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A B S T R AC T

Running impact forces have immediate relevance for the muscle tuning paradigm proposed here 
and broader relevance for overuse injuries, shoe design and running performance. Here, we consider 
their mechanical basis. Several studies demonstrate that the vertical ground reaction force-time 
(vGRFT) impulse, from touchdown to toe-off, corresponds to the instantaneous accelerations of the 
body’s entire mass (Mb) divided into two or more portions. The simplest, a two-mass partitioning 
of the body (lower-limb, M1=0.08•Mb; remaining mass, M2=0.92•Mb) can account for the full vGRFT 
waveform under virtually all constant-speed, level-running conditions. Model validation data indi-
cate that: 1) the non-contacting mass, M2, often accounts for one-third or more of the early “impact” 
portion of the vGRFT, and 2) extracting a valid impact impulse from measured force waveforms re-
quires only lower-limb motion data and the fixed body mass fraction of 0.08 for M1.  
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Impact Forces Revisited

Dr. Nigg and colleagues deserve commendation for efforts 
that have endowed the area of running biomechanics with a 
sizeable body of empirical observations. These observations 
have, and undoubtedly will, continue to inform work on a 
broad range of topics that include running injuries, running 
shoes and the relationship between the two. Their willingness 
to confront the experimental challenges involved in studying 
a largely unpredictable phenomenon like running injuries de-
serves particular praise.
Here, we focus on the impact force conclusions offered by 
Nigg, Mohr and Nigg (2017) in their target article. While their 
contribution purports a lack of importance in overuse injury 
etiology, there are compelling scientific reasons to consider 

their basis and importance from an independent, contempo-
rary perspective. These are: 1) the existence of credible evi-
dence supporting a running impact force-overuse injury link 
(Daoud, Geissler, Wang, Saretsky, Daoud, & Liebermann, 2012; 
Milner, Ferber, Pollard, Hamill, & Davis, 2006), 2) the direct effect 
of impact forces on bodily motion and performance (Clark & 
Weyand, 2014), and 3) the need for valid quantification to ad-
vance general understanding and inform specific applications. 
One noteworthy application is the input signal required by the 
muscle-tuning paradigm Nigg et al. advance in their target ar-
ticle here. More broadly, the inability to quantify running im-
pact forces recently noted by Nigg and colleagues elsewhere 
(Baltich, Maurer & Nigg, 2015) is obviously a direct impediment 
to reaching firm conclusions regarding their importance.
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From our perspective, the development of a quantitative un-
derstanding has been at least partially impeded by two as-
sumptions that have framed the study of running impact forces 
for decades. These are: 1) assuming that the early portion of the 
vertical ground reaction force-time waveform can be attribut-
ed to a small fraction (i.e. an “effective mass”) of the body’s total 
mass (Mb) while ignoring the rest (Chi & Schmitt, 2005; Denoth, 
1986; Derrick, 2004;  Lieberman, Venkadesan, Werbel, Daoud, 
D’Andrea, Davis, Mang’eni & Pitsilades, 2010 ; Nigg, 2010; Nigg, 
Mohr, Nigg, 2017), and 2) assuming that the impact impulse 
can be quantified using the localized force peak often visible 
on the rising edge of the measured waveform (Figure 1). Three 
studies indicate that these assumptions obscure the mechanics 
of the impact event. 
The first study was provided by Bobbert, Schamhardt and Nigg 
(1991) more than 25 years ago. These investigators demonstrat-
ed that the instantaneous accelerations of seven body mass 
components (comprising 100% of Mb: right and left foot, shank, 
and upper leg components plus a combined head-arms-torso 
mass) acquired from motion data, can be summed to provide 
a close match to the measured total vertical ground reaction 
force-time (vGRFT) waveform during slow and moderate speed 
running (i.e. Fz1 + Fz2 + Fz3 + Fz4 + Fz5 + Fz6 + Fz7 = Fz-total; where z des-
ignates the vertical component of the ground reaction force). 
This noteworthy experimental accomplishment was based on 
Newton’s 2nd Law including the first-principle recognition that 
the measured vGRFT waveform must somehow correspond to 
the instantaneous accelerations of 100% of the body’s mass. 
The second insightful study was the detailed temporal and 
spatial analysis of the rising edge of the vGRFT undertaken by 
Shorten and Mientjes (2011). From pressure mapping data on 
the sole of the foot and frequency analyses of measured wave-
forms, these investigators also concluded that the body’s entire 
mass contributed to the rising edge of the waveform. Per their 
title, they concluded that the localized, rising-edge waveform 
force peak widely attributed to heel impact, is in fact, “neither 
heel, nor impact” during heel-toe running.
The most recent of the three studies involved an experimental 
effort from our laboratory (Clark, Ryan & Weyand, 2017) that, 
like Bobbert et al. adopted a Newtonian approach. We did so 
with the goal of identifying the simplest partitioning of the 
body that might account for the vGRFT waveform in full. Our 
efforts led to the two body-mass component, two-impulse 
waveform explanation illustrated in Figure 1. Ultimately, this 
approach was able to predict 500 measured vGRFT waveforms 
acquired at speeds from 3.0 to 11.0 m/s regardless of the run-
ner’s foot-strike mechanics. Due to the model’s conciseness, 
only three inputs are required to generate the waveforms from 
a runner’s gait mechanics: contact time, aerial time, and the 
vertical acceleration of the lower limb. The close agreement 
between model-generated and measured vGRFT waveforms 
(R2=0.95) supports the general validity of the two-mass, two-
impulse explanation for their mechanical basis.

