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ABSTRACT

Purpose: compare linear and curvilinear models to describe the force-velocity relationship, especially on the velocity end, in lower
limb acyclic extensions. Methods: nine athletes performed horizontal lower limb extensions on a leg press ergometer allowing to
set from very high to very low (i.e. horizontal assisted extensions) resistive and inertial conditions. Lower limb force and velocity
were continuously measured over the push-off in six resistive conditions to determine individual force-velocity relationships.
Goodness of fit (GoF) of the linear model on force and velocity data (using the basic first order polynomial function), was compared
to that of curvilinear models (using the basic second order polynomial function, Fenn and Marsh’s, and Hill's equations) based on
the Akaike Information Criterion (AIC). Results: When expressed relative to the theoretical maximal force (Fo.L) and velocity (vo)
obtained from the linear model, force and velocity data ranged from 26.6+6.6 to 96.0+3.6% Fo.L and from 8.3£1.9 to 76.6£7.0% vo-
L (range of individual values=5-86%vo-L and 16-99% Fo-L). Curvilinear and linear models showed very high GoF (r2=0.951-0.999;
SEE=17-159N). Despite higher GoF for curvilinear models, AIC showed that the linear model presented ~99-100 % chance to be
the best one to describe the force-velocity relationship. Conclusion: the force-velocity relationship in acyclic lower limb extensions
can be considered as linear from its force (from 5% o) to its velocity end (up to 86%vo.L). Assisted horizontal acyclic lower limb
extensions allowed achievement of movement velocities very close to vo, representing an interesting modality for training or testing
force production capabilities at high velocities, notably for weaker populations.
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INTRODUCTION

Many physical activities include lower limb ballistic extensions, which are often key to game winning
actions or completion of daily tasks. Performance in such explosive efforts depends on the ability to produce high
level of force and power over the entire movement within the shortest period of time. Maximal force and power
generation capabilities during single ballistic multi-joint movements are well delineated by the linear force-velocity
(F-v) relationship and the resulting parabolic power-velocity (P-v) relationship (1-3). These two relationships are
associated to four variables: i) Fo, the force-intercept of the F-v relationship, corresponding to the theoretical
maximal force that could be produced at null velocity and representing the overall capabilities to produce force at
low velocities; ii) vo, the velocity-intercept of the F-v relationship, corresponding to the theoretical maximal velocity
until which force could be produced and representing the overall capabilities to produce force at high velocities;
iii) Pmax, the apex of the P-v relationship corresponding to the maximal power value reached at optimal velocity
(Vopt); and iv) the individual mechanical F-v profile corresponding to the slope of the F-v relationship and
representing its orientation towards force or velocity capabilities.

The assessment of F-v and P-v relationships in lower limb extensions can be done using cyclic
movements, such as sprint running (4) or cycling (5). Although this method is advantageous to test individuals
using sport-specific movements and in a safe, accessible, and reliable way (6, 7), it nonetheless includes
movement-specific force orientation technique, which is less transferable from one physical activity to another. In
contrast, during acyclic movements, such as vertical (2, 8) and horizontal (9) jumping or lower limb extensions on
an inclined or horizontal leg press devices (1, 10) the quasi-total external force developed by lower limbs is
considered and so refer more to a non-specific strength index. However, due to the restricted range of velocity
conditions in which force production is commonly measured, the linearity of the F-v relationship in acyclic
movements has been questioned (e.g. Cuk et al. 2014; Cosié et al. 2018). Indeed, these procedures include force
production measurements only from ~20 to ~50-60 %vo, whatever the movement used (8, 9, 11). As more than
half of the F-v relationship is typically undescribed by experimental data, it has been assumed that its apparent
linearity would actually represent a partial range of an overall curvilinear relationship. The first argument to support
this hypothesis is that the F-v relationship obtained from mono-articular movements or single-muscle in vitro
conditions has been shown to be curvilinear. Indeed, during these specific experimental conditions the force was
measured over a wide range of velocities and modelled with very high goodness of fit (GoF) by i) an exponential
function, as suggested by Fenn and Marsh (F&M'seq; Fenn and Marsh 1935), ii) a reciprocal function (rectangular
hyperbola), as proposed by Hill (Hill'seq; Hill 1938; Ritchie and Wilkie 1958; Hauraix et al. 2017), or iii) a
combination of these two types of function, according to Edman’s works (17). The second argument is that the
basic second order polynomial (Poly2) and exponential functions show most of the time a higher GoF (i.e. higher
coefficient of determination [rZ] and lower standard error of estimate [SEE]) than the basic first order polynomial
function (Linear) on the typical range of ~20 to ~50-60 %o in acyclic lower limb extensions (e.g. Cuk et al. 2014;
Cosié et al. 2018; Iglesias-Soler et al. 2019). However, in contrast to these two arguments, Bobbert (2012) showed
that the relationship between external force and lower limb extension velocity is “quasi-linear” in a simulated leg
press task, using a musculoskeletal model based on individual muscle force production capabilities defined by
curvilinear F-v relationship using Hill’seq.

