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Abstract 9 
The ability to produce muscle power during sprint acceleration is a major determinant of physical performance. 10 
The comparison of the force-velocity (F-v: theoretical maximal force, F0; velocity, v0 and maximal power output, 11 
Pmax) profile between men and women has attracted little attention. Most studies of sex differences have failed to 12 
apply a scaling ratio when reporting data. The present study investigated the sex effect on the F-v profile using an 13 
allometric model applied with body mass (BM), fat-free mass (FFM), fat-free mass of the lower limb (FFMLL), 14 
cross-sectional area (CSA) and leg length (LL) to mechanical parameters. Thirty students (15 men, 15 women) 15 
participated. Raw velocity-time data for three maximal 35m sprints were measured with a radar. Mechanical 16 
parameters of the F-v relationship were calculated from the modelling of the velocity-time curve. When F0 and 17 
Pmax were allometrically scaled with BM (p = 0.538; ES = 0.23) and FFM (p = 0.176; ES = 0.51), there were no 18 
significant differences between men and women. However, when the allometric model was applied to Pmax with 19 
FFMLL (p = 0.015; ES = 0.52), F0 with CSA (p = 0.016; ES = 0.93) and v0 with LL (p ≤ 0.001; ES = 1.98) 20 
differences between men and women persisted. FFM explained 83% of the sex differences in the F-v profile (p ≤ 21 
0.001). After applying an allometric model, sex differences in the F-v profile are explained by other factors than 22 
body dimensions (i.e., physiological qualitative differences). 23 

Keywords Sex, Force, Velocity, Allometric model, Sprint  24 
 25 

Abbreviations 26 

BM (kg): Body mass 

CSA: Cross-sectional area 

DRF (%.s/m): Rate of decrease in ratio of force 

F0 (N): Theoretical maximal force   

FFM (kg): Fat-free mass 

FFMLL (kg): Fat-free mass of the lower limb 

F-v: Force-velocity 

LL: Leg length 

Pmax (W): Maximal power output 

RFmax (%): Maximal value of the ratio of force 

SFV (N.s/m): Slope of the force-velocity profile 

v0 (m/s): Theoretical maximal velocity 
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Introduction 35 

The ability to produce high muscle power during jumps or sprints is one of the major determinants of 36 
physical performance in most sport disciplines (Morin and Samozino 2016). This power is produced from the force 37 
and velocity components and depends on athletes’ neuromuscular and osteoarticular systems (Morin and Samozino 38 
2016). The horizontal force-velocity profile (F-v) in sprinting provides information on the specific acceleration 39 
movement and on the underlying physical or technical characteristics that limit the performance of each individual 40 
in sprinting (Samozino et al. 2016). The power-force-velocity profiling approach is based on the F-v and power-41 
velocity relationships characterizing the maximal mechanical capabilities of the neuromuscular system of the 42 
lower limbs. However, age, performance level, technique, and sex are factors that influence the F-v profile (Mirkov 43 
et al. 2020). For any given level of training, men display higher force, velocity, and power capacities than women 44 
(Cheuvront et al. 2005; Cardoso de Araújo et al. 2020; Mirkov et al. 2020). The analysis of the F-v profile has 45 
been linked to training interventions, performance, and injury prevention (Samozino et al. 2012; Morin et al. 46 
2015a; Edouard et al. 2016), but the comparison of profiles between men and women has attracted little attention. 47 
Moreover, a recent review has identified some sex differences in running related to biomechanical, physiological, 48 
and neuromuscular aspects (Besson et al. 2022). 49 

Only a few studies have compared the parameters of the F-v profile in sprinting between men and women 50 
(Slawinski et al. 2017; Jiménez-Reyes et al. 2019; Devismes et al. 2019; Nuell et al. 2019; Haugen et al. 2020; 51 
Mirkov et al. 2020). The majority of these studies indicated that men have higher values of maximal power output 52 
(Pmax), theoretical maximal force (F0) and theoretical maximal velocity (v0) compared to women. All these sex 53 
differences could have different explanations. Some authors have proposed some quantitative factors (absolute 54 
muscle mass in men, smaller skeletons and higher percentage of body fat in women) to explain these sex 55 
differences (Cheuvront et al. 2005; Perez-Gomez et al. 2008). These anthropometric and body composition 56 
differences could lead to differences in the ability to generate forward acceleration, reach maximum speed, and be 57 
able to maintain it for as long as possible. To neutralize the effect of anthropometric parameters, an allometric 58 
model must usually be applied as the mathematical method (Jaric et al. 2005). Indeed, a well-known physiological 59 
principle states that muscle strength or power production capabilities do not increase linearly with increasing body 60 
mass (BM) (Jaric et al. 2005). The allometric model allows for a more appropriate account of differences in body 61 
size (Nedeljkovic et al. 2009). However, most studies of sex differences have not been able to report data using an 62 
allometric model (Jiménez-Reyes et al. 2019; Devismes et al. 2019; Haugen et al. 2019, 2020; Nuell et al. 2019). 63 
This can compromise comparisons between different studies since the effect of the quantitative dimensions of the 64 
human body, between men and women, is not appropriately accounted for. 65 

