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Abstract
Purpose This study explored the feasibility of the force–velocity relationship (F–V) to detect the acute effects of different 
fatigue protocols on the selective changes of the maximal capacities of upper body muscles to produce force, velocity, and 
power.
Methods After determining the bench press one-repetition maximum (1RM), participants’ F–V relationships were assessed 
during the bench press throw exercise on five separate sessions after performing one of the following fatiguing protocols: 
60%1RM failure, 60%1RM non-failure, 80%1RM failure, 80%1RM non-failure, and no-fatigue. In the non-failure protocols, 
participants performed half the maximum number of repetitions than in their respective failure protocols.
Results The main findings revealed that (1) all F–V relationships were highly linear (median r = 0.997 and r = 0.982 for aver-
aged across participants and individual data, respectively), (2) the fatiguing protocols were ranked based on the magnitude 
of power loss as follows: 60%1RM failure > 80%1RM failure > 60%1RM non-failure > 80%1RM non-failure, while (3) the 
assessed maximum force and velocity outputs showed a particularly prominent reduction in the protocols based on the lowest 
and highest levels of fatigue (i.e., 80%1RM non-failure and 60%1RM failure), respectively.
Conclusions The results support the use of F–V to assess the effects of fatigue on the distinctive capacities of the muscles to 
produce force, velocity, and power output while performing multi-joint tasks, while the assessed maximum force and velocity 
capacities showed a particularly prominent reduction in the protocols based on the lowest and highest levels of fatigue (i.e., 
80%1RM non-failure and 60%1RM failure), respectively.
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Abbreviations
1RM  One repetition maximum
a  Linear regression slope
BP  Bench press
BPT  Bench press throw
F  Force
F0  Regression parameter (F-intercept) depicting 

maximum force
F–V  Force–velocity relationship
P  Power
P0  Regression parameter [(F0 × V0)/4] depicting 

maximum power
r  Correlation coefficient
V  Velocity
V0  Regression parameter (V-intercept) depicting 

maximum velocity
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Introduction

Muscle fatigue is associated with an impairment in per-
formance of functional movements, such as maintaining 
balance, walking, or lifting objects (Enoka and Ducha-
teau 2008) and such impairments are known to be associ-
ated with the loss of power output (P) (Reid and Fielding 
2012). The three factors that may play a role in the loss 
of muscle P are (1) a decrease in maximal isometric force 
(F), (2) a slowing of the maximum shortening velocity 
(V) under unloaded conditions, or (3) an increase in the 
curvature of the hyperbolic force–velocity relationship 
(F–V) (Jones 2010). In this regard, it is not surprising that 
the F–V has been frequently used to explore the effects of 
fatigue on muscle function (Jones 2010). However, most 
of these studies have examined the effects of fatigue on 
the muscle function in vitro (Edman and Mattiazzi 1981; 
Lännergren and Westerblad 1989) or on individual human 
muscle groups (De Ruiter and De Haan 2000; Ruiter et al. 
2000). Unlike the hyperbolic F–V characteristic of isolated 
muscles and single-joint tasks, the F–V of non-fatigued 
muscles performing maximum performance multi-joint 
tasks has proven to be highly linear (Jaric 2015; Zivkovic 
et al. 2017). Therefore, it would be of interest to determine 
whether the F–V obtained from multi-joint tasks remains 
linear under fatigued conditions. If so, the linear F–V mod-
eling could be used to monitor the selective changes in 
mechanical capacities associated with fatigue.

The considerable importance of the F–V linear mod-
eling (i.e., F(V) = F0 − aV) comes from the relationships 
that exist among its parameters F0 (F-intercept denot-
ing the maximum F capacity), V0 (V-intercept denoting 
maximum V capacity), a (its slope equal to F0/V0), and 
P (Vandewalle et al. 1987; Jaric 2015). Namely, since P 
corresponds to the product of F and V outputs, the maxi-
mum power (P0) can be calculated from F0 and V0 (i.e., 
P0 = F0 × V0/4). It should be noted that F0, V0, and P0 
obtained during multi-joint tasks (e.g., vertical jumps or 
BPT) represent the maximum muscle mechanical outputs 
when performing a particular maximum performance task. 
Therefore, they depend not only on the individual muscle 
mechanical properties (e.g., intrinsic F–V and length–F 
relationships), but also on morphological factors (e.g., 
cross-sectional area, fascicle length, pennation angle, ten-
don properties) and neural mechanisms (e.g., motor unit 
recruitment, firing frequency, motor unit synchroniza-
tion, intermuscular coordination) (Samozino et al. 2012). 
Therefore, a considerable reduction in P can be obtained 
either from a marked decrease in maximum F capacities, 
or from a marked decrease in maximum V capacities, or 
from a moderate decrease in both (De Ruiter et al. 1999; 
Jones 2010). Several studies have suggested that a loss of 

muscle P is a consequence of the decrease in both mus-
cle F and V producing capacities (Buttelli et al. 1996; De 
Ruiter et al. 1999). However, it is generally accepted that 
the mechanisms of fatigue are specific to the task being 
performed (Enoka and Duchateau 2008) and, therefore, 
the actual contribution of F and V capacity to the decrease 
in P could also be task specific. Nevertheless, it remains 
largely unknown whether the fatigue-associated P decrease 
in various multi-joint exercises is predominantly caused by 
reduced capacities to produce maximum F or V. The main 
reason for that could be that the participants were tested 
under a single mechanical condition (Sánchez-Medina 
and González-Badillo 2011; Morcillo et al. 2015), which 
does not allow for the selective assessment of the maximal 
capacities of the muscles to produce F, V, and P (Jaric 
2015). However, the linear F–V modeling approach based 
either on several or even just two points (e.g., 2 loads, or 
2 velocities) may offer a deeper insight since it allows 
to discriminate between the distinctive capacities of the 
muscles to produce F, V, and P (Samozino et al. 2012; 
Jaric 2015, 2016; Pérez-Castilla et al. 2017; Zivkovic et al. 
2017; Dobrijevic et al. 2017). Therefore, if the F–V of 
fatigued muscles remains linear, it would allow to explore 
the selective effect of different fatigue protocols on the 
changes in the muscle F, V, and P producing capacities 
while performing functional multi-joint movements.

Resistance training is one of the most effective activities 
for improving muscle function and, consequently, the health 
status, quality of life, and sport performance (Levinger et al. 
2007; Garber et al. 2011). Depending on the training goals, 
different external loads in terms of percentage of the one-
repetition maximum [%1RM] have been commonly applied 
during resistance training programs (Kraemer and Ratamess 
2004). However, although it is known that the number of 
repetitions that can be performed before muscular failure 
and movement velocity are both reduced with the incre-
ment of the load (Shimano et al. 2006; García-Ramos et al. 
2017), the acute effects of fatiguing protocols performed 
against different %1RM on the muscle mechanical capacities 
remain unexplored. On the other hand, there is increasing 
evidence suggesting that the training to failure (i.e., leaving 
no repetitions in reserve) may not be the optimal stimulus 
for maximizing either athletic performance or strength gains 
(Folland et al. 2002; Sampson and Groeller 2016; Pareja-
Blanco et al. 2017). Specifically, performing only half of 
the maximum possible number of repetitions (i.e., no-failure 
training protocol) could induce similar training effects as the 
training to failure protocol (Izquierdo et al. 2006). However, 
the acute effects of both training protocols on selective mus-
cle mechanical capacities remain unknown. In general, the 
combination of different load magnitudes which allow differ-
ent force and velocity magnitudes during all-out efforts and 
training strategies (e.g., leading or not to muscular failure) 
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