To clarify the questioned linearity of the F-v relationship in acyclic lower limb extensions, several studies
have experimentally explored its ends and compared the GoF of Linear to that of the curvilinear-shaped functions.
On its force end (velocity conditions < 50 %wo), the F-v relationship was shown to be linear from ~5 %wo (18, 19),
beyond which some studies argue that it would exist a breakpoint (20-23). From this breaking point, the force
and velocity data would follow a curvilinear relationship, best modelled by Edman’s exponential function (20-22).
Nevertheless, in spite of this non-continuity of the linear curve, Fo estimations from the curvilinear model were not
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significantly different and very close to the linear model (Alcazar et al. 2020). Consequently, the linear model
could be used as the most relevant and the simplest one to accurately describe the entire F-v relationship on its
force end and in turn determine Fo (20). On the velocity end of the F-v relationship (velocity conditions > 50 %wo),
only the works of Yamauchi et al. have included measurements of lower limb force production up to ~80-97 %vo
(e.g. Yamauchi et al. 2007). They observed that Linear showed slightly higher GoF than the basic exponential
function (Yamauchi et al. 2007). However, force and velocity measurements in these studies corresponded to
peak values, which substantially influence the relative range covered by the experimental data, according to the
joint angles at which the values are collected (10, 23). Thus, the shape of the F-v relationship on its velocity end
remains unclear in acyclic lower limb extensions. In addition, Poly2 and Hill'seq have never been compared to
Linear considering experimental points markedly on the velocity end (i.e. > 50-60%vo) of the F-v relationship.
Moreover, F&M'sgq, firstly used to model the F-v relationship of single-muscle in vitro conditions (Fenn and Marsh
1935), has never been considered into the comparison of models on both ends of the relationship.

Models assessment performed in previous studies was based on testing significant differences between
GoF of functions (i.e. r2 and SEE). However, more complex functions, with greater number of degrees of freedom,
will de facto fit better than a simpler one. Also, if significant differences exist between GoFs, such statistical
approaches do not inform whether the additional degrees of freedom allow the model to describe more accurately
the experimental data to an enough threshold that justifies the necessity to include them. In other words, they do
not consider the principle of parsimony, which dictates that Numquam ponenda est pluralitas sine necessitate, as
stated by William of Ockham (transl. plurality must never be posited without necessity; Ockham 1495). In the
context of this study, “plurality” refers to models with higher degrees of freedom, which should not be preferred if
simpler models are equally supported by experimental and statistical evidences (25). Otherwise, the higher the
number of degrees of freedom, the higher the variance, which can lead to include random noise into the model,
rather than relevant information, and in turn biased estimations of the outputs of interests (e.g. Fo or vo; Iglesias-
Soler et al. 2019).

This study aimed to assess lower limb external force production on the velocity end of the force-velocity
relationship in lower limb acyclic extensions and to compare i) the GoF of the linear model to curvilinear models
and ii) their respective accuracy to describe experimental force and velocity data, considering the principle of
parsimony. We hypothesized that, in spite of higher GoF of curvilinear models, their greater complexity would not
improve the accuracy to describe the force and velocity data to an extent that would warrant their use instead of
the simpler linear model.

MATERIALS AND METHODS
Participants

Nine healthy participants (8 males and 1 female, age = 21.3 + 0.5 years, mass = 70.6 + 9.1 kg and height
=1.78 £ 0.07 m) gave their written informed consent to take part in this study, which was approved by the local
ethics committee and complied with the standards of the declaration of Helsinki. All participants practiced regular
physical activities (strength and endurance training) and were free of musculoskeletal pain or injury during the
study.
Design of the study

The limitations of previous works to measure lower limb force production at extreme velocities during
acyclic lower limb extensions could be due to the mechanical constraints imposed by the body weight and inertia
in vertical movements or the remaining body inertia in horizontal movements. We addressed this issue by using
an innovative leg press ergometer (vide infra).



This study comprised three sessions separated by 24 to 48 h of rest. The first session familiarized
participants to perform ballistic lower limb extensions on the ergometer at high force-low velocity and vice-versa.
The two last sessions were dedicated to assess individual F-v and P-v relationships and both consisted of
performing ballistic lower limb extensions in 6 different resistive conditions. Two sessions were planned to ensure
that participants were able to maximize force production at very high velocities (e.g. Cuevas-Aburto et al. 2018).
Ergometer

The ergometer was a home-made instrumented horizontal leg press equipped with a flywheel surrounded
by a friction belt. It is composed of a metal frame supporting a fixed seat and a rail, on which a chariot was free
to slide along the direction of motion (i.e. direction of lower limb extension). The ergometer allows performing
horizontal lower limb extensions without moving the body mass (i.e. only accelerating lower limb mass). More
specifically, its design allows hip, knee and ankle extension in a body configuration close to starting position of
jumping tests, without the movement of the upper-body. To allow reaching very high extension velocities, the
ergometer also included an assistance mode with lateral traction springs (Figure 1). Participants sat with their
feet on the chariot, their lower limbs flexed in a self-selected starting position. To stabilize participants’ position
on the seat, adjustable pads were lowered on their shoulders and a seat belt fastened over their trunk. Before
each lower limb extension, the chariot was held with electromagnets controlled by the participant with a hand-
held button. For each lower limb extension, participants were asked to apply force on the chariot, which leads to
its acceleration and the concomitant acceleration of the flywheel linked by a chain. Instantaneous linear and
angular displacements of the chariot and the flywheel were measured with linear (Kibler Group, Villingen-
Schwenningen, Allemagne, 250 Hz) and angular (Baumer, Fillinges, France, 250 Hz) encoders, respectively. The
friction forces applied by the belt on the flywheel (Ff;,) was measured with a strain gauge (Futek, Irvine, USA,

250 Hz).
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Figure 1. Schematic illustration of the instrumented horizontal leg press ergometer

Protocol

Each session started with a warm-up consisting of ~15 min of dynamic lower limb movements including
sub-maximal and maximal unloaded squats, squat jumps and specific ballistic lower limb extensions on the
ergometer at high force-low velocity and vice-versa.

