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SUMMARY 
The purpose of this study was to identify the key muscle 
groups responsible for increasing running speed. 
 
INTRODUCTION 
Running speed is increased by either pushing on the ground 
harder (thereby increasing stride length), or pushing on the 
ground more frequently (thereby increasing stride frequency). 
Previous research has shown that to achieve speeds greater 
than ~5m/s, runners appear to become increasingly reliant 
upon more frequent ground contact of similar force rather than 
more forceful ground contacts [1]. This may occur because 
faster running speeds reduce the duration of stance phase, thus 
limiting the time that muscles can generate and transmit force 
to the ground [2]. Significant increases in swing phase peak 
hip flexor, hip extensor and knee flexor joint moments have 
also been observed to occur with increasing running speed [1]. 
The purpose of the present study was to identify the muscle 
groups responsible for these speed regulating functions during 
the stance and swing phase of running, over the full range of 
typical human running speeds.  
 
 

METHODS 
Overground gait data were collected for nine healthy active 
participants, who walked and ran over a range of speeds 
(Table 1). Stride length, stride frequency and effective vertical 
impulse were calculated for each trial. Effective vertical 
impulse (the impulse required to elevate the body against 
gravity, thus determining the body’s aerial time) was 
computed as the area between the vertical ground reaction 
force trajectory and the line representing one bodyweight [3].  
 
A generic musculoskeletal model actuated by 92 muscles was 
scaled to the dimensions of each subject. Individual muscle 
forces were computed using inverse kinematics, inverse 
dynamics and static optimization [3]. Mechanical power for 
each muscle group was calculated by summing the product of 
musculotendon force and velocity for each line-of-action in 
the muscle group. Musculotendon work was calculated from 
the area under the power-time curve, and summed for each 
line-of-action in the muscle group. Concentric contractions 
represented energy generation (positive work) and eccentric 
contractions represented energy absorption (negative work) by 
the muscle-tendon. A pseudo-inverse ground force 
decomposition method was used to calculate the contributions 
of each muscle to the ground reaction force [4]. Five contact 
points were distributed over the foot, and kinematic 
constraints were defined according to the center of pressure 
location to realistically simulate foot-ground interaction.  

 
 
Figure 1: Work done by muscle groups at different speeds. 



RESULTS AND DISCUSSION 
For speeds up to 7m/s, subjects pushed on the ground harder. 
The total absolute work done by all lower limb muscles in 
stance monotonically increased from 1.566 J/kg in walking to 
4.133J/kg at 7m/s running (Fig. 1G, Table 1). The peak 
vertical ground force also monotonically increased with speed 
up to 7m/s, and was primarily composed of the soleus, 
gastrocnemius and vasti muscles (Fig. 2). These three muscles 
therefore act in unison to support the body against gravity and 
were almost exclusively activated in stance (Fig. 1A, B). 
Finally, the effective vertical impulse increased from walking 
up to 7m/s, allowing greater relative aerial time for 
contralateral leg swing (Fig. 3).  
 
Table 1: Desired and actual gait speeds recorded with their 
total muscular stance and swing work (positive and negative). 
 
Desired 
Speed (m/s) 

Actual  
Speed (m/s) 

Muscular Stance 
Work (J/kg) 

Muscular Swing 
Work (J/kg) 

WALK 
1.5m/s 

1.50 ± 0.12 
n=8 

+ 0.868 
− 0.698 

+ 0.170 
− 0.241 

RUN 
3.5m/s 

3.49 ± 0.12 
n=9 

+ 1.845 
− 1.545 

+ 1.046 
− 0.819 

RUN 
5m/s 

5.17 ± 0.13 
n=9 

+ 2.270 
− 2.048 

+ 2.168 
− 1.430 

RUN 
7m/s 

6.96 ± 0.13 
n=8 

+ 2.173 
− 1.960 

+ 3.467 
− 2.172 

SPRINT 
9m/s 

8.97 ± 0.70 
n=7 

+ 2.034 
− 1.885 

+ 4.950 
− 3.505 

 
Increasing the running speed from 7m/s to 9m/s saw the total 
stance phase muscular work decrease from 4.133 J/kg to 3.919 
J/kg (Fig. 1G, Table 1). Furthermore, the peak vertical ground 
force remained almost identical at 7m/s and 9m/s (Fig. 2). 
Based on these observations, stance phase mechanics are 
unable to explain the increase in running speed. However, 
despite a similar vertical ground force trajectory from 7m/s to 
9m/s, a diminished effective vertical impulse was observed 
because of reduced ground-contact time from 145ms to 
118ms, thus reducing the body’s aerial time in swing. If this 
phenomena is indeed caused by insufficient stance phase time 
for muscles to generate and transmit force to the ground [2], 
then the only option for the body to increase speed is to 
increase the stride frequency (i.e., swing the leg more rapidly 
during the swing phase). Indeed, we observed significant 
increases in swing phase work by the hip spanning muscles 
between 7m/s and 9m/s (p<0.01). Specifically, iliacus/psoas 
and gluteus maximus generated energy at the hip (Fig 1E, F), 

while rectus femoris and hamstrings absorbed energy at the 
hip and knee (Fig 1C, D), consistent with swing phase trends 
of the hip and knee joint moments [1]. The amount of work 
generation and absorption in these hip muscles was found to 
significantly increase with speed (p<0.01), most likely due to 
the requirement of ever-increasing stride frequencies in the 
event of ever-decreasing aerial times. 
 

 

 

Figure 3:  Stride length, stride frequency and effective vertical 
ground force impulse as a function of locomotion speed.  
 
 

CONCLUSIONS 
Running speed is brought about by a combination of stance 
and swing phase mechanics. Up to a running speed of 7m/s, 
soleus, gastrocnemius and vasti are responsible for pushing on 
the ground harder to increase speed by virtue of a greater 
stride length. Beyond 7m/s, the ability of these muscles to 
produce more forceful impacts appears to be compromised, 
requiring the iliacus/psoas, gluteus maximus, rectus femoris 
and hamstrings, to work harder in the swing phase to more 
rapidly reposition the limbs. The result is an increase in 
running speed by virtue of a greater stride frequency. 
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Figure 2: Contributions by five prime mover muscles to the vertical ground reaction force across different speeds of locomotion. 


