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a b s t r a c t

Measuring the ground reaction forces (GRF) underlying sprint acceleration is important to understanding
the performance of such a common task. Until recently direct measurements of GRF during sprinting
were limited to a few steps per trial, but a simple method (SM) was developed to estimate GRF across
an entire acceleration. The SM utilizes displacement- or velocity-time data and basic computations
applied to the runner’s center of mass and was validated against compiled force plate (FP) measure-
ments; however, this validation used multiple-trials to generate a single acceleration profile, and conse-
quently fatigue and error may have introduced noise into the analyses. In this study, we replicated the
original validation by comparing the main sprint kinetics and force-velocity-power variables (e.g. GRF
and its horizontal and vertical components, mechanical power output, ratio of horizontal component
to resultant GRF) between synchronized FP data from a single sprinting acceleration and SM data derived
from running velocity measured with a 100 Hz laser. These analyses were made possible thanks to a
newly developed 50-m FP system providing seamless GRF data during a single sprint acceleration.
Sixteen trained male sprinters performed two all-out 60-m sprints. We observed good agreement
between the two methods for kinetic variables (e.g. grand average bias of 4.71%, range 0.696 ± 0.540–
8.26 ± 5.51%), and high inter-trial reliability (grand average standard error of measurement of 2.50%
for FP and 2.36% for the SM). This replication study clearly shows that when implemented correctly, this
method accurately estimates sprint acceleration kinetics.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Sprint running acceleration is a major component of perfor-
mance in many sports, and ground reaction forces (GRFs) acting
on the runner’s body basically explain the overall linear sprint
acceleration motion. Thus, quantifying the main sprint kinetics is
key for a better understanding of human sprint acceleration
motion and performance (Cavagna et al., 1971; Rabita et al.,
2015). In parallel, measuring kinetics (e.g. GRF or external mechan-
ical power output) during this task has historically been an exper-
imental challenge (Cross et al., 2017a; Furusawa et al., 1927).
Although displacement- and velocity-time outputs have been
quantified for decades (Best and Partridge, 1928; Volkov and
Lapin, 1979), the first publications on overground sprint accelera-
tion kinetics are comparatively recent (e.g. Cavagna et al., 1971;
Rabita et al., 2015). The reference technology for measuring GRF
in these seminal studies are force platforms installed into the sur-
face over which the athlete is running; in this manner, direct and
high-fidelity data are gathered in a highly specific and non-
invasive manner. One major limitation of these studies is that data-
sets were restricted by the number of force platforms (FP) arranged
in series (typically 4–8 m in total). As such, studying a complete
sprint acceleration (20–60 m depending on the athlete’s character-
istics) required data to be aggregated frommultiple sprints to form
a compiled ‘‘single” acceleration profile (Rabita et al., 2015).
Recently, Samozino et al. (2016) proposed a simple method based
on a macroscopic model applying the fundamental laws of motion
to the runner’s center of mass. Using this method, mechanical out-
puts determined from simple kinematic (spatiotemporal) data
showed good to very good agreement to those assessed from a ref-
erence FP system. Because it is based on basic inputs (body mass,
height, and displacement- or velocity-time data), this method has
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been widely used in sports practice and research (e.g. Mendiguchia
et al., 2016; Pantoja et al., 2016; Jimenez-Reyes et al., 2018; Cross
et al., 2015). Despite the clear and strong results from the initial
validation study, the validity of this approach has only been tested
in the context of a multiple-trial design. Moreover, while the
methodology in this original validation was sound, the multiple
trial approach is subject to some unavoidable variability that
may have affected the results (Samozino et al., 2016). As such,
some may argue that the outputs from the simple method are
somewhat invalid due to not being compared to force plate data
collected concomitantly over a single sprint trial. A unique system
of track-embedded FP was recently developed allowing 52 m of
continuous and synchronized force measurements, owing to its
‘‘series” construction within an indoor 110-m sprint track
(Nagahara et al., 2017a; Colyer et al., 2018); thus, the validity of
Samozino et al.’s simple method can be tested using such a system
by comparing the two data streams collected simultaneously dur-
ing a single sprint acceleration. The aim of this study was to repli-
cate Samozino et al.’s test of the criterion validity and estimation
errors of the simple computation method (Samozino et al., 2016)
against reference FP data, this time with direct, single sprint
comparisons.
2. Method

