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Abstract

Purpose: 1) to analyze the reliability and validity of a field computation method based on easy-
to-measure data to assess the mean force (F) and velocity (v) produced during a ballistic bench
press movement; and 2) to verify that the force-velocity (F-v) profile obtained with multiple
loaded trials is accurately described. Methods: Twelve participants performed ballistic bench
press against various lifted mass from 30 to 70% of their body mass. For each trial, F and v were
determined from an accelerometer (sampling rate: 500Hz; reference method) and a simple
computation method based on upper limb mass, barbell flight height and push-off distance. These
F and v data were used to establish the F-v relationship for each individual and method. Results:
A strong to almost perfect reliability was observed between the two trials (ICC>0.90 for F and
0.80 for v, CV% < 10%) whatever the considered method. The mechanical variables (F, v)
measured with the two methods, and all the variables extrapolated from the F-v relationships
were strongly correlated (r?> > 0.80, p < 0.001). The practical differences between the two
methods for the extrapolated mechanical parameters were all <5% indicating "very probably no
differences". Conclusion: The present findings suggest that the simple computation method used
here providing valid and reliable information on force and velocity produced during ballistic
bench press, in line with those observed in laboratory conditions. This simple method is then a
practical tool, which necessitates only three simple parameters (upper limb mass, barbell flight
height and push-off distance).

Keywords: bench throw, explosive exercise, upper limb, force-velocity relationship,
maximal power



Introduction

Bench press exercise is often used as a simple test to evaluate the upper limb force, velocity and
power output!-3. These muscular parameters are usually determined using a force platform+5 or
kinematic systems, such as optical encoders®’ or linear transducers?8-10, Although these methods
are considered as ‘gold standards’ for measuring force, power, and velocity!!, they require a
methodological expertise and are costly. Thus, their use is often limited to laboratory settings!2
and not accessible to most coaches and athletes.

Consequently, considering resistance training, the most employed method for maximal muscular
force testing remains the 1-RM (i.e,, maximum weight that an athlete can lift once with proper
form and technique)!3. However, the 1-RM is only one muscular parameter and does not give
further indications about upper limb power or velocity capacities!4. Moreover, using a percentage
of 1-RM to quantify resistance training aiming to develop the power capacities may mislead
coaches and athletes into selecting the most appropriated loads?s. In this regard, determining the
individual’s force-velocity (F-v) relationship can be useful to assess the entire spectrum of the
athlete’s mechanical capabilities. The linear F-v relationship describes the changes in external
force generation with increasing movement velocity. The theoretical maximal force at null
velocity (Fo), the maximal velocity at null force (vo) and the slope of the linear relationship allow
characterizing it. Recent studies617 also evidenced that the latter affects the maximum impulse,
and in turn the associated ballistic performance, independently from the large effect of the
maximum power. Therefore, an appropriate determination of the F-v relationship seems to be
crucial to quantify the neuromuscular mechanical capabilities for both testing and training.
Considering lower limbs, Samozino et al.18 developed a simple method involving classical
Newtonian mechanics to evaluate force, velocity and power output during explosive squat jumps
by means of easy-to-measure data from athlete morphology and jump characteristics. Recent
studies also demonstrated that this simple method was valid to determine the force-velocity
profile of the lower limbs using squat jumps?® or countermovement jumps2? with different loads.
Since this method only requires knowing the moving mass, the push-off distance and the jump
height, it could theoretically be used during any vertical movement including ballistic push-off
such as bench press throw (i.e., ballistic bench press) in order to evaluate the F-v profile of the
upper limbs. However, although it is now possible to easily and accurately measure jump height
with an accessible smartphone app?!, such devices cannot currently be used during ballistic
bench press. Instead, a simple nylon cable tie fixed on the rail of a guided barbell machine could
be used to simply measure all necessary distances during the ballistic bench press (push-off and
barbell flight).

The purpose of the present study was then to assess the reliability and validity of a simple
computation method!8 based on easy-to-measure data and the fundamental law of dynamics to i)
determine the force and velocity produced during a ballistic bench press exercise and ii) in turn,
accurately compute the F-v profile obtained with multiple loaded trials.

