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Sprint running performance can be investigated relatively simply at the whole-body level by
examining the timing of the phases of the stride and the forces applied to the ground in relation to
a runners body weight. Research using this approach has been used to address a number of
basic questions regarding the limits and determinants of human running speed. The primary
differentiating factor for the top speeds of human runners is how forcefully they can strike the
ground in relation to body mass. A general relationship between mass-specific force application
and maximum running speeds results from from the similar durations of the aerial and swing
phases of the stride for different runners. Recent work has elucidated the mechanism by which
faster runners are able to apply greater mass-specific ground forces in the very brief foot-ground
contact times sprinting requires.
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INTRODUCTION: The primary requirement of human locomotion is supporting the body’s weight against
gravity. This requirement has provided insights into locomotor metabolism (Kram & Taylor, 1990;
Roberts et al, 1998; Taylor, 1985), gait mechanics (Blickhan , 1989; Weyand et al., 2001) and the
sprinting performance of humans (Kuitunen et al., 2002; Rabita et al., 2015) and other animal runners
(Taylor, 1980).

During steady-speed running on a level surface, the stride-averaged vertical force runners apply to the
surface equals their body weight. Faster runners can satisfy this force requirement with greater forces
that are applied in shorter periods of time. Consequently, the maximal speeds of human and other
runners are largely explained by the maximum forces they can apply to the ground in relation to body
mass (Weyand et al., 2010).

Here, two questions are considered: 1) why does the general relationship between mass-specific force
and top running speed exist? and 2) what is the mechanism by which faster runners are able to apply
greater mass-specific ground forces?

QUESTION 1: Why does the general relationship between mass-specific force and top running speed
exist?

Elite human sprinters can apply peak forces to the running surface as large as 5.0 times body mass and
stance-averaged forces that are as large as 2.5 times body mass. In contrast, capable, but less swift
human runners typically apply peak forces of 3.5 times their body weight and stance-averaged forces of
up to 2.0 times body weight (Clark & Weyand, 2014).

The strength of the relationship between the mass-specific forces runners apply and how swiftly they can
run at top speed results from the similar durations of the non-contact portion of the stride. At tops speed,
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fast and slow runners alike typically spend 0.12 s in the air between steps and take slightly longer than
one-third of a second to reposition the limbs (Weyand et al., 2000).

These observations suggest that maximizing force application may be the only viable mechanical option
by which human runners can maximize speed (Clark et al., 2014).

QUESTION 2: What is the mechanism by which faster runners are able to apply greater forces to the
ground?

If the speeds of the swiftest human runners are largely determined by the magnitude of the mass-
specific forces they can apply to the ground, what confers the ability to apply relatively larger forces? Do
the swiftest sprinters have intrinsically stronger limbs and limb muscles? Or, alternatively, do they use
the motion of the running stride to maximize the forces applied to the ground?

Recent research indicates that speed athletes exploit a motion-to-force mechanism during the impact
portion of the contact period to maximize ground reaction forces applied during the brief contact periods
sprinting requires (Calrk & Weyand, 2014; Clark et al., 2017). These athletes attain greater limb
velocities before the foot contacts the ground. They also stop the limb more abruptly upon impact. This
impact-deceleration mechanism results in a rapid rising edge of the force-time relationship and a peak
force that occurs well before the mid-point of the contact period. The resulting asymmetrical pattern of
force application deviates substantially from the ground force application predicted by the spring-mass
model (Blickhan, 1989) indicating that the model does not include the force-motion elements responsible
for sprinting performance.

The variation present in the patterns of ground force application for sprinters and non-sprinters alike can
be predicted from body mass and three stride-specific prameters (contact time, aerial time and ankle
acceleration) using an anatomically based two-mass model of the human body. These observations
indicte that sprinters exploit a motion-based deceleration mechanism to maximize ground force
application. To what extent the dynamic mechanism relies on intrinsic limb strength vs. motor control
and timing precision remains to be determined.

CONCLUSIONS: The conformation of both the running gait mechanics and ground reaction force
patterns of human sprinters to a common pattern: 1) is further evidence that human sprinting
performance is constrained by the brief duration of foot-ground force application at very fast running
speeds, and 2) implies a convergence that results from the physics of motion and the properties of the
tissues that generate and transmit musculoskeletal forces to the ground.

REFERENCES:

Blickhan, R., “The Spring-Mass Model for Running and Hopping,” Journal of Biomechanics, vol. 22, pp. 1217-
1227, 1989.

Clark, K.P. & Weyand, P.G., “Are running speeds maximized with simple-spring stance mechanics?,” Journal
of Applied Physiology, vol. 117, pp. 604-615, 2014.

Clark, K.P., Ryan, L.J., & Weyand, P.G., “Foot speed, foot-strike and footwear: linking gait mechanics and
running ground reaction forces,” Journal of Experimental Biology, vol. 217, pp. 2037-2040, 2014.

Clark, K.P., Ryan, L.J., & Weyand, P.G., “A general relationship links gait mechanics and running ground
reaction forces,” Journal of Experimental Biology, vol.220, pp.247-258, 2017.

Kram R. & Taylor C.R. Energetics of running: a new perspective, Nature 346(6281): 265-267,1990.

Kuituen, S., Komi, P.V., & Kyrolainen, H., “Knee and ankle joint stiffness in sprint running,” Medicine and
Science in Sports and Exercise, vol. 34, pp. 166-173, 2002.

Rabita G., Dorel, S., Slawinski, J. Saez de Villareal, Couturier, P, Morin J.B. (2015) Sprint mechanics in world-
class athletes: new insight into the limits of human locomotion, Scandinavian Journal of Medicine and Science
in Sports, 25(5): 583-594.

Roberts T.J., Kram R., Weyand P.G., Taylor C.R. “Energetics of bipedal running I: energetic cost of
generating force. Journal of Experimental Biology, 201(19) 2745-2751, 1998.

Taylor, C.R., “Force development during locomotion: a determinant of gait, speed and metabolic power”,
Journal of Experimental Biology, 115: 255-262, 1985.

29



35th Conference of the International Society of Biomachanics in Sports, Cologne, Germany, June 14-18, 2017

Weyand, P.G., Sternlight, D.B., Bellizzi, M.J., & Wright, S., “Faster top running speeds are achieved with

greater ground forces not more rapid leg movements,” Journal of Applied Physiology, vol. 89, no. 5, pp. 1991-
1999, 2000.

Weyand, P.G., Sandell, R.F., Prime,D.N., & Bundle, M.W., “The biological limits to running speed are imposed
from the ground up,” Journal of Applied Physiology, vol. 108, pp. 950-961, 2010.

Acknowledgement: This work was supported in part by a US Army Medical and Materiel Command award
[W81XWH-12-2-0013] to PGW.

Competing Interests: Competing interests are declared. P.G.W., Laurence Ryan, and Kenneth Clark are the

inventors of US Patent no. 8363891 which is owned by Southern Methodist University and contains scientific
content related to that presented in this paper.

30



	ISBS 2017 Proceedings_neu.pdf