2.1. Participants, procedures and equipment

Sixteen male trained sprinters (mean ± SD age of 20.4 ± 1.5 yr;
mass 65.0 ± 3.5 kg; height 1.72 ± 0.03 m; and 100-m personal best
time 11.2 ± 0.4 s) gave their informed, written consent to partici-
pate in this study, that was approved by the research ethics com-
mittee of the National Institute of Fitness and Sports in Kanoya.
After a complete and appropriate warm-up, athletes performed
two all-out 60-m sprints (separated by >10 min) on an indoor run-
ning track, using their preferred crouched block-start position and
their own sprinting spiked shoes. A series of fifty-four platforms
(1000 Hz; TF-90100, TF-3055, TF-32120; Tec Gihan, Uji, Japan,
see here for details: http://www.tecgihan.co.jp/en/products/force-
plate/) were embedded into the indoor track, and connected to a
single computer to measure GRF through 52 m from 1.5 m behind
Fig. 1. Typical example of raw data of running velocity, vertical and antero-posterio
acceleration. Circles indicate step-averaged values of running velocity, over the correspon
the laser system and the associated exponential fitting are almost confounded.
the starting line to the 50.5-m mark (for more details on the FP
procedures and equipment, please see Colyer et al., 2018;
Nagahara et al., 2017a). During each trial, athletes’ running velocity
was also computed from the position-time data (see detailed pro-
cedures in Nagahara et al., 2016) measured with a laser system
(100 Hz; LDM301, Jenoptik, Jena, Germany) set at 1.0 m above
the ground and aimed at the lower back of the runners. The two
systems were synchronized via electric starting gun that provided
a starting signal for participants.

2.1.1. Simple method
The complete description of the simple method used in this

study can be read elsewhere (Samozino et al., 2016). Briefly, in this
macroscopic method based on the motion of the body center of
mass, running velocity over time measured by laser during the
acceleration (starting at a 0.1 m/s threshold) was fitted with an
exponential function using the least-square regression method
(di Prampero et al., 2005; Furusawa et al., 1927; Volkov and
Lapin, 1979; Samozino et al., 2016), with a time adjustment to
ensure the actual start of the computation at t = 0 s, in case of delay
between the time trigger and the actual increase in velocity
(Samozino, 2018):

vH tð Þ ¼ vHmax � 1� e�ðt�dÞ=s� � ð1Þ
with vHmax the maximal velocity (in m/s) reached at the end of the
acceleration, s the acceleration time constant (in s) and d the time
delay (0.029 ± 0.042 s on average in the present study) (Fig. 1).

Then, the acceleration of the runner in the horizontal direction
was computed by derivating vH over time:

aH tð Þ ¼ vHmax

s

� �
� e�t

s ð2Þ

Applying the fundamental laws of dynamics in the horizontal
direction, the net horizontal antero-posterior ground reaction force
(FH) applied to the body center of mass (CM) was modelled over
time as:

FH tð Þ ¼ maH tð Þ þ FaeroðtÞ ð3Þ
with m the athlete’s body mass and Faero the aerodynamic drag
force, estimated from the athlete’s body mass and height, ambient
r components of the ground reaction force during the first 6 s of a 60-m sprint
ding step, after the starting-block push-off. The running velocity trace obtained from

http://www.tecgihan.co.jp/en/products/forceplate/
http://www.tecgihan.co.jp/en/products/forceplate/


84 J.-B. Morin et al. / Journal of Biomechanics 94 (2019) 82–87
air temperature and barometric pressure, and running velocity (see
Arsac and Locatelli, 2002). This aerodynamic drag necessary to
overcome during sprinting is proportional to the square of the
velocity of air relative to the runner:

Faero tð Þ ¼ k � vH tð Þ � vWð Þ2 ð4Þ
where vw is the wind velocity (if any) and k is the runner’s aerody-
namic friction coefficient, estimated as proposed by Arsac and
Locatelli (2002) from values of air density (q, in kg/m3), frontal area
of the runner (Af, in m2), and drag coefficient (Cd = 0.9):

k ¼ 0:5 � q � Af � Cd ð5Þ

q ¼ q0 �
Pb
760

� 273
273þ T� ð6Þ

Af ¼ 0:2025 � h0:725 �m0:425
� �

� 0:266 ð7Þ

where q0 = 1.293 kg/m is the q at 760 Torr and 273 �K, Pb is the
barometric pressure (in Torr), T� is the air temperature (in �C),
and h is the runner’s stature (in m). Although this method overesti-
mates the frontal area during early acceleration, the resultant error
is likely negligible due to associated low CM velocity.