Methods

Subjects

Twelve healthy males volunteered to participate in this study (age 28.2 * 9.8 years; body mass
76.8 £ 7.9 kg; height 1.78 * 0.07 m; mean * standard deviation). All were involved in regular
physical activities and familiar with the testing exercises. The 1-RM in the ballistic bench press
was 97.4 + 16.9 kg (relative: 1.29 * 0.17 kg/kg body mass). They were healthy, without any
injuries and free from any consumption of drugs, medications or dietary supplements that could
have influenced the testing. They were also instructed to avoid all sorts of strenuous exercise the
day before their evaluation. All participants were informed of the procedures and gave a written
consent. The study was conducted according to the declaration of Helsinki and was approved by
the local ethics committee of human research.

Experimental design
All tests were performed under a vertical guided barbell (Multipower Basic, Panatta Sport, Spiro,
[taly). The testing was preceded by a standardized warm-up including five minutes of cycling at



comfortable pace, followed by series of ballistic bench press exercises (10 reps at 17 kg, 8 at 27
kg, 6 at 37 kg, 4 at 47 kg, 3 at 57 kg, 2 at 67 kg) separated by 90-s rest periods. Thereafter, each
participants randomly performed two trials of ballistic bench press exercises against lifted
masses equal to 30, 40, 50, 60 and 70% of their body mass (total = 10 repetitions). Participants
laid supine on the bench with their legs crossed above the bench and were required to keep their
back on the bench (Figure 1). This standardized position was imposed to limit the lower body
influence. The barbell was positioned across their chest at nipple level above the pectoralis major,
supported by the lower mechanical stops of the measurement device (* 5 cm above the chest).
Participants held the barbell choosing the most comfortable position (starting elbow angle: 76.1
+ 8.4 deg). This handgrip was determined during the warm-up and marked on the barbell with
tape to ensure reproducibility. Participants were asked to push as hard and fast as possible to
throw the barbell with their back fully in contact with the bench during the push-off. Each trial
was followed by a 3-min rest period.

Figure 1: Picture of the nylon cable tie fixed around the rail of the guided barbell machine at the
start position (A) and at the maximal height after the flight phase (B).

Apparatus and measurements
The mean vertical force (F) and the corresponding mean velocity (V) developed by the upper
limbs during push-off were determined from the two following methods for each trial.

Accelerometer method. The 3-dimensional accelerometer used in the present study was a
Myotest® Pro (Myotest SA, Sion, Switzerland) that was directly fixed to the barbell.
Instantaneous vertical acceleration of the barbell (ap, in m.s2) was monitored at a 500-Hz
sampling rate. The push-off phase started when the instantaneous acceleration was higher than
0 and ended when the instantaneous acceleration attained the gravitational acceleration (g = -
9.81 m.s2). Instantaneous a, was then integrated to provide the instantaneous vertical velocity
of the barbell (vy, in m.s1). The integration constant was set to zero because there was no initial
movement (i.e., the barbell was placed on mechanical stops). As previously demonstrated, the
displacement of the upper limb center of mass is similar to the displacement of the barbell’s
center of mass®. Therefore, at each instant ab can be used to calculate the force applied to the
system (i.e., upper limbs plus lifted mass) as:

? = (mul + mb) AN + (mul + mb)g + Ff Eq 1



with my, the upper limb mass, estimated as a fraction of body mass from Winter’s table22 (10%
of body mass for the two upper limbs), m;, the lifted mass, and F¢ the friction force of the guided
system determined during a freefall test.

F and V of each trial were calculated respectively as averages of instantaneous vertical force and
velocity over the whole push-off phase (from a, = 0 to -9.81 m.s2).