The first session of familiarization started with the determination of individual’s preferred starting position,
in which the participant felt able to produce maximal force to initiate the lower limb extension. This individualized



position was used for all subsequent trials. Then, participants performed twenty to thirty ballistic lower limb
extensions on the ergometer in six different resistive and inertial conditions, as in the second and third sessions
(detailed in the next paragraph). Two maximal voluntary isometric contractions were then performed on the
ergometer with the friction force set at maximum, separated by at least 5 min of rest.

The second and third sessions aimed at determining individual F-v and P-v relationships over the largest
range of velocity conditions as possible. This required participants to perform ballistic lower limb extensions
against six resistive conditions described here by decreasing amount of resistance: i) resistive frictional forces
eliciting a movement velocity of ~0.3 m.s-!, which corresponds to the typical extension velocity observed when
executing a one repetition maximum (C+rw), ii) resistive frictional forces corresponding to ~50 % of maximal
isometric force (Cso%Fmax), Only accelerating the chariot and the flywheel, the friction belt being removed, iii) with
and iv) without two springs assisting the motion (Carric-2s and Cerric-0s, respectively) and only accelerating the
chariot, the chain between chariot and flywheel being removed, v) with and vi) without two springs in assistance
(Ccnar-2s and Ccrar-0s, respectively; Table 1). Two to three trials were performed for each resistive condition. For
each ballistic extension, participants were asked to trigger off the electromagnets and to hold lateral handles for
upper-body stabilization, while producing as much force as possible and extending their lower limbs as fast as
possible, aiming at throwing the chariot.

Table 1. Descriptive summary of the mechanical constraint and the force variables included in the computation, which was used to
estimate the force developed over the lower limb push-off (Equation 1) in the six resistive conditions.

Force components included in the computation of the
lower limb force output

Condition Description Friywheet Fenarioe Frriction Fiimps Frou Fspring

Acceleration of the chariot, the flywheel

+ + + + + -
Cirm with friction, and the lower limbs
Acceleration of the chariot, the flywheel
9 + + + + + -
Csovfmax with friction, and the lower limbs
Acceleration of the chariot, the flywheel
ic- ; - . + + - + + -
Corricas (without friction), and the lower limbs
Spring assisted acceleration of the chariot,
CoFric-2s the flywheel (without friction), and the + + - + + +
lower limbs
Acceleration of the chariot and the lower
Cchar-0s i - + - + + -
imbs
Spring assisted acceleration of the chariot
CChar-ZS pring - + - + + +

and the lower limbs

The signs « + » et « - » correspond to the inclusion or the exclusion of the force component into the computation of the force developed
by the lower limbs over the entire push-off, respectively.

Data analysis

During isometric tests, force output was measured with the strain gauge on the friction belt and the
maximal isometric force was calculated as the mean force maintained during one second on the maximal force
plateau. During lower limb extensions, as hip was fixed and feet were constantly in contact with the chariot, the
instantaneous extension velocity (m.s ') and acceleration (a.,qriot, iN M.S?2) of the lower limbs were determined
as first- and second-order derivative of the low-pass filtered (20 Hz, Butterworth, 4th order) position signal obtained
from the linear encoder. During each trial of all conditions, the instantaneous force (in Newton) produced by lower
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limbs during the extension was computed using Equation 1 (detailed computations for each of the six resistive
conditions in Table 1).

F= Fflywheel + Fchariot + Ffriction + Flimbs + Froll - Fspring (Equaﬁon 1)

where Fryneer i the force to accelerate the flywheel (Equation 2), F.pqri0 the force to accelerate the chariot
(Equation 3), Frriction the force to overcome the frictional forces applied by the belt on the flywheel (Equation
4), F;;mps the force to accelerate the center of mass of the lower limbs (Equation 5), which was estimated from
2-D biomechanical model (detailed in the next paragraph), F,.,;; the internal resistive force of the flywheel (6.06
N) and Fyy-in g the force of the tension springs (Equation 6).

~

Fflywheel = d._: (Equation 2)

Fehariot = Mcnariot - Achariot (Equation 3)

dflywheel

Frriction = Frp - d, (Equation 4)
Flimbs = Mymbs - Qimbs (Equation 5)
Fspring =n.(k.x +b) (Equation 6)

where, I is the moment of inertia of the flywheel (0.131 kg.m2), o« (rad.s2) the instantaneous angular acceleration
of the flywheel determined as second-order derivative of the low-pass filtered (20 Hz, Butterworth, 4th order)
position signal obtained from the angular encoder, d,, (m) the cog radius, mpqo: the mass of the chariot (15.15
kg) including the mass of the chain (1.05 kg), dfyywhee: the radius of the flywheel, m;,,;,s the masses of the
lower limbs, a;;mps (M.S?2) the instantaneous acceleration of the lower limb’s center of mass estimated from the
2-D biomechanical model, n the number of springs in assistance during the lower limb extension, k the spring’s
stiffness (320 N.m-"), b the initial spring’s tension at free length (40 N) and x the instantaneous length of the
spring determined from the instantaneous position of the chariot. Note that the rolling friction of the chariot on the
rail was negligible since counterbalanced by the very low linear encoder traction force (~0.01 N).

As proposed by Rahmani et al. for bench press exercise, the use of simplified 2-D model with three
segments is accurate enough to estimate center of mass displacement of the upper limbs (27). Thus, the 2-D
model of the lower limbs used in the present study comprised three segments (thighs, shins and feet), which
length and mass were estimated as a fraction of body height and mass, respectively, based on Winter's table
(28). The model allows for the determination of the instantaneous horizontal center of mass’ displacement of the
three body parts during the lower limb extension, from which the instantaneous center of mass’ displacement of
the lower limbs was estimated.