The results of Weber et al. (2006) showed that the differences between men and women in Pmax and mean 66 
power of the lower limbs measured on a cycle ergometer disappeared with the application of an allometric model 67 
with lean mass. However, when the allometric model was applied with the lean mass of the lower limbs, differences 68 
between sex persisted. It is also worth recalling the work of Vandewalle et al. (1985) who showed, on a cycle 69 
ergometer, that the sex differences in the F-v parameters relative to BM could be explained by body dimensions, 70 
suggesting that men and women differed in lean body weight and height but had the same muscle properties. 71 
Nevertheless, the authors have not been able to report data using an allometric model. Regarding sprint running, 72 
Slawinski et al. (2017) showed that there were still differences for F0 after applying an allometric model with BM 73 
(using 0.67 as theoretical exponent of BM). Mirkov et al. (2020) also applied an allometric model to Pmax and F0 74 
with BM using the theoretical exponent (0.67) to study the sex effect in sprinting. The differences between men 75 
and women remained significant for Pmax and F0. These results suggest that factors other than BM may be 76 
responsible for the higher muscle capacities observed in men. Moreover, BM might not be the most appropriate 77 
scaling factor. For example, fat-free mass (FFM) is a more appropriate normalisation variable for performance 78 
variables (Loftin et al. 2016) and considering the lean mass (or muscle volume) involved in exercise would be 79 
even more accurate (Tolfrey et al. 2006). 80 

Finally, very few studies have used the allometric model to study the effect of body dimensions between 81 
men and women on the F-v parameters in sprinting (Slawinski et al. 2017; Mirkov et al. 2020). In addition, studies 82 
that did use the allometric model did not include anthropometric variables allowing for more accurate 83 
normalization (FFM and/or fat-free mass of the lower limb (FFMLL)) and only used the theoretical exponent of 84 
BM (0.67). Absolute muscle mass and height could explain a high proportion of the differences between men and 85 
women in the F-v profile (Cheuvront et al. 2005; Slawinski et al. 2017). However, on a cycle ergometer, these 86 
differences are removed when an allometric model is applied with lean mass (Weber et al. 2006) and they 87 
reappeared when the allometric model is applied with the lean mass of the lower limbs (Weber et al. 2006). In 88 
sprinting the differences between men and women persist even when the allometric model is applied with BM 89 
(Slawinski et al. 2017; Mirkov et al. 2020). It is therefore currently unclear whether the differences in mechanical 90 
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ability in sprinting are related to the normalization method or to other sex-specific parameters that influence the 91 
F-v profile. Indeed, factors other than body dimensions (muscle properties, metabolic and enzymatic functioning) 92 
may be able to explain sex differences in Pmax, force and velocity production in favour of men. Some authors have 93 
suggested differences in enzymatic functioning and anaerobic capacity between men and women (Perez-Gomez 94 
et al. 2008; Billaut and Bishop 2009). These sex differences may have an impact on the production of Pmax and the 95 
subsequent ability to maintain power (Billaut and Bishop 2009). The existence of remaining differences in the 96 
mechanical properties of sprinting after allometric modelling with some anthropometric variables would allow the 97 
model to infer these differences to other parameters (qualitative and/or technical differences) (Weber et al. 2006).  98 

In summary, most studies provide divergent results regarding the influence of anthropometric variables 99 
in explaining sex differences in the F-v profile (Weber et al. 2006; Slawinski et al. 2017; Haugen et al. 2019; Nuell 100 
et al. 2019; Mirkov et al. 2020). Moreover, the majority of studies were conducted with elite populations and very 101 
few of them analysed recreational populations. To our knowledge, the allometric model has only been applied with 102 
BM to study the effect of sex on the sprinting F-v profile. This study therefore aimed to investigate the effect of 103 
sex on the F-v profile in recreational active men and women, using an allometric model applied with BM, FFM, 104 
FFMLL, muscle cross-sectional area (CSA) and leg length (LL). We hypothesized that, when the allometric model 105 
is applied to Pmax, F0 and v0 with anthropometric variables, significant differences exist between men and women. 106 

 107 

Materials and methods  108 

Participants 109 

Thirty sports science healthy students, fifteen men (age: 24.1 ± 2.4 years; height: 180.0 ± 6.1 cm; BM: 110 
71.5 ± 7.9 kg) and fifteen women (age: 22.9 ± 1.8 years; height: 170.0 ± 6.5 cm; BM: 61.3 ± 6.4 kg) participated 111 
in this study. All subjects were physically active during the six months preceding the study and were engaged in 112 
multisport activities, including sprints (e.g., football, rugby, ...), but were not sprint specialists. They performed 113 
two to five hours of moderate physical activity three to five days a week but were not involved in systematic sports 114 
training. The exclusion criteria were significant or systemic pathology and previous surgery on the lower limbs or 115 
injuries identified in the three months preceding the tests.  116 
 117 
Experimental protocol 118 

Each subject conducted an experimental session including anthropometric measurements and an 119 
assessment of the F-v profile. The protocol was approved by the ethical committee of sports sciences (CERSTAPS 120 
n°IRB00012476-2021-21-10-132), and all subjects provided written informed consent to participate in the study. 121 