Computation method. The simple method used to estimate F and v was based on the one
developed by Samozino et al. during squat jump (ibid. equations 4 and 8)18. Only three simple
parameters are required for these computations: the mass of the studied system (i.e., upper limbs
plus lifted mass), the vertical displacement during the freefall phase (h) and the vertical push-off
distance (hpo). All of these parameters can be extracted from a ballistic bench press (Figure 1).
However, as previously described, in the present study the movement was performed on a guided
barbell machine with a friction force. Thus, the acceleration during the freefall (ax) was not the
gravitational acceleration. Assuming that the friction force is constant during the freefall phase,
ass can be estimated with the second law of Newton as:

.mp+F
ags = gmp T 7t Eq. 2

mp

Substituting g by ag in the equation 4 and 8 of Samozino et al.18 gives:

F=my,p x 2205 o (24 Eq. 3
mp hpo

Eq. 4

In this study, h was measured with a nylon cable tie fixed around the rail of the guided barbell
machine (Figure 1), which allowed a reading of the highest height attained by the barbell. This tie
was pushed upwards along the rail as the barbell was thrown by the athletes, but stayed still in
its maximal height position as the barbell moves downwards. Finally, hpo was measured as the
difference between the initial position of the barbell (i.e., in contact with the security catches) and
the maximal height attained after the push-off (Figure 2). All the dimensions were measured
using a non-flexible tape, with 0.1 cm accuracy.

Maximal height

Figure 2: The three key positions during a bench press throw performed with a guided barbell and
the two distances (h, hpo) used in the proposed computation.



Force-velocity relationships

The force-velocity (F-v) relationships were determined by least squares linear regressions using
the two trials of each five loads. F-v curves were then extrapolated to obtain Fy and vo, which
correspond to the intercepts of the F-v curve with the force and the velocity axis, respectively.
The slope of the F-v linear relationship (F-vsiope) was also considered for further analysis. Values
of maximal power of the power-velocity relationship (Pmax) were calculated as previously
validated14.23:

Bnax = FOZUO Eq.5

Statistical analysis

All calculations were performed with a custom-written software program (Microsoft Excel,
Microsoft Corporation, Redmond, WA, USA). Results are presented as means + standard
deviations (SD). Reliability between the two trials was analyzed using an intraclass correlation
coefficient (ICC) for relative reliability and a coefficient of variation (CV%) for absolute reliability
for both methods. Acceptable reliability was determined as an ICC>0.7 and a CV%<10%24.

The validity of the computation method was established by comparing i) F and v obtained from
the computation method to those simultaneously measured with the accelerometer; and ii) the
mechanical parameters extrapolated from the F-v relationships (i.e., Fo, Vo, F-Vsiope, and Pmax)
obtained from these two methods.

The agreement between the two methods is expressed as the standard error of the estimate (SEE,
expressed in absolute values) and the coefficient of variation (CV%). Mean differences were
determined and expressed with 95% confidence limits to establish the precision of the estimate.
The practical significance of differences criterion (accelerometer) and practical measures
(computation method) was based on the smallest worthwhile difference with a small
standardized (Cohen) effect size (>0.2), derived by dividing the mean difference by the between-
subject standard deviation25. Chances of a substantial true difference were interpreted
qualitatively as follows: <1%, almost certainly not; <5%, very unlikely; <25%, unlikely; 25-75%,
possible; >75%, likely; >95%, very likely; >99% almost certainzé. The coefficient of determination
(r?) was also used to calculate the correlations between the two scores. For each variable (F, v, F-
Vsiope, Fo, Pmax), an univariate analysis of variance was used to test if the linear regression slope
and y-intercept were not different from 1 and 0 (i.e., identity line), respectively. The level of
statistical significance was set at p<0.05.

Results

Reliability

A strong to almost perfect agreement between the two trials was found for all the mechanical
variables (F: 0.93<ICC<0.99; v: 0.78<ICC<0.99) whatever the considered method. The absolute
overall reliability between the two trials (expressed as CV%) was <5% for the accelerometer and
<7% for the computation method.

Validity

Mean values measured with the accelerometer method and determined with the computation
method are presented in Table 1. Considering each load separately, the CV% for F values were
lower than 7% and there was no difference between the measures performed with the two
methods (practical significance of difference <7%). The CV% for v were lower than 10% for the
light loads (30, 40 and 50% of body mass) and lower than 15% for the heaviest loads (60 and
70% of body mass). Even if CV% values seemed to slightly increase with loads, the practical
differences were all lower than 20% (Table 1). This supports that the force and velocity calculated
from both methods were not different.



When all the loads were considered, the mechanical variables (F, V) measured with the two
methods were strongly correlated (r?>0.8, p<0.001) (Table 2), with slope and y-intercept values
of the linear regressions not significantly different from unity and zero, respectively (Table 2).
The SEE between the two methods, expressed as CV%, was <10%, with a mean difference of 30
N for F and 0.07 m.s! for v. There was no difference between measures obtained by the two
methods, since the practical difference between the two scores was less than 10%.

