the overall net plantarflexor 
ankle moment that exists throughout these phases of the gait cycle 
(Molitor and Neptune, 2024). The ankle plantarflexors and dorsiflexors 
were also the primary contributors to the ankle angle during all three 
phases. However, muscles that cross the hip joint (GMED, IL) also 
contributed to the ankle angle through dynamic coupling. These results 
suggest that the increased soleus work seen in the case of increased 
passive hip joint stiffness (Goldberg and Neptune, 2007) may reflect a 
compensatory strategy to not only aid in hip extension (Arnold et al., 
2005), but also to regulate ankle quasi-stiffness in response to distant 
neuromuscular changes.

4.1.2. Knee
Knee flexors (HAM, GAS) and extensors (VAS, RF) were primary 

contributors to the knee moment for the Knee Flexion and Extension 
phases of the gait cycle. In addition to its contribution to the knee 
moment, VAS was also a primary contributor to the knee angle during 
both phases. Interestingly, the other major contributors to the knee 
angle differed from the major contributors to the knee moment. During 

Table 2 
Muscle group definitions. Individual muscle contributions to net joint moments 
and angles were combined within functional groups.

Muscle group Muscles

GMAX Superior, middle, and inferior gluteus maximus
GMED Anterior, middle, and posterior gluteus medius
GMIN Anterior, middle, and posterior gluteus minimus
RF Rectus femoris
VAS Vastus intermedius, vastus lateralis, vastus medialis
IL Iliacus, psoas
TA Tibialis anterior
SOL Soleus
GAS Lateral gastrocnemius, medial gastrocnemius
PER Peroneus longus, peroneus brevis
HAM Biceps femoris longus, semimembranosus, semitendinosus
BFsh Biceps femoris short head
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both phases, GMAX was a primary contributor to knee extension angle 
while TA and IL were primary contributors to knee flexion angle. During 
the Knee Flexion phase, contralateral IL also contributed to knee flexion 
angle, with approximately equal magnitude to that of the ipsilateral IL 
(7.9% and 7.8%, respectively). These findings are consistent with 
Anderson et al. (2004) who found that VAS, TA and IL were major 
contributors to knee flexion angle, albeit their analysis was during the 

swing phase. During the Knee Extension phase, SOL and GMED also 
contributed to the knee extension angle. Similar to the ankle joint, many 
of the contributors to the knee angle were muscles that do not cross the 
knee joint, further highlighting the role of dynamic coupling in modu
lating joint angles and thus quasi-stiffness.

For the muscle groups that contributed to both the knee moment and 
angle, the direction of their contribution to the knee moment did not 

Fig. 2. Primary muscle contributors to the ankle angle (dotted) and moment (solid) during the Dorsiflexion (A), Dual-Flexion (B), and Plantarflexion (C) phases.
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always align with the angle contribution. The direction of the knee 
moment and angle contributions matched for uniarticular groups (i.e., 
VAS, BFsh). However, biarticular HAM contributed to the knee flexion 
moment but extension angle for both Knee Flexion and Extension phases. 
Previous studies (e.g., Arnold et al., 2005) have similarly noted that the 
simultaneous knee flexion moment and hip extension moment by HAM 
can result in net knee acceleration towards extension. The opposing 
directionality of the moment and angle at the knee demonstrate the 
effect of dynamic coupling and concurrent action on adjacent joints 
(Arnold et al., 2005; Neptune et al., 2004). Furthermore, the opposing 
directionality of HAM contributions to moment and angle elucidates a 
potential target for better understanding the increased knee quasi- 
stiffness seen in individuals with knee osteoarthritis or ACL 

reconstruction (Dixon et al., 2010; Garcia et al., 2023; Zeni and Hig
ginson, 2009). Despite reduced quadriceps strength and insufficient 
knee extensor moments present for these groups (Garcia et al., 2023), 
HAM may be acting to increase knee quasi-stiffness and restore knee 
stability by reducing knee flexion angles. Thus, it may be advantageous 
for rehabilitation strategies to target both the quadriceps and hamstrings 
for these individuals to restore healthy knee mechanics and prevent 
further injury.