 122 
Procedures  123 
 124 

Anthropometric measurements 125 

Height, sitting height and LL were determined using a stadiometer (0.1 cm, The Leicester Height 126 
Measure, Tanita Corp., Japan) and BM was obtained using a clinical scale (0.1 kg, Tanita UM-076, Tanita Corp., 127 
Japan). Skinfolds at the sub-scapular, bicipital, tricipital, supra-iliac, quadricipital, hamstring and calf skinfolds 128 
(posterior and lateral level) were measured to estimate the percentage of whole-body fat and lower limb body fat 129 
using a Harpenden skinfold calliper (Baty International, England). Body density was calculated using the method 130 
established by Durnin and Rahaman (1967) and body fat percentage was determined using the Siri equation (1956). 131 
The total volume of the lower limb was calculated using the method of Jones and Pearson (1969). Lean volume of 132 
the lower limb was expressed in kilograms to reflect FFMLL. Muscle CSA (cm²) was estimated from the measured 133 
thigh circumference at 2/3 of the distance from the patella to the greater trochanter and subsequently calculating 134 
the surface area. Fat mass was considered by removing the fold measurement (in millimetres) from the thigh radius. 135 

 136 
 137 
F-v profile 138 

Each participant completed three sprints at maximum speed over a distance of 35 metres on a synthetic outdoor 139 
field after a standardized 15-minute warm-up (Simperingham et al. 2019). It consisted of five minutes of low-140 
intensity running, several sprint-specific drills, and active-dynamic stretching. During the tests, the experimenter 141 
signalled the start of each sprint using verbal instructions. Each subject wore their usual running shoes and set off 142 
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from a standing start to limit movements that could disrupt data acquisition. Between each sprint, a minimum 143 
recovery time of three minutes was set up. The best sprint time was retained for further investigations. The time 144 
was obtained using radar software (Stalker ATS 5.0). All sprints were carried out in favourable weather conditions 145 
(no wind). 146 

The raw speed-time data were measured using a radar (Stalker ATS II, Applied Concepts, USA) at 46.875 147 
Hz. The radar was positioned five metres behind the starting line on a tripod and adjusted to the height of the 148 
subject's hips. The mechanical parameters of the F-v relationship were calculated from the modelling of the speed-149 
time curve as proposed by Samozino et al. in 2016 (Samozino et al. 2016). Technical parameters such as the 150 
effective mechanical force i.e. the ratio of the horizontal force to the total force as a function of the speed of 151 
movement (DRF i.e. the rate of decrease in the ratio of force) were determined (Samozino et al. 2016). DRF was 152 
calculated over the entire acceleration phase via the linear relationship between the ratio of force and sprint speed. 153 
The maximal value of the ratio of force (RFmax) was also determined. The linear F-v relationships were extrapolated 154 
to determine the F0 and v0 values that correspond to the intersections with the force and velocity axes, respectively 155 
(Samozino et al. 2016). From the power-velocity curve, Pmax (i.e., the apex) was determined. The slope of the 156 
linear F-v relationship was calculated as follows (equation 1):  157 

 158 
𝑆𝑓𝑣 =  −𝐹0/𝑉0 159 

 160 
This variable represents the index of the athlete's individual balance between force and velocity 161 

capabilities. The steeper the slope, the more negative the value, the more "force-oriented" the F-v profile, and vice 162 
versa (Morin and Samozino 2016). This variable was calculated as it allows the determination of the mechanical 163 
F-v profile of the subjects. The raw acceleration data were processed in the radar software (Stalker ATS 5.0) by 164 
deleting all data recorded before the start and after the end of each sprint. Each acceleration file was then processed 165 
with a computer program (VBA, Microsoft Excel, USA) using the method of Samozino et al. (2016).  166 

 167 
 168 

Allometric model 169 

The method of power function adjustments (i.e., the allometric model) was applied to Pmax, F0 and v0 to 170 
study the sex effect. The allometric model was applied to Pmax with BM, FFM and FFMLL. Indeed, muscular 171 
power output is proportional to the muscle CSA and fibre length and, consequently, proportional to the muscle 172 
volume or mass. Therefore, Pmax should be related to active muscle volume or mass (Driss and Vandewalle 2013). 173 
According to the geometric similarity theory, the maximum force of the muscle is determined by the number of 174 
sarcomeres arranged in parallel and therefore is proportional to the CSA of the muscle (Åstrand and Rodahl 1986). 175 
The allometric model was therefore applied to F0 with BM, FFM and CSA. Sprint speed is defined as the product 176 
of stride length and step frequency (Cheuvront et al. 2005). As sprint speed is affected by stride length and step 177 
frequency, longer LL may contribute to a longer stride that also leads to increased speed (Cheuvront et al. 2005; 178 
Nuell et al. 2019). Conversely, a shorter LL reduces the maximum stride length that can be achieved which in turn 179 
may decrease the maximum sprint speed (Brechue 2011; Slawinski et al. 2017). The allometric model was 180 
therefore applied to v0 with LL. The allometric model adopted was based on the model proposed by Nevill and 181 
Holder (1995). The general form of the allometric relationship or power function is given by equation (2): 182 

 183 

𝑌 = 𝑎. 𝑋𝑏 184 
 185 

This equation describes a curvilinear relation where 𝑌 is the dependent variable (Pmax, F0 or v0), 𝑎 is the 186 
coefficient of proportionality, 𝑋 is the variable of dimension (BM, FFM, CSA, FFMLL or LL) and 𝑏 is the 187 
exponent (Nevill et al. 2005). The exponent 𝑏 describes the relationship between the dependent variable and the 188 
independent variable, i.e., the influence of the dimensional variable on the variable considered. The determination 189 
of the coefficients 𝑎 and 𝑏 is enabled using the method of least squares after applying a logarithmic transformation 190 
to the data. Equation 2 then becomes:  191 