The Rising Edge of the vGRFT Waveform: Impact Is 
Not Enough

Clearly, additional experimental work remains to test and re-
fine the existing Newtonian explanations for running vGRFT 
waveforms. However, the two studies that have successfully 
linked bodily motion to running ground reaction forces share 
the foundational recognition that the waveform represents the 
summed acceleration of 100% of body mass. 
The holistic Newtonian view that emerges for the rising-edge 
of the total vGRFT waveform, broadly conceived elsewhere as 
an “impact-only” event, is illustrated in Figure 1. The data ap-
pearing in the figure have been adapted from original vGRFT 
data acquired at a speed of 5.0 meters per second from a run-
ner with heel-strike mechanics. As illustrated, the body’s full 
mass contributes to the rising edge of the waveform. Accurate-
ly predicting the magnitude and timing of the localized peak, 
for example, requires summing the impulse contributions of 
the model’s body mass components. Per the illustration, cor-
rect prediction of the overall impact mechanics using the two 
masses in our model relies heavily on the kinematic data used 
to determine Δt1 from the period elapsing between the instant 
of initial foot-ground contact and subsequent time at which 
mass M1 slows to a vertical velocity of zero. Correct identifica-
tion of the localized rising-edge peaks for heel-strikers at all 
speeds and competitive sprinters at faster ones as previously 
reported would have been virtually impossible (Clark, Ryan & 
Weyand, 2017, Figures 5, 6 and 7) without both: 1) accurate 

Figure 1: Running vertical ground reaction forces can be quan-
tified as the sum of two impulses: a relatively brief 
impact impulse (J1) that corresponds to the decelera-
tion of the foot and shank (M1=0.08•Mb), and a larger, 
longer-duration impulse (J2) that corresponds to the 
acceleration of the remainder of the body’s mass 
(M2=0.92•Mb) throughout the stance period. Both im-
pulses begin at the instant of touchdown and contrib-
ute substantially to the rising-edge of the force-time 
waveform. Note that impact impulse, J1, is quantified 
from 8% of Mb and the time Δt1 at which the ankle 
reaches its minimum vertical position.
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kinematic data, and 2) a model capable of predicting the sig-
nificant variability in the timing and magnitude of rising-edge 
force peaks across scores of different footfalls.
Figure 1 also reveals the specific manner in which the assump-
tions required by the effective mass techniques obscure the 
mechanical basis of the rising edge of the waveform. In the 
footfall illustrated, the effective mass approach assumes that 
mass M2 would make little or no contribution to the rising-
edge impulse up to the localized force peak. However, as illus-
trated, M2 is actually responsible for roughly one-third of the 
total impulse over this early period of this illustrated waveform. 
During slow and moderate speed fore-foot strikes, the impulse 
contributions of mass M2 actually exceed those of M1, primarily 
because the impact period Δt1 is relatively longer (Clark, Ryan 
& Weyand, 2017, Figures 5 and 6, Table 2). Also evident in the 
figure is that the localized peak on the total vGRFT waveform 
is not simultaneous with the peak of impact impulse J1 as im-
plicitly assumed by effective mass quantification techniques. 
Rather, the time-dependent contributions of impulse J2 cause 
the total waveform peak to occur at a later point in time than 
the J1 impulse peak. In the case of most forefoot strike wave-
forms, the longer Δt1 period results in the rising edge of the 
measured waveform lacking a localized force peak altogeth-
er (Clark, Ryan & Weyand, 2014; Clark, Ryan & Weyand, 2017, 
 Figure 6, Table 2).

Impact Forces and New Paradigms: Retro- and 
Prospective Considerations

Intuitive appeal and computational simplicity may be respon-
sible for the common conceptualization and quantification 
of the rising edge of human running vGRFT waveforms as an 
impact-only phenomenon. However, the works synthesized 
here: 1) provide a valid mechanical basis for the vGRFTs wave-
forms based on the body’s entire mass, and 2) offer quantitative 
methods that apply over essentially all level-speed and foot-
strike conditions. A two-mass partitioning of the human body 
allows the full running vGRFT waveform to be predicted from 
gait motion. The two-mass approach also allows the impact 
portion of the impulse to be extracted from measured vGRFT 
waveforms. Doing so requires only motion data from the ankle 
and the fixed lower-limb mass fraction identified for M1. 
Finally, we applaud Nigg, Mohr and Nigg for proposing mus-
cle tuning and movement path paradigms in an effort to ad-
vance basic and applied understanding of running mechanics. 
We share their view that evaluating these paradigms will be a 
major and lengthy experimental undertaking. One useful tool 
for these efforts, directly in the case of muscle tuning and indi-
rectly for preferred movement paths, is the holistic quantitative 
understanding of impact forces that is currently available.
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