Force, velocity and power were averaged over lower limb extensions, which started when apariot

Ffriction

became positive and ended when a.pgrior < — (for conditions with the frictional

(Mchariot t*MiimbstMfiywheel

forces on the flywheel) or when acpqyrior < 0 (for other conditions); with m;,,,nee; (126 kg) being the linear
equivalent mass of the flywheel's moment of inertia, which was computed as :



I .
Mriywheel = 4,7 (Equation 7)

For each participant, F-v and P-v relationships were determined from mean force, velocity and power
values obtained from the best trial (i.e. highest mean power output) of the six different resistive conditions across
all trials performed in the second and third sessions. Then, the mean force and velocity values of the best trials
of six resistive conditions were fitted with Linear to model linear individual F-v relationships and with Polys,
F&M'seq and Hill'seq to model curvilinear individual F-v relationships. As described by Hill in 1938, Hill’seq
corresponded to (15):

Fo+a)b
_ Gorap
v+b

F (Equation 8)

where F and v correspond to mean force and velocity over lower limb push-off, and a and b are constants.
Accordingly to the Fenn & Marsh’s work published in 1935, F&M’seq corresponded to (13):

F = Fye ™ —Bv (Equation 9)
0

where A and B are constants.

Based on the modelling of the F-v relationship with Linear, Poly2, F&M’seq and Hill'seq, individual Fo and
vo values were computed as the force- and velocity-axis intercept, respectively. Individual P-v relationships were
determined by integrating over velocity the F-v relationship. Then, Pmaxand vopt were determined as the apex of
the P-v relationship and the velocity condition at which Pmax occurred, respectively. The optimization procedure
to fit the four functions on the experimental force and velocity data consisted of applying of least squares method
with polynomial regression for Linear and Poly: or the Levenberg-Marquardt algorithm for F&M’seq and Hill'Seq,
with both optimization aiming to minimize the sum of squared errors. The Levenberg-Marquardt algorithm was
set with 1.107 evaluations of the model (i.e. number of evaluations of the loss function) and 1.10 iterations (i.e.
number of increments of the function’s variables). As the Levenberg-Marquardt algorithm finds only a local
minimum of the loss function, which is highly dependent on the starting values of the function parameters, the
procedure of optimization was repeated one thousand times, considering at each repetition, a random starting
value (within the range [0; +] and [-100; +o] for Hill'seq and F&M seq, respectively).

Statistical analysis

All data are presented as mean + standard deviation (SD). To locate the mean force, velocity and power
values obtained in the six resistive conditions, these outputs were expressed relative to Fo, vo and Pmax obtained
with the linear model (Fo-L, vo, and Pmax-L, respectively). When Hill’seq was used, the magnitude of the curvature
of the F-v relationship was quantified by computing the ratio a/Fo (15).

ANOVAs were performed to test the effect of the type of function (Linear, Poly2, F&M’seq and Hill'seq) on
Fo, relative-to-body-mass Fo (reiFo), Vo, Pmax, relative-to-body-mass Prax (RelPmax) and vopt. These ANOVAs were
performed after checking for distribution normality with Shapiro-Wilk’s test and sphericity with Mauchly’s test. If
not met, a logarithm transformation was applied to restore normality without altering samples which initially met
this statistical condition. If the assumption of sphericity was violated, the Greenhous-Geisser’s correction was
applied to reveal significant main effect of the type of model in ANOVAs. If the effect of the main factor was
significant, Holm’s post hoc test was used to highlight significant differences. The magnitude of the differences
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(i.e. the effect size; ES) between Fo, reiFo, Vo, Pmax, RelPmax and vopt values from the four functions was assessed
by standardization to the between-subject standard deviation. For all statistical analyses, a p-value of 0.05 was
accepted as the level of significance. Hopkins’ ES scale was used to describe these magnitudes with < 0.2, 0.2
to < 0.6, 0.6 to < 1.2, 1.2 to < 2.0 and > 2.0 representing trivial, small, moderate, large and very large effect,
respectively (29).

r2, SEE and residuals in force were computed to describe the GoF of the four functions. The magnitude
of the differences between r2 and SEE from the four functions was assessed using specific scales as proposed
by Rudsits et al. (30). A clear improvement in r2 was identified when its value increases from one magnitude
threshold to the next threshold on the scale: 0.99, 0.92, 0.74, 0.50, and 0.20. This scale was also used to describe
the magnitude of r2 corresponding to extremely high, very high, high, moderate and low values, respectively to
the scale. SEE values were compared using the same Hopkins’ ES scale, but magnitude thresholds for assessing
the standardized effect were halved (Rudsits et al. 2018).

As r?, SEE and residuals in force do not represent criterions for model selection with parsimony and
statistical inferences, curvilinear models were compared to the linear one using Akaike Information Criterion (AIC)
analysis (for details, please see Akaike 1974). Briefly, this method was used to determine whether Poly2, F&M’seq
and Hill'seq lead to a sufficient improvement of the GoF to justify their higher complexity (i.e. higher number
degrees of freedom), in comparison to Linear. To perform this test, i) the sum of standard error of each model
(SSE), ii) the corrected AIC index (AICc; used instead of the AIC index due to the ratio sample size/degree of
freedom being inferior to 40; Burnham and Anderson 2004), iii) the difference in AICc between the model with the
smallest AICc and other models (AAICc), iv) the relative likelihood of each model, v) the AICc weight (AlCcw) for
each model and vi) the relative and vii) absolute AlCc evidence ratio (AlCcw.er) were computed. (for detailed
definitions of these parameters, please see Johnson and Omland 2004).