Similar facilities meant ambient conditions were close between
the current study and the original one (Samozino et al., 2016). The
mean net horizontal antero-posterior power output applied to the
body center of mass (PH) was modelled at each instant as the pro-
duct of FH and vH (Fig. 2). The ratio of FH to the resultant GRF (FRES)
was computed over time according to Morin et al. (Morin et al.,
2011) and expressed in %:

RF ¼ FH

FRES
¼ FHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

FH
2 þ FV

2
q ð8Þ

with FV the vertical component of the GRF, considered as equal to
body weight over time (di Prampero et al., 2005; Samozino et al.,
2016). RF is an indicator of the overall orientation of the GRF vector
during the step, which represents the ability to apply the force they
generate onto the ground in an ‘‘effective”, i.e. horizontally-oriented
manner (Morin et al., 2011; Rabita et al., 2015).
Fig. 2. Typical example of step-averaged values of vertical and antero-posterior compon
60-m sprint including starting-blocks push-off. The simple method data for this trial ap
Fig. 1.
2.1.2. Force platform reference method
As fully detailed elsewhere (Nagahara et al., 2017a; Colyer et al.,

2018), the GRF data were firstly filtered using a fourth-order low-
pass Butterworth filter with a 70-Hz cut-off frequency derived
through residual analysis. Raw FHðtÞ and FV ðtÞ signals (Fig. 1) were
then averaged for each step (time ranging from one foot contact to
the contact of the contralateral foot), as determined with thresh-
olds of FV = 20 N. Horizontal velocity was calculated for each step
using the impulse-momentum relationship (Fig. 1).

2.2. Common data analysis

From modelled (simple method) and step-averaged values of
FHðtÞ, vHðtÞ and PHðtÞ data, we computed the linear force-velocity
relationship, second degree polynomial power-velocity relation-
ship and linear RF-velocity relationship (Cross et al., 2017a;
Rabita et al., 2015; Morin et al., 2011) (Fig. 3). Then, from these
relationships, the following variables were computed: the theoret-
ical maximal horizontal force output FH0 and running velocity vH0

(calculated as the intercepts of the force-velocity relationship), the
slope of the force-velocity relationship (SFvÞ, the maximal power
output:

Pmax ¼ FH0

2
� vH0

2
ð9Þ

and the decrease in the ratio of force (DRF) index, computed as the
slope of the linear decrease in RF with increasing running velocity
(DRF in %.s/m, Fig. 3) from the first complete step (i.e. first step after
the block phase, RFStep1) to the step at maximal velocity (Morin
et al., 2011).

2.3. Statistics

All data are presented as mean ± standard deviation (SD). The
quality of the exponential fitting (Eq. (1)) of laser and FP running
velocity data, and the adjustments of the force-, power- and RF-
velocity relationships to their respective linear or second-degree
polynomial models were assessed with R2 values for both laser
and FP data (Figs. 1 and 3). For each subject, the standard errors
ents of the ground reaction force, and associated power output over the first 6 s of a
pear as black traces for each variable. Data from the same individual and trial as in



Fig. 3. Left: typical example of force- and power-velocity relationships computed from step-averaged values (force platform circles and dashed traces) and using the simple
method (black traces). Right: ratio of force as a function of running velocity for the same sprint trial. Data from the same individual and trial as in Figs. 1 and 2.
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of estimate (SEE) for FH , FV , FRES and RF were computed between
averaged FP values for each step and values estimated from the
simple method, for corresponding step-averaged vHðtÞ values:

SEE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

FFP � FSimplemethod
� �2

Nsteps � 2

s
ð10Þ

The main kinetic variables of the force-velocity-power relation-
ships obtained with both methods were then compared using bias
(mean differences between both methods, systematic bias), ran-
dom errors (1.96 � standard deviation of the differences between
both methods) and limits of agreement (bias + random errors,
Bland and Altman, 1986). In case of significant correlation between
individual values and residuals, data were log-transformed before
further analyses (Atkinson and Nevill, 1998). Finally, the inter-
trial reliability for each variable was quantified using the coeffi-
cient of variation (CV in %), the change in the mean, and the stan-
dard error of measurement (SEM, expressed in percentage of mean
values) between the two trials (Hopkins, 2000).
3. Results

As seen in the typical example shown in Fig. 1, the exponential
model provided almost perfect fitting of vHðtÞ data, for both laser
(R2 > 0.996) and FP (R2 > 0.999) measurements. As shown in
Fig. 3, force- and RF-velocity relationships obtained with the FP
were very well fitted by linear regressions (mean R2 of
0.955 ± 0.022 for force-velocity and 0.975 ± 0.013 for RF-velocity)
and power-velocity relationships by second degree polynomial
regressions (mean R2 of 0.920 ± 0.033).
Table 1
Mean ± SD of the main mechanical variables and comparison between the force platform

Force platform
method

Simple
method

Ratio of simple
method /reference
method (after log transf

vmax (m/s) 9.58 ± 1.24 9.55 ± 0.34 0.997
Tau (s) 1.19 ± 0.09 1.15 ± 0.07 0.929
FH0 (N/kg) 8.59 ± 0.57 8.15 ± 0.48 0.948
VH0 (m/s) 9.89 ± 0.37 9.98 ± 0.38 1.01
SFv (N/kg/s/m) �0.870 ± 0.066 �0.818 ± 0.052 0.941
Pmax (W/kg) 21.2 ± 1.7 20.4 ± 1.5 0.959
RFStep1 (%) 44.2 ± 2.9 43.4 ± 2.0 0.981
DRF (%/s/m) �7.33 ± 0.57 �7.20 ± 0.45 0.982
The FP values of FH , FV , FRES and RF at each step were well fitted
by the simple method proposed, as shown by the SEE of
25.8 ± 6.3 N, 37.6 ± 13.7 N, 45.3 ± 11.5 N and 2.23 ± 0.41%, respec-
tively. This is illustrated in the typical example shown in Fig. 2.

All other comparison results between the reference FP data and
the simple method proposed are shown in Table 1.

Finally, the inter-trial variability was low, and very close
between the two methods (Table 2). For example, average coeffi-
cients of variation between the two trials (for both FP and the sim-
ple method) for vHmax, s, FH0, vH0 and Pmax were all <3.56 ± 2.00%.
4. Discussion

Overall, this replication study with improved experimental
design (i.e. single sprint direct data comparison versus indirect
multiple-sprint approach) clearly confirms the results obtained
by Samozino et al. (2016): (i) velocity-time data during a sprint
acceleration (measured with FP or laser devices) was almost per-
fectly described by a simple exponential model (Eq. (1)); (ii) the
main macroscopic force-velocity-power outputs computed using
simple laws of motion applied to the runner’s CM (Samozino
et al., 2016) exhibited good agreement with reference force-plate
measurements (grand average bias of 4.71%, Table 1), and; (iii)
the inter-trial variability in sprint kinetics was low in the trained
population studied, and very close between the two methods com-
pared (Table 2).

In this population of trained male sprinters, sprint kinetics data
were similar to those obtained in previous studies using either FP
(Rabita et al., 2015; Nagahara et al., 2017a; Colyer et al., 2018) or
Samozino et al.’s simple method (e.g. Slawinski et al., 2017; Cross
et al., 2017b; Jimenez-Reyes et al., 2018). It is also interesting to
(reference) and simple method data.

orm)

Systematic error
(Mean of inter-
method differences)

Random error (1.96xSD
of inter-method
differences)

95% agreement
limits

�0.033 0.153 (�0.186;0.120)
�0.088 0.157 (�0.251;0.063)
�0.444 0.745 (�1.21;0.277)
0.091 0.198 (�0.107;0.289)
0.051 0.079 (�0.025;0.133)
�0.877 1.84 (�2.76;0.925)
�0.825 5.92 (�6.76;5.08)
0.130 0.694 (�0.561;0.827)



Table 2
Inter-trial reliability variables for the force platform (reference) and simple method data.