 192 

𝑙𝑜𝑔(𝑌) = 𝑙𝑜𝑔(𝑎) + 𝑏. 𝑙𝑜𝑔 (𝑋)  193 
 194 

(2) 

(3) 

(1) 
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Although the initial relation can be curvilinear, it becomes linear once the logarithmic transformation is 195 
applied. The exponent 𝑏 (equation 2), which can be positive or negative, corresponds to the slope of this relation 196 
(equation 3). This then allows the calculation of the power function ratios in the form of 𝑌/𝑋𝑏 , for example, 197 
𝑃𝑚𝑎𝑥/𝐵𝑀𝑏 (a variable that no longer considers body dimensions). All exponents 𝑏 were determined for Pmax with 198 
BM, FFM, FFMLL; F0 with BM, FFM, CSA and v0 with LL. 199 

 200 
 201 
 202 
Statistical analysis  203 

To analyse the sex effect between men and women, an independent-sample t-test was used to compare all 204 
the variables. The data distributions were assessed using the Shapiro-Wilk normality test and the homogeneity of 205 
the variances was assessed by Levene’s test. Cohen’s d effect sizes (ES) were calculated (rank biserial correlation 206 
for non-parametric variables). Thresholds of 0.2, 0.5, and 0.8 were defined as small, moderate, and large effects 207 
(Cohen 1988). An allometric model applied to Pmax with BM, FFM, FFMLL, F0 with BM, FFM, CSA and v0 with 208 
LL was used to study the effect of sex. Descriptive data are presented as mean ± standard deviation. 209 

A stepwise multiple linear regression was used to assess the linear relationships between the dependent 210 
variable (Pmax) and the independent variables (BM, FFM, FFMLL, BMI, whole-body fat, and sex). The 95% 211 
confidence intervals were determined. Statistical analysis was performed using RStudio 2 software version 212 
1.2.5033 (R Studio Team, 2019) and the risk α was set at 5%, i.e., P ≤ 0.05. 213 

 214 
 215 
Results 216 

Absolute Pmax, F0, and v0 were significantly higher in men than in women. When F0 and Pmax were 217 
allometrically scaled with BM and FFM, there were no significant differences between men and women. However, 218 
when the allometric model was applied to Pmax with FFMLL, F0 with CSA and v0 with LL, differences between 219 
men and women persisted. Sprint time was significantly better in men than in women (5.3 ± 0.3s vs 6.3 ± 0.6s). 220 

 221 

Anthropometric parameters 222 

Table 1 presents descriptive data and sex comparisons for the anthropometric characteristics of the 223 
subjects. 224 
 225 
Table 1 Comparison of anthropometric characteristics according to sex 226 

Variables (mean ± SD)  Men (n = 15) Women (n = 15) p-Value ES 

  

Age (years) 24.1 ± 2.4 22.9 ± 1.8 0.221 0.27 

BM (kg) 71.5 ± 7.9 61.3 ± 6.4  < 0.001 * 1.37 

Height (cm) 180.0 ± 6.1 170.0 ± 6.5 < 0.001 * 2.05 

LL (cm) 88.6 ± 3.7 82.1 ± 7.8 0.002 * 0.67 

BMI 22.1 ± 2.3 21.9 ± 1.8 0.879 0.06 

Whole-body fat (%) 12.4 ± 3.6 25.5 ± 4.2 < 0.001 * 3.34 

Lower limb body fat (%) 15.4 ± 4.5 30.6 ± 4.6 < 0.001 * 3.28 

FFM (kg)  62.4 ± 6.7 45.4 ± 4.4 < 0.001 * 3.02 

FFMLL (kg) 9.1 ± 1.4 7.4 ± 1.4 0.002 * 1.23 

CSA (cm²) 207.9 ± 30.5 186.1 ± 31.4 0.064 0.70 

 

* P < 0.05 

BM, body mass; LL, leg length; BMI, body mass index; FFM, fat-free mass; FFMLL, fat-free mass of the lower 227 
limb; CSA, cross-sectional area. FFM and FFMLL include lean, water, and bone mass.  228 

BM, height, LL, FFM, fat-free volume of the lower limb, and FFMLL were significantly higher in men 229 
than in women. Whole-body fat and lower limb body fat were significantly lower in men than in women. Age, 230 
BMI, and CSA were not significantly different between sex. 231 
 232 
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F-v parameters  233 

Table 2 presents sex comparisons of Pmax parameters expressed in absolute terms, ratio-scaled, and 234 
allometrically scaled to BM, FFM, and FFMLL.  235 

 236 
Table 2  Comparison of allometrically transformed Pmax parameters according to sex 237 

Variables (mean ± SD )   Men (n = 15) Women (n = 15)  p-Value ES 

 