RESULTS
Mean force, velocity and power developed over the push-off in the six resistive conditions are presented
in Table 2, in raw values and expressed relative to FoL, Vo-L and Prmax.L, respectively.

Table 2. Mean + SD of mean absolute and relative force, velocity and power developed over lower limb extension in the six resistive
conditions, as well as the range of individual values in brackets.

Force Velocity Power
N %Fo-L m.s* %Vo-L w % Prmax-L

Ciru 1703 £ 325 96.0+ 3.6 0.29 £0.08 83+19 492 + 130 314+6.3
[1373; 2337] [94; 99] [0.19; 0.46] (5;11] [274; 662] [19; 42]

Cio oFmax 1490 + 325 820+3.7 0.67+£0.12 19.0+22 971+ 131 61957
[1149; 2138] [76; 88] [0.50; 0.84] [16; 23] [800; 1173] [55; 70]

CoFricss 1147 £ 155 64.1+£6.7 1.18+0.10 343156 1366 + 261 87.0+8.8
[916; 1 410] [55; 75] [1.03; 1.30] [26; 41] [998; 1816] [71; 94]

Corrioas 1001 + 134 56.2+7.7 1.30 £0.07 375147 1299 + 174 827146
[819; 1 161] [45; 66] [1.13; 1.39] [30; 45] [1095; 1 547] [78; 90]

Cohans 628 + 53 350+6.7 227 £0.21 65.0+£7.5 1425 + 188 89.0+£9.9
[536; 711] [24; 42] [1.95; 2.63] [56; 76] [1214;1732) [70; 100]

Cohars 465 + 88 26.6£6.6 2671025 76.6+7.0 1240 £ 262 7951134
[369; 612] [16; 40] [2.38; 3.08] [64; 86] [1055; 1842] [57; 100]




Typical examples of F-v relationships drawn with the four functions, associated with their resulting P-v
relationship, are presented in Figure 2. When using Hill’seq, a/Fo value was 1.06 £ 0.72. Fo, relFo, V0, Pmax, RelPmax
and vopt values computed from each model are presented in Table 3. When using Polyz, individual values of vo
could not be calculated for eight participants, due to the absence of intercept with the velocity axis (see examples
of two individuals on Figure 2, dashed black line on the left middle and bottom panels). ANOVAs indicated a
significant main effect of the type of function on Fo, relFo, Vo, Pmax and reiPmax (all p < 0.05; w? = 0.047, 0.105,
0.271, 0.043 and 0.102, respectively), but not on vopt (p = 0.380). Post-hoc analyses’ p-values and effect sizes
are presented in the Table 3.



— Linear - = = Poly, —— Hill’sg, - == F&M’syg,
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Figure 2. Three typical individual F-v relationships (left panels) drawn with Linear (solid black lines), Poly- (dashed black lines), F&M’seq
(dashed grey lines) and Hill'seq (solid grey lines), associated with their resulting P-v relationships (right panels). Black points represent
force, velocity and power data obtained from the six resistive conditions on the ergometer. The three individuals were chosen to

represent typical examples of low (top panel; a/Fo = 2.70), moderate (middle panel; a/Fo = 1.57) and high (bottom panel; a/Fo = 0.53)
curvature of the F-v relationship when modelled with Hill’seq.
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Table 3. Mean + SD and the range of individual values of Fo, relFo, Vo, Pmax, RelPmax and vopt determined from the four functions, as well
as effect sizes of the difference between the linear and the three curvilinear models, associated to their interpretation and 95 %
confidence intervals in brackets.

Fo (N) relFo (N/kg) vo (m.s*) Prmax (W) RelPmax (W/kg)  Vopt (m.s*1)
176 +
Linear Raw values 1810 £ 339 256+3.3 3.52£0.54 1570 £ 227 223+17 0.7
[Individual values] [1421-2438]  [21.0-31.3] [2.84-4.70] [1282-1923] [20.1-24.7] t 42;_2 35]
Pol Raw values 1999 +418 282+3.7 3.69+0.00 1456 +212 20.7+20 0 ;293 20_
y2 [Individual values] [1539-2664]  [22.3-34.2] X [1231-1801] [17.6-24.0] ' 39 4']
Post-hoc’s p-value _
of the ANOVA p <0.001 p <0.001 X p <0.001 p <0.001 p=0.817
ES 0.56 0.79 X 0.50 0.94 0.85
(Interpretation) (Smaill) (Moderate) X (Small) (Moderate) (Moderate)
[95 %Cl] [0.77;0.35] [0.55;1.03] X [0.32;0.68] [0.64;1.25] [0.76;2.46]
Hill's Raw values 2052 £ 461 289140 457 +0.84 1471+ 211 209+19 0 ;38; 22_
a [Individual values] [1547-2716]  [22.3-34.8] [3.55-5.91] [1243-1812] [18.4-24.2] ' 5 53']
Post-hoc’s p-value _ B
of the ANOVA p <0.001 p <0.001 p=0.013 p <0.001 p <0.001 p=1.000
ES 0.71 1.00 1.96 0.43 0.67 0.30
(Interpretation) (Moderate) (Moderate) (Large) (Small) (Moderate) (Small)
[95 %Cl] [0.39;1.03] [0.62;1.38] [1.35;2.58] [0.28;0.59] [0.56;1.09] [0.11;0.49]
F&M’s Raw values 2029 £443 286139 522 £1.63 1459 +216 20.7+20 0 ;58[11 4_?;9-
K [Individual values] [1535-2703]  [22.3-34.6] [3.89-8.83] [1224-1810] [17.8-24.1] ' ) 55']
Post-hoc's p-value _
of the ANOVA p <0.001 p <0.001 p <0.001 p <0.001 p <0.001 p=1.000
ES 0.65 0.91 3.17 049 0.82 0.18
(Interpretation) (Moderate) (Moderate) (Very large) (Small) (Moderate) (Trivial)
[95 %Cl] [0.38;0.92] [0.29;1.23] [1.50;4.85] [0.32;0.65] [0.65;1.21] [0.04;0.40]