Coefficient of variation (%) Change in the mean (%) Standard error of measurement (%)

Force platform method Simple method Force platform method Simple method Force platform method Simple method

vmax (m/s) 0.674 ± 0.641 0.481 ± 0.485 0.563 0.303 0.864 0.667
Tau (s) 2.24 ± 1.93 3.41 ± 1.94 0.944 �1.59 2.82 4.00
FH0 (N/kg) 2.03 ± 1.52 3.51 ± 2.09 �0.217 1.94 2.53 3.81
VH0 (m/s) 0.473 ± 0.295 0.555 ± 0.528 0.271 0.319 0.535 0.757
SFv (N/kg/s/m) 2.00 ± 1.67 3.56 ± 2.00 �0.478 1.306 �2.55 �3.95
Pmax (W/kg) 2.11 ± 1.51 3.07 ± 1.79 0.032 1.956 2.61 3.30
RFStep1 (%) 4.26 ± 3.84 1.31 ± 0.93 1.379 0.349 5.64 1.63
DRF (%/s/m) 2.25 ± 1.89 3.23 ± 2.06 0.278 0.916 �2.87 �3.72
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note that the low inter-trial variability observed here was very
close between the two methods compared (Table 2), and compara-
ble to that reported by Haugen et al. (2018) in a similar population,
using the simple method approach. Simperingham et al. (2017)
reported clearly higher values for individuals of a lower level of
performance, which might indicate that the inter-trial variability
in sprint kinetics is more related to the characteristics of the indi-
viduals tested, rather than the measurement and computation
method used.

The almost perfect fit of the velocity-time data by the exponen-
tial model (Eq. (1)) confirms previous studies (di Prampero et al.,
2005; Furusawa et al., 1927; Volkov and Lapin, 1979; Samozino
et al., 2016). In addition, all subsequent computations of sprint
kinetics using Samozino et al.’s method are similar and not
device-dependent. Thus, it appears that other types of displace-
ment or velocity-time devices than the laser may be used, provided
the almost perfect exponential fitting is verified. For example, pre-
vious studies used radar (Cross et al., 2015), photocells (Samozino
et al., 2016; Romero-Franco et al., 2017), linear encoders (Cross
et al., 2018), or high-speed video (Romero-Franco et al., 2017) after
verification of the high-quality of fitting (correlation coefficient
>0.99). In addition, this almost perfect fit was observed in loaded
sprint conditions (Pantoja et al., 2018; Cross et al. 2017b; Cross
et al. 2018) and for various levels of sprint performance and ath-
letes’ age and sex (Pantoja et al., 2016; Slawinski et al., 2017;
Nagahara et al., 2017b), which tends to support its general validity
to varying athlete’s characteristics/levels and with external resis-
tance. However, if high-quality exponential fitting of the data is
not verified preceding analysis, any subsequent computations
might lead to inaccurate data and conclusions (e.g. GPS
(Nagahara et al., 2017b) and inertial unit devices data (Morin
et al., 2018)). As for the inter-trial reliability, the overall accuracy
of the simple method highly depends on the initial accuracy of
the position- or velocity-time measurements, rather than the com-
putations themselves which are based on the laws of motion.

One limitation of the present study is that it was performed
only in trained male sprinters, using a starting-block start, and
not to other types of participants (e.g. team sport players) and
starting positions (e.g. 3-point start, standing start). That said,
given the results presented here and the points previously dis-
cussed, we can reasonably expect that provided accurate basic
inputs (body mass, height, and displacement- or velocity-time)
and a verified exponential fit (very high-quality of fit of the
velocity-time data with the exponential model from Eq. (1)), the
final outputs of the simple method would show the same level of
agreement with FP data, and the same level of inter-trial reliability.
Following the strong results of the initial validation study, this
quasi-replication study clearly proves the validity of the method.

In conclusion, this replication study using a single sprint
approach and reference force plate data confirms the initial valida-
tion study (Samozino et al., 2016): even though force plate remains
the gold standard method for measuring sprint acceleration kinet-
ics and force-velocity-power outputs, especially with access to
within-step and between-limbs GRF data, the proven validity and
reliability of Samozino et al.’s simple computation confirms it as
a feasible alternative for those working in field conditions or with-
out access to specialists devices. When implemented correctly, this
method is a useful approach for sports and health research and
practice.
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