4.1.3. Hip
Hip flexors (IL, RF) and extensors (HAM) were the primary con

tributors to the hip moment during the Hip Extension and Flexion 
phases. Hip abductors (GMED) also contributed to the hip extension 

Fig. 3. Distributions of individual muscle contributions to the ankle, knee and hip moment during each quasi-stiffness phase.
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moment in both phases. The primary contributor to the hip angle was IL 
for both phases, accounting for approximately 25% of all muscle con
tributions for each phase. As a primary hip flexor, IL contributed to hip 
flexion angle to help initiate leg swing during these phases (Hall et al., 
2011; Neptune et al., 2008, Neptune et al., 2004). Interestingly, the 
second largest contributor to the hip angle was the contralateral HAM 
(16.6-16.8% of all muscle contributions), which contributed to hip 
extension angle. During this time, the contralateral HAM acts to decel
erate leg swing (Neptune et al., 2008, Neptune et al., 2004) and prepare 
for heel-strike. As the swing leg progresses forward, the stance-leg hip 
must extend to accommodate the movement of the swing leg and overall 

body center-of-mass (Hall et al., 2011). Previous work has similarly 
noted that contralateral muscles have a significant role in modulating 
ipsilateral limb trajectories (e.g., Roelker et al., 2019). On the ipsilateral 
side, HAM was a small contributor to the hip angle (2.6% contribution 
for both phases) although it was a major contributor to the hip moment 
(10.1% and 18.7% contribution to Hip Extension and Hip Flexion pha
ses, respectively). During the Hip Extension Phase, GMED and SOL also 
contributed to the hip extension angle, which was consistent with others 
(Arnold et al., 2005; Neptune et al., 2004). Compared to the knee and 
ankle, hip quasi-stiffness was most influenced by contralateral muscle 
contributions, emphasizing the need to consider both limbs when 

Fig. 4. Distributions of individual muscle contributions to the ankle, knee and hip angle during each quasi-stiffness phase.
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delivering assistance through hip exoskeletons or similar devices 
(Malcolm et al., 2018; Pan et al., 2023).

5. Clinical implications

Results from this study identified the muscle coordination needed to 
modulate joint quasi-stiffness during walking and may provide insight 
into targeted rehabilitation strategies to promote healthier gait patterns. 

For example, previous work found that individuals with Cerebral Palsy 
rely more on muscle forces, rather than skeletal and passive structures, 
to maintain joint and leg stiffness compared to healthy controls (Wang 
et al., 2015). Based on results from this study, strengthening the ankle 
plantarflexors, hip flexors, and hip abductors may be advantageous for 
these individuals to improve leg stiffness and associated body support, 
as these muscles were primary contributors to quasi-stiffness for all three 
lower-limb joints during healthy walking. Further recommendations can 

Fig. 5. Primary muscle contributors to the knee angle (ipsilateral dotted; contralateral striped) and moment (solid) during the Knee Flexion (A) and Knee Extension 
(B) phases.

S.L. Molitor and R.R. Neptune                                                                                                                                                                                                               Journal of Biomechanics 190 (2025) 112851 

8 



be made to target improvements in specific joint mechanics based on the 
respective primary contributors. Results from this study also highlight 
distant and contralateral muscle influences through joint angle modu
lation. For example, hip flexors and abductors had notable impacts on 
the ankle angle and resulting quasi-stiffness. Similarly, contralateral IL 
contributed to knee flexion angle and contralateral HAM contributed to 
hip extension angle. The observed contributions of distant and contra
lateral muscles to quasi-stiffness highlight the role of dynamic coupling 
(Zajac et al., 2002; Zajac and Gordon, 1989) and the need for holistic 
clinical gait evaluations. Not accounting for distant and contralateral 
muscles when attempting to replicate biological quasi-stiffness with 

assistive devices may result in reduced potential of the device and/or 
unnatural compensations. For example, a previous study on individuals 
post-stroke observed that increased ankle–foot orthosis (AFO) stiffness 
resulted in compensations at the knee joint at heel-strike due to plan
tarflexor weakness (Singer et al., 2014). Conversely, prescribing subject- 
specific AFO stiffness values based on individual stiffness deficits 
reduced knee and hip compensations (Arch and Reisman, 2016). As 
such, rehabilitation programs and assistive devices should consider all 
muscle contributors when training or mimicking the function of a 
particular joint.