Table 1. Agreement between the computation and the accelerometer methods for mean force (7)
and velocity () considering each lifted mass separately.

Lifted Practical
mass Standard error of Coefficient of significance of
. . o )
(%BM) Accelerometer Computation estimate (SEE) variation (CV%) ((i;/ff)erence
method Method 2
Absolute (Closw) % (Closw)

30 441.6 + 65.7 467.5 +58.6 25.9 15.8-359 6.6 5.2-9.1 6, unlikely

40 497.2+77.3 529.3+79.5 32.1 20.1-44.1 6.7 5.3-9.2 7, unlikely

F(N) 50 566.8 £ 65.3 601.4 £ 69.0 34.6 21.8-47.5 5.9 4.7-8.2 6, unlikely

60 630.3 £ 60.1 660.3 £ 65.3 30.0 17.5-425 49 3.8-69 5, unlikely

70 640.0 £ 76.3 683.3 £ 80.7 43.3 22.1-64.4 4.8 3.3-9.3 7, unlikely
30 1.2+0.1 1.1+£0.1 -0.1 -0.2--0.1 8.5 6.7-11.9 10, unlikely
40 1.1+£0.1 09+0.1 -0.13 -0.2--0.1 8.7 6.9-12.0 13, unlikely
v (m.s1) 50 09+0.1 0.8+0.1 -0.14 -0.2--0.1 7.7 6.0-10.6 16, unlikely
60 0.8+0.1 0.6+0.1 -0.1 -0.2--0.1 115 8.9 -16.5 19, unlikely
70 0.6 +0.1 0.5+0.1 -0.1 -0.2-0.0 15.7 10.6-32.3 15, unlikely

Practical significance of difference between mean forces (F) and the mean velocity (V) predicted with the computation method and
those obtained with the accelerometer method; CI95%: confidence interval set at 95%; Thresholds for assigning qualitative terms to
chances of substantial effects were as follows: <1%, almost certainly not; <5%, very unlikely; <25%, unlikely; <50%, possibly not;
>50% possibly; >75%, likely; >95%, very likely; >99% almost certain.

Table 2. Characteristics of the correlation (slope, y-intercept, r?) and differences (standard error of
estimate - SEE - and the coefficient of variation - CV% -) between the accelerometer and
computation methods.

Practical
Linear regression line SEE Cv significance of
difference (%)
Slope y-intercept r? Absolute Closo % Clos%
F(N) 0.95# -0.49% 0.95" 30.2 25.0-354 64 57-72 6, unlikely
7 (m.s1) 0.85# 0.07% 0.89 0.07 0.06-0.09 -84 57-111 8, unlikely
Fo(N) 0.93# 79% 0.93* -18.7 -48.0-105 73 53-119 2, very unlikely
vo (m.s1) 0.68 0.843 0.59° 001 -011-009 78 57-127 almost
certainly not
F-Vsiope (N/m.s™1) 1.09# 243 0.99™ 6.1 1.4-10.8 2.6 1.9-4.2 2, very unlikely
Pmax (W) 0.97# 425 0.87 -26.6 -48.3-5.1 13.3  9.7-22.0 4,veryunlikely

Practical significance of difference between mean forces (F) mean velocity (), slope of the force-velocity relationship (F-
Vslope), y-intercept of the force-velocity relationship (Fo) and the maximal power of the power-velocity relationship (Pmax)
predicted with the computation method and those obtained with the accelerometer method; Close: confidence interval set
at 95%; Thresholds for assigning qualitative terms to chances of substantial effects were as follows: <1%, almost certainly
not; <5%, very unlikely; <25%, unlikely; <50%, possibly not; >50% possibly; >75%, likely; >95%, very likely; >99% almost
certain; $: not different from 0; #: not different from unity; * p < 0.05; ** p < 0.001.