GoF of the four functions, assessed with r2, SEE and the distribution of force residuals on the velocity
conditions spectrum, are presented as individual values on the panels of Figures 3 and 4. Effect size of change
in SEE were large, when comparing the Linear to the three other functions, but a clear improvement of r2 was
observed for only three participants (Figure 3, left panel). Variables associated to AlCc analysis to compare the
four functions are presented in Table 4.
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with their interpretation on the left panel (black dashed line and text) and as raw values on the right panel (black horizontal brackets and
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Figure 4. Distribution of residuals across participants presented according to the velocity condition. Residuals were computed as the
difference between the force output during lower limb push-off in the 6 resistive conditions and the modeled force at the same velocity
using Linear (black plus signs), Poly2 (Black diamonds), F&M’seq (black circles) and Hill’seq (black crosses). SD of residuals for Linear,
Poly,, Hill'seq and F&M’seq are represented as dashed, dotted and full grey lines, and dashed black lines, respectively.
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Table 4. Mean + SD and individual values in brackets of SSE, AICc, AAICc, AlCcw, as well as absolute and relative AICcw.er,
associated to their respective interpretations.

Interpretation Linear Poly, F&M’seq Hill’sgq
SSE () Sum of squared ermors 40581 + 32 443 14 395 + 13 278 15380 + 14 256 14 507 £ 13 311
a [8 111-100 708] [1 15042 547] [1846-41 855] [1980-41 599]
Index of information lost by the model to
AlGe ;Eﬁ;oaxé’;al_t:;‘:r ?:foixzﬁoi?taT(::t'{g;:”tr?; 69.054 £5244  91.884 +6.825 92.188 + 6.754 92.031 + 6.487
. S [61.255-76.369] [79.535-101.200] [82.373-101.101] [82.793-101.064]
value, the lower the information lost, the closer
the model is to the “full reality”.
Mo AmemmmenAi o mmsm  numass  amssn
o . g [13.953-28.738] [10.703-28.794] [11.124-28.682]
assessing their relative performance.
Relative weight of evidence for each model,
AlCc representing the probability that a model is the 0.999 + 0.003 0.000 + 0.000 0.001 +£0.002 0.000 + 0.001
v best model for the observed data, given the [0.991-1.000] [0.000-0.001] [0.000-0.005] [0.000-0.004]
candidate set of models.
Quantification of the strength of evidence in
AlCc favor of best model. In other words, answering o 435608 + 611 109 472653 + 621 639 446 844 + 599 662
wER the practical question: how much less likely the [1071-1 739 075] [211-1 788 623] [260-1 690 866]
model is than the best model?
Ratio of AlCcyw of the compared model to the
AlCcuer (%) AlCcy of the best model, corresponding to a o 99.988 + 0.031 99.947 £+ 0.157 99.956 + 0.127
wERL normalized probability that the best model is to [99.907-100.000] [99.528-100.000] [99.617-100.000]
be preferred.
DISCUSSION

The main finding of this study was that the innovative leg press ergometer allowed lower limb external
force production measurements over mean extension velocity conditions ranging from ~0.3 to ~2.7 m.s"
(individual values ranged from ~0.2 to ~3.1 m.s""). Expressed relative to individual force-velocity relationships,
these ranges corresponded to ~8 and ~77 %wo.L, respectively (individual values ranged from ~5 to ~86 %vo-L).
The second main result was that, following the principle of parsimony, the linear model was much more likely the
best model to describe the force-velocity relationship over the range 5-86 %vo.L compared to curvilinear models.

The novel ergometer used in the present study allows ballistic and horizontal (i.e. without the resistance
of the body weight) lower limb extensions, with assistance to the motion, without moving the upper-body mass
and with low external masses involved (i.e. only lower limb and chariot masses). All the features of the ergometer
resolved technical issues of previous studies, in which mean acyclic lower limb extension velocities in horizontal
and assisted vertical squat jumps were limited to ~1.7-2 m.s-!. Expressed relative to individual F-v relationships
these ranges corresponded to ~50-60 %vo-L and an exploration of 0-10 % on the velocity end (9, 11, 34). In
comparison, the low resistive and inertial conditions allowed by the ergometer was made it possible to explore
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the velocity end up to ~27 % (Table 2). It is worth noting that, in addition to very low resistive and inertial
conditions, a technical assistance is required to guarantee the achievement of very high velocity conditions.
Indeed, only five participants in this study reached velocity conditions higher than 60 %Vvo.L in the lowest resistive
and inertial conditions without the spring assistance (i.e. Ccnar-0s; Tables 1 and 2). Such technical assistance is
necessary in acyclic lower limb extensions, because each single effort starts at null velocity, which requires the
inertia of the moving masses to be overcome in each resistive/loading condition. In comparison, vo.L can be
approached up to ~90 % in cyclic movements (e.g. running and cycling) without cumbersome methods and
equipment, because high velocity lower limb extensions occur at the end of a ~6-s sprint, when the moving
masses have been already accelerated (5, 35). Consequently, the measurement of lower limb force production
during acyclic extensions in velocity conditions beyond 50-60 %vo-L cannot be performed, except by the means
of an assistance, and very low resistive and inertial conditions.