Pmax (W) 1090.3 ± 258.7 674.7 ± 155.3 < 0.001 * 1.95 

Pmax /BM (W.kg-1) 15.1 ± 2.2 11.1 ± 2.3 < 0.001 * 1.77 

Pmax /BM1.91 0.3 ± 0.0 0.3 ± 0.1 0.077 0.38 

Pmax /FFM (W.kg-1) 17.3 ± 2.6 14.8 ± 2.8 0.017 * 0.93 

Pmax /FFM1.56 1.7 ± 0.2 1.7 ± 0.3 0.820 0.05 

Pmax /FFMLL (W.kg-1) 120.0 ± 24.7 94.4 ± 26.2 0.021 * 0.49 

Pmax /FFMLL0.98 125.9 ± 25.8 98.5 ± 27.1 0.015 * 0.52 

 

* P < 0.05 

Pmax, maximal power output; BM, body mass; FFM, fat-free mass; FFMLL, fat-free mass of the lower limb. FFM 238 
and FFMLL include lean, water, and bone mass. FFMLL was computed only for the right leg. 239 

Absolute, relative Pmax to BM, FFM and FFMLL were significantly higher in men than in women. With 240 
the allometric model applied to BM and FFM, sex differences disappeared. These differences persisted with the 241 
allometric model applied with FFMLL.   242 

 243 
Table 3 presents sex comparisons of  F0 and v0 parameters expressed in absolute terms, ratio-scaled, and 244 

allometrically scaled to BM, FFM, CSA and LL, respectively.  245 

 246 
Table 3  Comparison of allometrically transformed F0 and v0 parameters according to sex 247 

Variables (mean ± SD )   Men (n = 15) Women (n = 15)  p-Value ES 

 

F0 (N) 506.2 ± 105.9 390.4 ± 75.6 0.002 * 1.26 

F0/BM (N.kg-1) 7.0 ± 0.9 6.4 ± 0.9 0.045 * 0.77 

F0/BM1.48 0.9 ± 0.1 0.9 ± 0.1 0.538 0.23 

F0/FFM (N.kg-1) 8.1 ± 1.1 8.6 ± 1.1 0.222 0.46 

F0/FFM1.02 7.4 ± 1.0 7.9 ± 1.0 0.176 0.51 

F0/CSA (N/cm²) 2.4 ± 0.4 2.1 ± 0.3 0.025 * 0.86 

F0/CSA0.91 3.9 ± 0.7 3.3 ± 0.5 0.016 * 0.93 

v0 (m.s-1) 8.6 ± 0.6 6.9 ± 0.8 < 0.001 * 2.49 

Vopt (m.s-1) 4.3 ± 0.3 3.5 ± 0.4 < 0.001 * 2.49 

Vmax (m.s-1) 8.3 ± 0.5 6.7 ± 0.7 < 0.001 * 0.95 

v0/LL (1/s) 9.7 ± 0.8 8.5 ± 1.4 0.028 * 0.48 

v0/LL0.31 8.9 ± 0.6 7.4 ± 0.9 < 0.001 * 1.98 

 

* P < 0.05 

F0, theoretical maximal force; BM, body mass; FFM, fat-free mass; CSA, cross-sectional area; v0, theoretical 248 
maximum velocity; Vopt, optimal velocity; Vmax, maximal velocity; LL, leg length. FFM includes lean, water, 249 
and bone mass. 250 

Absolute and relative F0 to BM were significantly higher in men than in women. There were no significant 251 
differences when F0 was normalized to FFM. With the allometric model applied to BM and FFM, sex differences 252 
disappeared. These differences persisted with F0 relative to CSA and with the allometric model applied with CSA. 253 
All velocity parameters were significantly higher for men than for women. 254 
 255 

Slope and mechanical parameters of the force-velocity profile and sprint time  256 

Table 4 presents descriptive data and sex comparisons for the slope and mechanical parameters of the F-257 
v profile and sprint time. 258 
 259 
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Table 4  Comparison of slope and mechanical parameters of the force-velocity profile and sprint time according 260 
to sex 261 

Variables (mean ± SD) Men (n = 15) Women (n = 15) p-Value ES 

 

SFV (N.s/m) - 59.0 ± 11.6 - 57.1 ± 12.3 0.671 0.16 

SFV (N/kg.s/m) - 0.82 ± 0.12 - 0.93 ± 0.11 0.026 * 0.86 

SFV (N/kg.s/m) - 0.95 ± 0.15 - 1.25 ± 0.18 < 0.001 * 1.83 

SFV (N/cm².s/m) - 0.29 ± 0.05 - 0.31 ± 0.05 0.232 0.45 

RFmax (%) 48.1 ± 3.6 43.3 ± 3.9 0.002 * 1.27 

DRF (%.s/m) - 7.6 ± 1.1 - 8.8 ± 1.0 0.004 * 1.15 

Time (s) 5.3 ± 0.3 6.3 ± 0.6 < 0.001 * 0.93 

 

* P < 0.05 

SFV, force-velocity slope; RFmax, maximum value of ratio of force; DRF, decrement in ratio of force. 262 

The slope of the force-velocity relationship (SFV) was not significantly different between men and women 263 
when F0 was in absolute value (Figure 1) and relative to CSA. However, SFV was significantly different between 264 
men and women when F0 was relative to BM and FFM. RFmax was significantly higher and DRF significantly less 265 
negative in men. Time was significantly lower for men than for women.  266 