The F-v relationship was significantly linear for each participant (Figure 3) whatever the
considered method (accelerometer method: r? = 0.90-0.98, p < 0.001; computation method:
r’=0.67-0.98, p<0.05). All variables extrapolated from the F-v relationships were strongly
correlated (r*=0.87 - 0.99, all p<0.001; Figure 4). Whatever the considered parameter (i.e., Fo, vo
and F-vgope), the slope of the regression obtained with the two methods was not different from
unity (Table 2). The CV% was <10% for Fo, vo and the F-vyiope, with a mean difference of -19 N, -
0.01 m.s't and 6.1 N/m.s'1, respectively. For Pmax, CV% was 13.3%, with a mean bias of -26.6 W.
For all parameters (Fo, Vo, F-Vsiope and Pmax), there was no difference between measures performed
with the two methods (practical significance of difference <5%).
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Figure 3: Typical traces of F-v relationships and their derived mechanical parameters (Fy, vq, F-
Vsiope) Obtained from the accelerometer (black) and the computation (grey) methods.

Discussion

The main findings of this study are that i) the simple computation method presented is valid and
reliable for evaluating upper limb force and velocity output during one ballistic bench press from
only three simple parameters (body mass, push-off distance and throw height); ii) this method is
also valid and reliable for evaluating upper limb F-v relationship and thus the extrapolated
mechanical parameters used to characterize neuromuscular abilities (F-Vsiope, Fo, Vo and Pmax). The
simple computation method proposed here might offer an inexpensive and easy alternative to
assess bench press mechanical outputs and individualize the F-v profiles only with a flexible tape
measure, a nylon cable tie and an Excel® sheet. Since this method only requires a bench press
machine with a guided barbell, it may be easily implemented in sports training or
rehabilitation/medical environments.

The equations used in the present study are based on the fundamental laws of mechanics and
have been previously applied in unloaded!® and loaded squat jump conditions!%, and more
recently in loaded and unloaded counter movement jumps?20. To our knowledge, this study is the
first to show the applicability of this simple method to a ballistic bench press exercise. The only
assumption made in the aforementioned studies applying the Newton’s laws to the human body
is to identify the entire moving system (e.g., in the case of a jump: whole body plus lifted load) as
its center of mass8. In the case of the bench press exercise, Rahmani et al.> evidenced that the
upper limb acceleration is identical to the lifted mass acceleration, and followed the moving
system acceleration calculated from the force platform. This allows assimilating the acceleration
of the barbell to that of the moving system, as previously done during squat exercise??, and thus
to use the data from the accelerometer positioned on the barbell to calculate the force applied to
the moving system and its velocity.
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regression line; Dash-dotted line: identity line.



The validity of a method is generally studied by comparing the same performance measured
simultaneously by a tested method with one510.1827 or more already validated methods used as
reference criterial®. Regarding the present results, a validity is observed between the
computation and the accelerometer methods. The relationships between the two methods for F
and V can be considered as almost perfect since the coefficients of determination were
respectively 0.95 and 0.8928 and the equations of the regression lines were not different from that
of the identity line (y = x) (Figure 4). The magnitude of the relationship observed for F was within
the range of those observed during squat and countermovement jumps (0.95 to 1)18-20,
Considering V, the coefficient of determination is slightly lower than those obtained for F, as
previously observed during squat jumps (range: 0.87-0.91)1°. These results were completed by
the SEE (F ~30 N; ¥: ~0.07 m.s1), CV (<10%) and practical significance of difference (<10%)
(Tables 1 and 2) which indicate that there is no difference between the F and ¥ measured by the
two methods?6. Thus, the computation method presented here can be considered as valid to
estimate the mean force and velocity produced during a bench throw.

The between-trials reliability (i.e., for a same load) is also an important parameter to validate
when using a new method. This was done through the calculation of ICCs (relative reliability) and
coefficients of variation (absolute reliability)24 ICCs determined for the ballistic bench press
exercises in this study showed a very high agreement (>0.8)24 for F and v, in line with those
reported in previous studies focusing on ballistic bench press (also called bench throw)29,
classical bench press exercise®30, or jump exercise!8-20, The CV% obtained in the present study
suggested adequate absolute reliability (i.e., <10%) for F and ¥ (ranging from 0.8 to 1.7% and 1.4
to 6.3%, respectively), in agreement with previous studies mentioned above. Thus, the present
study showed high between-trials reliability for the computation method.