Fig. 6. Primary muscle contributors to the hip angle (ipsilateral dotted; contralateral striped) and moment (solid) during the Hip Extension (A) and Hip Flexion 
(B) phases.
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6. Limitations

In this study, we evaluated the role of individual muscles in modu
lating quasi-stiffness. While quasi-stiffness is commonly used to describe 
joint “stiffness” during dynamic tasks, it is an indirect measure that 
evaluates discrete phases of the gait cycle and does not capture 
continuous changes in joint stiffness. As such, quasi-stiffness, and its 
decomposition to assess individual muscle contributions, are sensitive to 
gait phase definitions. In this study, we used phase definitions that have 
been previously established and accepted based on characteristic kine
matic, kinetic and GRF events (Crenna and Frigo, 2011; Shamaei et al., 
2013a, 2013b, 2013c). Furthermore, a sensitivity analysis shifting phase 
timing by ±2–5% of the gait cycle confirmed the interpretation of our 
results is robust to these timing variations. In addition, this study used 
CMC, which accounts for muscle–tendon dynamics to estimate muscle 
excitations; however, it is important to acknowledge underlying model 
assumptions that may affect the accuracy of estimated muscle excita
tions and forces. The model (Gait 2392) was based on cadaveric data and 
scaled to match anatomical landmarks between the model and experi
mental data. However, subject-specific musculotendon stiffness prop
erties may differ from the generalized model. Furthermore, the model 
assumes separate tendons for each musculotendon actuator whereas 
multiple muscles can attach to a single tendon in vivo. In light of these 
assumptions, we validated our estimates of muscle excitations by 
comparing the timing of experimental EMG signals to simulated muscle 
activations. In addition, we performed indirect validation of generated 
muscle forces by comparing simulated joint angles and moments to the 
experimentally measured values as recommended in Hicks et al. (2015). 
By using CMC, which closely tracks the experimental kinematics, we 
also ensured the state of the system was accurate throughout the gait 
cycle, which is critical for the induced position analysis.

One final potential limitation is that we presented results from 
contributions to joint moment and angles independently, with the 
assumption that the muscles which contribute the most to the individual 
components of quasi-stiffness are also the primary contributors to 
overall quasi-stiffness. However, it may not be intuitive to predict how a 
particular muscle group impacts joint quasi-stiffness based on its 
contribution to the moment or angle alone since quasi-stiffness charac
terizes moment–angle interactions. We chose to explore the contribu
tions to joint moments and angles separately because individual muscle 
“stiffness contributions” (i.e., dividing each muscle moment by its 
contribution to the angle) are not directly additive to produce overall 
quasi-stiffness. Furthermore, distant and contralateral muscles 
contribute to quasi-stiffness through angle modulation; however, the 
role of these muscles would be occluded when calculating individual 
muscle “stiffness contributions” due to their zero moment contributions.

7. Conclusion

This study aimed to identify how individual muscles contribute to 
sagittal-plane ankle, knee and hip quasi-stiffness in healthy walking. 
Through analyzing individual muscle contributions to net joint moments 
and angles during specific quasi-stiffness phases of the gait cycle, we 
determined that in addition to the muscles that cross each joint, distant 
and contralateral muscles were major contributors to quasi-stiffness 
through joint angle modulation. These results highlight the effects of 
dynamic coupling and the role of distant muscles in modulating quasi- 
stiffness, and provide insight for rehabilitation targets and assistive 
device prescription to address quasi-stiffness impairments. Future work 
should similarly quantify muscle contributions to quasi-stiffness for in
dividuals with altered neuromuscular control to assess how specific 
muscle impairments impact quasi-stiffness. Furthermore, an investiga
tion of how assistive devices impact muscle responses and quasi-stiffness 
at the non-targeted joints could be useful to better understand 
compensatory mechanisms associated with inappropriate device 
prescription.
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