 267 

 268 
 269 
Fig. 1 Force-Velocity relationship according to sex. Theoretical maximal force (F0) and theoretical maximal 270 
velocity (v0) values correspond to the intersections with the force and velocity axis, respectively. The blue line 271 
represents the average value for men and the red line represents the average value for women. The blue dotted line 272 
corresponds to the mean plus one standard deviation for men and the red dotted line corresponds to the mean minus 273 
one standard deviation for women. 274 

 275 

Parameters explaining Pmax 276 
Stepwise multiple linear regression showed that, in both men and women, Pmax was significantly and 277 

positively associated with FFM (b = 26.278; 95% CI = [21.614; 30.941]; p ≤ 0.001) (Figure 2). The coefficient of 278 
determination (R²) was 0.83. The other independent variables were considered but did not contribute significantly 279 
to the model. They were therefore removed. 280 
 281 

 282 
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 283 

Fig. 2 Linear relationship between maximum sprint power (Pmax) and fat-free mass (FFM) 284 

 285 

Discussion 286 

We aimed to investigate the effect of sex on the F-v profile in recreational active men and women, using 287 
an allometric model applied with BM, FFM, FFMLL, CSA and LL. We have hypothesized that, when the 288 
allometric model was applied to Pmax, F0 and v0 with anthropometric variables, significant differences existed 289 
between men and women. The main findings of this study confirmed our hypothesis. When F0 and Pmax were 290 
allometrically scaled with BM and FFM, there were no significant differences between men and women. However, 291 
when the allometric model was applied to Pmax with FFMLL, F0 with CSA and v0 with LL, differences between 292 
men and women persisted. This study reinforces the fact that BM is not a relevant enough normalisation variable. 293 
Our results are consistent with previous reports (Loftin et al. 2016) indicating that considering the lean mass (or 294 
muscle volume) involved in exercise would be even more accurate (Tolfrey et al. 2006).  295 

 296 

Comparison of allometric exponents  297 

Our results are in contradiction with those of Slawinski et al. (2017) and Mirkov et al. (2020) since the 298 
differences between men and women for Pmax and F0 persisted when using an allometric model applied with BM 299 
(0.67). This difference could be explained by the calculation of the exponents. In our study,  we determined 300 
allometric exponents whereas the aforementioned studies (Slawinski et al. 2017; Mirkov et al. 2020) have used 301 
the theoretical BM exponent (0.67). However, we found similar results to those of Weber et al. (2006). They 302 
showed that the differences in power production on a cycle ergometer between men and women disappeared when 303 
an allometric model was applied to lean mass. Nevertheless, when they applied an allometric model to the active 304 
lean mass of the lower limbs, men produced significantly more Pmax (Weber et al. 2006). When we compared our 305 
BM exponent (1.91) for Pmax to this population (1.80) (Weber et al. 2006), the values were close indicating that 306 
BM has almost the same importance for Pmax in sprint running as sprint cycling. This is not the case for our 307 
exponents of FFM (1.56 vs 1.00) and FFMLL (0.98 vs 0.29). However, it should be noted that this study concerns 308 
sprints on a cycle ergometer and differs from the approach used in sprinting (i.e., the horizontal profile) and in the 309 
task performed (cycling vs sprint running). Our results are difficult to compare with those already existing in the 310 
literature, as few studies have analysed the effect of sex in sprinting using the allometric model with FFM, FFMLL, 311 
CSA or LL. We also showed that exponents could be used to describe the allometric relationships between Pmax, 312 
F0, and v0 on the one hand, and their attributed dimensional variables on the other. Indeed, most exponents differed 313 
from the assumed exponent of 1.0 which is used when normalising the performance variable to the anthropometric 314 
variable and which assumes a linear relationship between the two variables (Weber et al. 2006). To the authors' 315 
knowledge, there are only two studies that have investigated the effect of sex on the F-v profile in sprinting using 316 
the allometric model (exponent of BM 0.67) (Slawinski et al. 2017; Mirkov et al. 2020). The comparison with 317 
these studies (Slawinski et al. 2017; Mirkov et al. 2020) is difficult since we did not use the theoretical exponent 318 
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(0.67). BM, FFM exponents for Pmax and BM exponent for F0 were all greater than 1.0 indicating that Pmax and F0 319 
increased in greater proportions than the anthropometric variables. In contrast, the exponents of CSA for F0 and v0 320 
for LL were less than 1.0 indicating that F0 and v0 did increase to a lesser extent than the anthropometric variable. 321 
The identification of exponents different from 1.0 reinforces the argument that the outputs of Pmax, F0 and v0 do 322 
not increase in direct proportion to BM, FFM, CSA and LL and therefore supports the use of an allometric model. 323 
Conversely, FFMLL exponent for Pmax and FFM exponent for F0 were very close to 1.0 indicating that F0 and Pmax 324 
values vary in the same proportions that the anthropometric variable, suggesting that the application of an 325 
allometric model to Pmax with FFMLL and F0 with FFM did not seem necessary with our population. 326 

