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SUMMARY 
A 3D musculoskeletal modeling and simulation analysis was 
performed to investigate the contribution of a reduced set of 
neural control elements, or modules, to the mediolateral (ML) 
ground reaction forces (GRFs) during healthy walking. The 
results showed that modules that are the primary contributors 
to the anterior-posterior (AP) and vertical (Vert) GRFs also 
make significant contributions to the ML GRF. The primary 
contributor to the ML GRF was the module including the 
gluteus and quadriceps muscles, which highlights that this 
module is not only responsible for providing body support, but 
also ML balance.  
 
INTRODUCTION 
Recent studies have suggested that complex tasks, such as 
walking, may be achieved using a reduced set of neural 
control elements or modules. These studies have shown that 4-
5 modules are active during healthy walking [1, 2]. A recent 
2D simulation study examined whether these modules are 
structured to perform task-specific biomechanical functions 
[3]. The modules were used as the muscle excitation inputs 
and found to perform the biomechanical functions of body 
support, forward propulsion and leg swing, which resulted in a 
well-coordinated walking pattern.  Module 1 (gluteus medius, 
vasti, and rectus femoris) primarily contributed to body 
support in early stance while Module 2 (soleus and 
gastrocnemius) contributed to both body support and 
propulsion in late stance. Module 3 (rectus femoris and tibialis 
anterior) acted to decelerate the leg in early and late swing 
while generating energy to the trunk throughout swing. 
Module 4 (hamstrings) acted to absorb leg energy (i.e., 
decelerate it) in late swing while increasing the leg energy in 
early stance. Post-hoc analysis revealed an additional module 
(Module 5: iliopsoas) acted to accelerate the leg forward in 
pre- and early swing. However, since this study was 
constrained to the sagittal plane, the contributions of each 
module to the ML GRF could not be determined.  
 
The ML GRFs perform an important subtask of walking by 
redirecting the center-of-mass (COM) frontal plane movement 
to ensure balance control. Various pathological populations 
exhibit balance control impairments (e.g. elderly, stroke) in 
which altered ML GRFs are common. A recent study found 
the hemiparetic post-stroke population demonstrated a reduced 
number of modules in which some subjects were unable to 
independently activate all modules [1]. These findings suggest 

balance impairments may be due in part to altered muscular 
control. However, before investigating modules in impaired 
populations, it is important to identify how modules contribute 
to the ML GRF in healthy walking. Thus, the purpose of this 
study was to use a 3D musculoskeletal model to investigate 
module contributions to the ML GRFs during healthy walking. 
A previous simulation study that examined individual muscle 
contributions to ML COM acceleration found hip abductors 
(GMED) are the primary contributors to medial acceleration 
throughout stance, while knee extensors (VAS) and 
plantarflexors (SOL and GAS) are primary contributors to the 
lateral acceleration during early and late stance, respectively 
[4]. Therefore, we hypothesized that the two modules 
important for body support and forward propulsion would also 
be primary contributors to the ML GRF. 
 
METHODS 
A 3D musculoskeletal model and forward dynamics 
simulation of healthy walking was generated (e.g., [5]). 
Experimental kinematics, GRFs and electromyography (EMG) 
were collected from 14 healthy controls. Four muscle 
excitation modules were identified from the EMG data using 
non-negative matrix factorization (NNMF) [1] and later used 
as the simulation muscle control inputs. Within a given 
module, if the average weighting for an individual muscle was 
>40% across subjects, then that muscle was considered to be 
excited by the module. Muscles with similar anatomical 
function for which EMG data were not recorded were also 
included in each module (Table 1). All muscles within a 
module received the same excitation pattern (defined by the 
NNMF analysis). A fifth module was also included to account 
for the hip flexors as in [3] and received a bimodal excitation 
pattern. All muscles within each module received the same 
excitation timing but the magnitude was allowed to vary. For 
those muscles that were not associated with a module, a 
bimodal excitation pattern was used. To improve optimization 
convergence speed, torques were applied at each joint to drive 
them back to their desired kinematics using proportional 
control. A simulated annealing algorithm was then used to 
optimize the muscle excitation patterns to reduce these 
torques. The contribution of each module to the AP, Vert and 
ML GRFs were then found by using a ground reaction force 
decomposition technique [6] and summing the individual 
muscle contributions to the GRFs from those muscles 
associated with each module.  
 



 
Figure 1: Module contributions to the GRFs. 
 
RESULTS AND DISCUSSION 
As expected, the contributions of each module to forward 
propulsion (Fig 1a) and body support (Fig. 1b) were consistent 
with the previous 2D module analysis [3]. As hypothesized, 
those modules that had significant contributions to forward 
propulsion and body support (Modules 1 and 2) also had large 
contributions to the ML GRF (Fig. 1c). Module 4 (hamstrings) 
and the hip adductors (Other Muscles) also contributed to the 
ML GRF. As Module 1 increased its medially directed 
contribution, the overall ML GRF during most of stance was 
directed medially. Module 2 became active in late stance, 
contributing laterally to the GRF, and combined with the hip 
adductors to direct the ML GRF laterally at the end of stance.  
 
The contribution of the hip adductors and Module 2 
(plantarflexors) to the ML GRF was consistent with a previous 
analysis of individual muscle contributions to the ML GRF 
[4]. Module 1 was the primary contributor to the ML GRF and 
included muscles that were found previously to accelerate the 

COM in opposite directions - VAS laterally and GMED 
medially [4]. The contributions of each individual muscle in 
Module 1 to the ML GRF were consistent with those results 
(Fig. 2), with the medial contributions from GMED and 
GMIN dominating the lateral contributions from VAS and 
GMAX. These muscles are important for body support during 
walking and it is likely that they were co-activated to provide 
this important function. It is possible that tasks that are more 
demanding in the ML direction (e.g., turning) may organize 
the modules differently to utilize the opposing contributions.  
 

 
Figure 2: Module 1 muscle contributions to the ML GRF. 
 
CONCLUSIONS 
The simulation results suggest that those modules that provide 
the biomechanical function of body support and forward 
propulsion during walking also provide ML balance through 
regulating the ML GRF, with Module 1 being the primary 
contributor.    
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Table 1: Muscles included in the modules 
 
Module Muscles 

1 vasti (VAS), gluteus medius (GMED), gluteus minimus (GMIN), gluteus maximus (GMAX), rectus femoris (RF) 
2 soleus (SOL), gastrocnemius (GAS), tibialis posterior, flexor digitorum longus 
3 tibialis anterior, rectus femoris, extensor digitorum longus 
4 semimembranosus, semitendinosus, gracillis, biceps femoris long head and short head 
5 iliacus, psoas, adductor longus, adductor brevis, pectineus, sartorius 

Others adductor longus, adductor magnus, adductor brevis, gemellus, piriformus, tensor fascia lata 
 


