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INTRODUCTION

Muscle-actuated forward dynamic simulations of self-selected 
and slow walking speeds have shown that the ankle 
plantarflexors are supplemented by the uniarticular knee 
extensors to provide body weight support in midstance [1,2]. 
Patients with severe ankle plantarflexor weakness show 
reduced walking speed and compensatory strategies related to 
the strength of hip and knee extensors [3]. This case study 
presents the first muscle-actuated forward dynamic simulation 
of post-stroke hemiparetic gait over the entire gait cycle and 
demonstrates one way that post-stroke muscle contributions to 
support differ from those of neurologically healthy older 
adults.

METHODS

Two forward dynamic simulations of slow gait (0.3 m/s) were 
developed based on the walking patterns of healthy older 
adults [4] and an individual with post-stroke hemiparesis who 
walked with his paretic knee abnormally flexed during 
midstance. A 2D musculoskeletal model consisting of a trunk, 
pelvis and two legs was developed using SIMM [5] and 
actuated by 15 Hill-type muscle-tendon units per leg, 
including the soleus (SOL), gastrocnemius (GAS), vasti 
(VAS), tibialis anterior (TA), gluteus maximus (GMAX) and 
biceps femoris short head (BFSH).  Muscle excitation patterns 
(i.e., onset, offset, magnitude) were assumed symmetric for 
healthy slow gait, and asymmetric for post-stroke gait.  
Dynamic optimization was used to find the appropriate muscle 
excitation patterns that best emulated the experimental 
kinematics and kinetics during slow and post-stroke 
hemiparetic gait.  To assess the contribution of each muscle to 
support of the center of mass (COM), individual muscle forces 
were reduced to zero during midstance (i.e., middle third of 
the total stance duration) while all other muscle forces 
remained unchanged.  The effect of each muscle force 
perturbation on vertical position of the COM was quantified 
0.06 seconds later.   

RESULTS AND DISCUSSION 

Experimental kinematics and vertical ground reaction forces 
were reproduced by the simulations of slow and post-stroke 
hemiparetic gait.  Muscle excitations agreed reasonably well 
with EMG [6].  Compared to healthy slow gait, peak 
excitation of the paretic and non-paretic plantarflexors were 
unaltered, paretic TA and BFSH excitations prolonged and 
increased, and paretic and non-paretic VAS excitations 
shortened.  

In midstance, on the non-paretic side, SOL, GAS and VAS 
contributed less to support than in speed-matched healthy 
older adults (Figure 1) due to reduced contributions to 
extension of the ankle, knee and hip by SOL and GAS.  The 

non-paretic TA no longer opposed COM support, thus less 
effort was required by the plantarflexors.  

On the paretic side, the plantarflexor contributions were 
reduced even further (Figure 1), with compensation to COM 
support provided by VAS, GMAX and other muscles not 
shown.  Although paretic TA and BFSH midstance activity 
may enhance ankle and knee stability, respectively, these 
muscle actions opposed COM support.  Because the model 
used in the analysis was 2D, the hip abductor contributions to 
COM support have been neglected and may be significant [7]. 

CONCLUSIONS 

These simulations represent the first muscle-actuated forward 
dynamic simulations of healthy slow and post-stroke 
hemiparetic gait, characterized by a flexed paretic stance knee 
posture.  Despite reorganization of paretic and non-paretic 
muscle coordination patterns with respect to that of speed-
matched healthy older adults, adequate body weight support 
was provided by altered muscle contributions. 
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Figure 1:  Contributions of key muscles to midstance 
support of COM in slow and post-stroke hemiparetic gait.
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