 327 

F-v slopes according to sex in sprinting 328 

SFV reflects the athlete's balance between force and velocity capabilities. Our results show that there are 329 
no differences in the orientation of the F-v profile between men and women when the F-v slope is in absolute 330 
values or normalised to F0/CSA (N/cm²). However, there are significant differences when the F-v slope is 331 
expressed relative to BM and FFM. To the authors' knowledge, no study has expressed the F-v slope relative to 332 
CSA or FFM. It is therefore difficult to compare this result with other studies. Many studies have reported 333 
conflicting results for the F-v slope between sex. For example, Haugen et al. (2019) showed that the differences 334 
in F-v slopes between men and women were small (2.4 ± 0.7%). Over several sport disciplines, SFV values ranged 335 
from -0.75 to -1.10 N.s-1.m-1.kg-1 for men and -0.80 to -1.15 N.s-1.m-1.kg-1 for women. Moreover, Mirkov et al. 336 
(2020) showed negligible sex differences after allometric scaling with BM for SFV between high-level sprinters. 337 

Conversely, some studies have reported a more force-oriented profile in women than men. For example, 338 
Devismes et al. (2019) observed that women have a significantly more negative SFV than men for the same playing 339 
level in soccer. The authors reported that a potential explanation for this observation could be sought in the average 340 
sprint distance covered by the players. Jiménez-Reyes et al. (2019) compared the sprint mechanical F-v profile 341 
between sex for soccer and futsal players of different levels. In futsal, women tend to have a F-v profile (relative 342 
to BM) more force-oriented compared to men. In soccer, except when we compare the first division, women also 343 
display a F-v profile (relative to BM) more force-oriented compared to men. However, the authors did not report 344 
these variables’ p-values. Haugen et al. (2020) quantified differences in sprint mechanical outputs in soccer 345 
according to position, age, and sex on 674 men and women players. Women were generally more force-oriented 346 
than men, by small but still most likely clear margins in terms of SFV (Haugen et al. 2020). In opposition, Slawinski 347 
et al. (2017) reported a significant velocity-oriented profile in world-class women compared to men on the 348 
acceleration phase of a 100-metre sprint.  349 

The divergent results reported among these studies could be due to the different sport disciplines 350 
compared. Indeed, it has already been shown that sport discipline was associated with the orientation of the F-v 351 
profile (Jiménez-Reyes et al. 2019; Haugen et al. 2019, 2020). The different normalisation methods used to express 352 
SFV values (absolute, relative to BM, and allometric scaling) may also explain the different results between studies. 353 
The subjects in our study were not specialists in any sport. It is therefore consistent that there were no sex 354 
differences in the orientation of the F-v profile. 355 
 356 

Factors explaining maximum power output in sprinting 357 

Anthropometric variables explain a significant proportion of the sex differences observed in Pmax. Indeed, 358 
the stepwise multiple regression shows that FFM can explain 83% of the variance in Pmax. This result also means 359 
that 17% of the variance in Pmax is not explained by FFM. Factors other than body dimensions (muscle properties, 360 
metabolic and enzymatic functioning) may be able to explain the remaining variance in Pmax production. Even 361 
after removing the influence of an anthropometric parameter (i.e., FFMLL), men produced more Pmax than women. 362 
These results are supported by the significant differences found for F0/CSA0.91 and v0/LL0.31. Since power is the 363 
product of force and velocity, it is consistent to observe a significant difference in Pmax production between men 364 
and women.  365 

These sex differences in power, force and velocity production could be explained by factors that do not 366 
depend on body dimensions. Some authors have suggested differences in enzymatic functioning and anaerobic 367 
capacity between men and women (Perez-Gomez et al. 2008; Billaut and Bishop 2009). Although there are no 368 
differences in the distribution of type II fibres, the area occupied by these fibres is higher in men than in women 369 
(Jaworowski et al. 2002). Thus, the differences in anaerobic capacity could be explained by a higher proportion of 370 
type II fibres in men. Even when this proportion of type II fibres was expressed to active muscle mass, the 371 
differences remained (Perez-Gomez et al. 2008). It has also been reported that women have slower sarcoplasmic 372 
reticulum calcium (Ca2+) kinetics than men (24% lower peak sarcoplasmic reticulum Ca2+ ATPase activity) 373 
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(Hunter 2014). Slower Ca2+ ATPase activity and Ca2+ uptake into the sarcoplasmic reticulum are associated with 374 
slower rates of relaxation and muscle mechanics (Hunter 2014). There are probably differences between men and 375 
women in the subcellular aspects of muscle. These sex differences may have an impact on the production of Pmax 376 
and the subsequent ability to maintain power (Billaut and Bishop 2009). Enzymatic factors could also explain 377 
some of the differences in sprint power production between sex. Myosin ATP and creatine kinase activity have 378 
been observed to be higher in men than in women (Borges and Essén-Gustavsson 1989) suggesting a greater 379 
potential production of phosphagen energy in men to sustain the effort. The peak activity of the glycolytic and 380 
glycogenolytic enzymes phosphofructokinase and lactate dehydrogenase is also lower in women (Billaut and 381 
Bishop 2009). In addition, a smaller increase in plasma catecholamine concentration during sprints has also been 382 
reported in women that may negatively influence the stimulation of glycolytic enzymes (Billaut and Bishop 2009). 383 
These differences may affect sprint mechanics because glycolysis makes a significant contribution to ATP turnover 384 
in the first few seconds of a maximal muscle contraction (Billaut and Bishop 2009). However, Jaworowski et al. 385 
(2002) reported that higher peak glycolytic enzyme activities in men were related to height, mass, muscle CSA, 386 
and relative type II fibre area, all of which were significantly greater in men than in women. It is therefore more a 387 
factor of the larger body size of men than of the lower enzyme function of women. On the neuromuscular plan, 388 
there may be differences between men and women during a sprint running task. However, little is known about 389 
these differences and future research directly assessing these neuromuscular differences between sexes is therefore 390 
necessary to move forward on this topic. In sum, factors that do not depend on body dimensions, such as metabolic 391 
and enzymatic functioning, could explain the remaining 17% of the variance in Pmax and also contribute to sex 392 
differences in Pmax, force and velocity production in favour of men. 393 
 394 