The process of selecting the most accurate model to describe experimental data relies on i) their high
GoF, ii) equality of distribution of residuals, as well as their magnitude across the experimental conditions, iii)
avoiding unnecessary complexity (Occam’s razor) and iv) verifying practical relevance and reliability of model
outputs (32). In the present study, the four functions showed equally distributed residuals across velocity
conditions (i.e. 5-86 %vo-L range) and SDs of these residuals are within the low bandwidth of 100 N (Figure 4).
These results highlight that all models describe with similar accuracy the force and velocity data over the entire
experimental range tested. As a consequence, the function of each model fitted with very to extremely high quality
on the force and velocity data, with low SEE (Figure 3). When comparing Linear to the three other functions,
differences in SEE were large and a clear improvement of r2 was observed for only three participants. These
differences are mainly due to the few isolated cases of high errors for Linear (Figure 4). Overall, even if functions
of curvilinear models showed slightly better GoF than Linear (e.g. Cuk et al. 2014; Iglesias-Soler et al. 2019;
Alcazar et al. 2020), the GoF of all functions was within high to very high quality range. However, in spite of higher
GoF for Polyz, Hill'seq and F&MEq, their greater degrees of freedom did not improve accuracy of F-v relationship
description to an extent that warrants their utilization. Indeed, the linear model had ~99 % chance to be the best
model and displayed extremely high strength of evidence in its favor (from 1071 to 1 739 075 and from ~99.9 to
100.0 % likelihoods; Table 4). This follows Occam’s razor principle, which states that among all type of models
giving similar accuracy, the one with the fewest assumptions and parameters should be used (24). Therefore,
these results support the use of the linear model to adequately draw the F-v relationship in acyclic lower limb
extensions over the range 5-86 %vo-L.

The validity of a model to describe the F-v relationship relies on the practical and physiological relevance
of its output parameters, which here correspond to Fo, vo and Pmax. The latter derived from the linear model have
been widely investigated in acyclic lower limb extensions. So far, the reported Pmax.L values have been very close
to the experimental power output measured at (or very close to) optimal velocity conditions in vertical squat jump
(e.g. Cuk et al. 2014; Jaric 2015), which validates the physiological relevance of PmaxL. In the present study,
curvilinear models showed lower value of Pmax than linear model (Table 3) in contrast to similar or higher values
of Pmax previously reported (18, 20). The higher Pmax values obtained from curvilinear models were certainly due
to a lack of experimental force and velocity collected below 50 % Fo when fitting the linear model, which have led
a lower vo.L and, in turn, a lower Pmax-L (20). Aside from this methodology, the similar values of Pmax were obtained
between linear and curvilinear models due to the high number of resistive/loading conditions around the optimal
velocity condition (18). The results of our study differ from those of Iglesias-Soler et al., as we chose to use six
resistive conditions to assess the F-v relationship. Regarding Fo, its estimation from the linear model here was
small to moderately lower than curvilinear models, yet both type of models estimated Fo values in line with usually
reported lower limb dynamic maximal strength for recreational subjects (e.g. ~1.5 to 1.8 times body mass for half-
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squat 1-RM). However, both models can provide very close estimation (Iglesias-Soler et al. 2019) or quasi-similar
values, when using high number of resistive/loading conditions very close to Fo (Alcazar et al. 2020).
Consequently, linear and curvilinear models cannot be challenged based on the physiological relevance of Fo
values. If Pmax and Fo values are quite within a similar range of physiological values for all models, vo values
extrapolated from linear and curvilinear models are often different, and so their physiological relevance could be
questioned. This could be investigated by measuring lower limb force production in the highest velocity conditions
possible. This challenge was taken up in the present study and, although the velocity end of the F-v relationship
was described until ~85 %vo-L (Table 2), substantial differences of ~1-1.7 m.s! in the estimated value of vo were
observed between linear and curvilinear models (Table 3). In comparison to vo values obtained from both type of
models here, the biomechanical model proposed by Bobbert (2012), considering a curvilinear model (using
Hill'seq) to describe the F-v relationship of individual muscles involved into an acyclic lower limb extension,
predicted vo values of ~3.2 m.s-!, which are in line with present vo.L values. Also, during acyclic mono-articular
knee extensions under very low resistive and inertial conditions, the maximal angular velocity corresponded to
~650 and 750 °/s (8, 14). By using the 2-D model previously mentioned, these angular velocities would
approximately correspond to lower limb extension linear velocity between of ~2.5 and 3 m.s*, respectively. Finally,
the theoretical maximal pedaling cadences for active individuals (i.e. ~230 rotations per minute; Dorel et al. 2010)
and experimental maximal pedaling cadences of elite track cyclists (~270-300 rotations per minute) would
correspond (considering a typical crank length of 0.175 m) to lower limb extension velocities of ~2.7 m.s-! and
~3.2-3.5 m.s™, respectively. Overall, these values from the literature are in line with the individual range of vo
values estimated here from the linear model (Table 3) and largely lower than vo values extrapolated here from
Hill'seq and F&MEeq. Even if i) the compared values are representative of individuals with different training history
and anthropometrical characteristics, and that ii) maximal lower limb extension velocity does not depend only on
the maximal knee extension velocity, and that iii) pedaling and acyclic lower limb extensions are not exactly similar
movements (e.g. differences in muscle activation dynamics), their closeness with vo.. values support the
relevance of the latter and the potential overestimation of v values estimated by curvilinear models in acyclic
lower extensions. In addition, it is important to note that with the narrower typical range used, especially on the
field, to assess the F-v relationship in acyclic lower limb extensions (i.e. ~20 to ~50-60 %wvo), differences in
estimated vo values between linear and curvilinear models would be greater. In fact, the narrower the range of
velocity conditions, the more likely the occurrence of overestimated vo values. Consequently, the linear model
should be preferred in this context, otherwise curvilinear models could give erroneous values of the maximal lower
limb extension velocity. Besides, curvilinear models can lead to misleading values, lacking of physiological
meaning, as discussed recently (18) or can lead to undefined values, as observed in the present study for eight
participants out of nine (left middle and bottom panels, Figure 2). This tends to show that the function with a
higher GoF does not systematically lead to a model with a greater physiological sense. It was the case here for
Poly,, which showed the lowest SEE of all curvilinear models (Figure 3, right panel), but did not define any vo
values for most participants. Consequently, the most appropriate model should not be selected according to the
mathematical function which fits at best the experimental data, but rather on its ability to describe at best the
properties of the system studied, which correspond here to human biological features of force production
capabilities during a multi-joint movement. Overall, the available experimental evidence strongly supports the
physiological relevance of vo obtained from the linear model, in comparison to the values estimated from the
curvilinear models tested. It is important to note that, in the hypothetical case that the actual F-v relationship in
acyclic lower limb extensions were not linear beyond ~86 % vo-L, it would not challenge the application of the linear
model on the range 0-86 %vo.L. Indeed, this range represents most of the practical field situations, with the linear
extrapolation of Fo and vo representing the theoretical limits of the neuromuscular system. Thus, the use of the
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linear model within this ~86 % range does not challenge scientific applications in performance, testing and training
related to the linear model approach of the F-v relationship in multi-joint movements (e.g. Morin and Samozino
2018; Jiménez-Reyes et al. 2019).