Finally, being able to record valid and reliable force and velocity measurements, as it has been
showed above, was a sine qua non condition to estimate valid and reliable F-v relationship and its
derived mechanical parameters (i.e., Fo, Vo, F-Vsiope and Pumax). In agreement with the accelerometer
method, the relation between force and velocity was well described by a negative linear
relationship (Figure 3), as it was previously shown in the literature for classical bench pressé8
and bench throw8. The validity of the computation method to measure the F-v relationship was
supported by the strong correlations of the F-vgope (r?=0.99, p<0.001), Fo (r?=0.93, p<0.001), vo
(r?=0.59, p<0.05), and Pmax (r?=0.87, p<0.001; all not different from unity) (Figure 3) determined
by the two methods. Moreover, the practical significance of differences between the two scores
are less than 5%, with a CV% <3% for F-va.pe and <8% for Fy and Vo. The higher, but still
acceptable, CV% observed for Pmax (13%) can be explained by the fact that the relative error of
Pmax is the sum of the relative error of Fo and v¢31. The errors might have cumulated, which led to
a greater bias between the two methods. However, the practical differences between the scores
remained lower than 5%, supporting the validity of Pma.x determination from the simple method.
Thus, the simple computation method presented in this study is reliable and valid to determine
the F-v relationship of the upper limbs during bench press as well as the derived mechanical
parameters Fo, vo, F-Vsiope and Prax.

A limitation of the present study is the use of an accelerometer, instead of a force platform (‘gold
standard’) as the criterion instrument for the validation of the simple method. Firstly, we chose
to compare the computation method to an accelerometer method because the latter measured
directly the motion of the lifted barbell, including the flight phase. It should be kept in mind that
during bench throws, the moving system (upper limbs plus lifted mass) is splitted in two separate
systems at the release, making difficult to track the instant of release with a force platform.
Furthermore, a force platform also monitors reaction forces from ‘parasite contractions’ (e.g.,
lower limbs, abdominal muscles) making difficult to estimate the net force applied to the moving
system. Using the accelerometer device thus allowed determining precisely the moment at which
participants threw the barbell and estimating only the force developed by the upper limbs to
accelerate the system30. Another limitation is the need to take the friction force (Fr) due to the
guided barbell system into account. In the present study, Neglecting Frleads to an overestimation
of Vo by 16+6%, an underestimation of Fo and F-vsoepe by 5+5% and 25+10%, respectively.
However, the acceleration associated to the guided barbell friction (arf) can be determined by
measuring the time ¢t during which the barbell is falling on a given displacement d. In first
approximation, ars can be considered as constant and equaled to:



2-d
aFf = ? Eq 6.

t can easily be measured using a smartphone equipped with a 240 frames per second slow motion
camera, which allows measuring the time with a sufficient accuracy (personal data).

Practical applications and conclusion

Assessing performance objectively to individualize trainings or rehabilitation programs is one of
the main problems faced by strength and conditioning coaches. The research of a simple field
evaluation method has given rise to major concerns in the scientific literature for several
decades!632. The present findings suggest that the theoretical method initially developed by
Samozino et al.18 is a practical tool providing valid and reliable informations on force and velocity
produced during ballistic bench press exercise, in line with those observed in laboratory
conditions, thanks to only three simple parameters (upper limb mass, barbell flight height and
push-off distance) that are easy to measure outside a laboratory and without specific devices. The
only required condition is to be able to measure the displacement of the barbell during the flight
phase. Newtonian laws require to consider all the moving masses to accurately determine the net
external force produced. The method does therefore not depend on the exercise. Consequently,
coaches and athletes could accurately identify their F-v profile, extrapolate reliable mechanical
parameters (Fo, vo, F-Vsiope and Pmax) in order to maximize upper limbs performance and manage
training program in field conditions. The model used here is identical to the one previously
proposed on jump exercise3334 and present the same practical application as those discussed in
these studies (i.e., maximizing power production). In the same way, Garcia-Ramos et al.3 observed
that the Fy is strongly correlated with the 1-RM measured during a bench press exercise (r=0.92-
0.94). The force-velocity relationship is then useful to assess the upper-body maximal capabilities
to generate force, velocity, and power.
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