The reliability of Fo, vo and Pmax derived from the linear model has also been investigated in previous
studies. High reliability has been often reported for Fo and Pmax and moderate to high reliability for vo in youth
people, young and older adults (11, 36-38). So far, only one study has compared the reliability of outputs between
linear and curvilinear models (using the basic exponential function and Poly2) on the range ~10-50 %vo.L and
showed similar (for Fo) and even lower reliabilities (for vo and Pmax)(18). However, it is important to note that such
restricted range of velocity conditions will very likely reduce the reliability of the estimated parameters, especially
from complex models, since the fitted curve of the latter is statistically more likely to change with error
measurements. Consequently, even if the linear model seems to yield greater outputs reliability, further studies,
considering a wider range of experimental velocity conditions, are required to clarify the comparison of outputs
reliability of linear and curvilinear models in acyclic lower limb extensions, notably using F&M’seq and Hill’seq.

Finally, the difference in the models used to describe F-v relationship in acyclic lower limb extensions and
during single-joint or in vitro single-muscle contraction has been supported by the fact that the former refers to
external rather than intrinsic muscle force production. Indeed, the former involves specific underlying
mechanisms, including neural control of various muscle groups, activation and segmental dynamics, which are
not all encompassed in the two later conditions (2, 3, 10). In this sense, Bobbert (2012) reported a “quasi-linear”
F-v relationship over a wide range of simulated velocity conditions (~5-90 %vo.L) in acyclic lower limb extensions,
despite using Hill's curvilinear model to characterize intrinsic force production capabilities of individual muscles.
Furthermore, the linearity of the F-v relationship in acyclic lower limb extensions is in line with the linearity
observed in other multi-joint movements, such as cycling and running, where lower limb force production was
measured over a wide range of velocity conditions, notably on the velocity end (i.e. ~20-90 %vo.; Dorel et al.
2010; Morin et al. 2019).

PERSPECTIVE

The features of the ergometer used in this study allow force production measurements of the lower limbs
from very low (~0.2 m.s™) to very high (~3.1 m.s"") velocity conditions. This highest velocity condition was ~1 m.s-
1 greater than a horizontal squat (9, 34), which was the lowest constraining conditions to train velocity capabilities
so far (i.e. vo). This type of device could thus benefit health institutions to manage training of weak population with
specific deficit in velocity capabilities (39). Thanks to the ergometer used, the F-v relationship can be evaluated
i) without using additional loads, which may be safer notably for frail populations, and ii) on a wide range of velocity
conditions, which could increase the accuracy and the reliability of vo and Pmax determination (26). On the ~5-86
%vo-L range, the linear model was the most appropriate to describe force and velocity data. As most field situations
occur within this ~81 % range, using the linear model to describe the F-v relationship does not challenge testing
and training methods related to the application of such model in multi-joint movements (e.g. Morin and Samozino
2018b; Jiménez-Reyes et al. 2019).

CONCLUSION

Assisted horizontal acyclic lower limb extensions without moving the rest of the body, performed thanks
to an original horizontal leg press ergometer, allows achievement of movement velocities up to 86 %vo. Along
with the lowest velocity condition (~5 %wo), ~81 % of the entire F-v relationship spectrum was covered. On this
wide experimental range of force and velocity data, the F-v relationship was adequately described by the linear
model, the ratio between the higher complexity and goodness of fit of curvilinear models being considered as
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unfavorable. Further technical and methodological improvements of the ergometer could potentially help widen
even more the range covered here and test the linearity of the F-v relationship in velocity conditions superior than
90 %vo.
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