Technical parameters according to sex in sprinting 395 

Interestingly, our results also show that men can apply more force in the horizontal direction in the first 396 
few metres of acceleration (higher RFmax) and this decrease in RFmax is less important with increasing running 397 
velocity (less negative DRF). Thus, men have better technical abilities than women in sprinting. Similar results 398 
have already been reported previously (Devismes et al. 2019; Haugen et al. 2019; Jiménez-Reyes et al. 2020). To 399 
our knowledge, two studies reported conflicting results. Mirkov et al. (2020) found similar DRF values in high-400 
level sprinters. However, the number of women sprinters was relatively small compared to men (22 men vs 6 401 
women) which limits the generalizability of these results. Zhang et al. (2020) found better DRF values in women 402 
compared to men but these results were in adolescent populations. The reasons for this better technical ability 403 
remain unclear. It seems that this ability is related to the context of sprint training and that athletes trained in this 404 
discipline demonstrate better DRF values (Morin et al. 2011). However, none of the subjects was sprint specialists. 405 

The importance of the role of the hip extensors, i.e. hamstrings and gluteal muscles in producing 406 
horizontal force is well known (Morin et al. 2015b; Nuell et al. 2019). Interestingly, several studies have shown 407 
that differences exist in the neuromuscular properties of hamstrings between men and women (Beaulieu et al. 408 
2008; Blackburn et al. 2009; Bencke and Zebis 2011). For example, Janssen et al. (2014) reported that men had 409 
favourable neuromuscular recruitment strategies compared to women (i.e. early activation of the biceps femoris 410 
and semitendinosus). The neuromuscular capabilities of the hamstrings and gluteal muscles could therefore 411 
underlie sex differences in horizontal force production. Women have been shown to have greater activation of the 412 
quadriceps and lesser activation of the hamstrings compared to men during dynamic tasks (Malinzak et al. 2001; 413 
Bencke and Zebis 2011; Williams and Welch 2015). These data agree with other studies that have shown women 414 
to be 'quadriceps dominant' and less able to activate their hamstrings (Lephart et al. 2002; Hewett et al. 2005; 415 
Youdas et al. 2007). Men are considered 'hamstring dominant' (Ebben et al. 2010) and have greater isometric and 416 
eccentric (absolute and relative) knee flexor strength than women (Behan et al. 2019).  417 

There are some methodological considerations to this study that should be noted. Firstly, the low level of 418 
sprint-specific training in this population reduces the relevance of the results of the present study (e.g., for sprint 419 
training) and limits the generalisation of these results to other populations. Secondly, although the majority of 420 
participants were involved in multisport activities (including sprinting), participants who typically play team sports 421 
such as soccer may have developed a greater sprinting ability than those who do not play such sports. This may 422 
have impacted the ability to produce power as well as the ability to effectively apply horizontal force. However, 423 
the fact that all participants were engaged in a different physical activity and were not sprint specialists also reduced 424 
the impact of sport discipline on the F-v profile. Thirdly, the Samozino model did not allow us to measure RFmax 425 
directly. However, this model proposed and discussed by Samozino et al. (2016), is an accurate, reliable, and valid 426 
simple method to evaluate mechanical properties of overground sprint running propulsion and it is validated 427 
through a very good agreement with gold standard force plate measurements. The accuracy of the model can be 428 
affected by the accuracy of the input data and the experimenter's data processing. We estimated the F-v profile 429 
variables with a radar, which is a valid and reliable technology for measuring instantaneous velocity-time data 430 
(Simperingham et al. 2016). Fourthly, the wind speed was not measured. However, all participants performed their 431 
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sprints in very similar conditions and with very light/no wind. The tests were always conducted when the wind 432 
was neither from the front nor from the back. In addition, all measurements were carried out outdoors on a synthetic 433 
field and without stands to again limit the effect of the wind (Haugen and Buchheit 2016). A potential light wind, 434 
however, would only have a minimal influence on the force-velocity relationship and the power, force and velocity 435 
assessments (Linthorne 1994; Ward-Smith 1999; Haugen and Buchheit 2016). 436 

 437 

Conclusion 438 

Our study confirms the importance of using an allometric model on the F-v profile in sprinting to study 439 
the effect of sex. Anthropometric variables explain a significant proportion of the sex differences observed in Pmax 440 
and factors that do not depend on body dimensions might be able to explain the remaining variance in Pmax. After 441 
applying an allometric model, sex differences in the F-v profile are expected to be explained by other factors than 442 
body dimensions (i.e., metabolic, and enzymatic functioning) but evidence confirmed by non-invasive techniques 443 
is needed. Sprinting is a key ability in many sports. A better understanding of sex-related differences in sprint 444 
mechanics could be of importance in all sport disciplines. Although body size parameters present an important 445 
contributing factor when observing differences in mechanical capacities between sex, physiological factors should 446 
be considered when interpreting the findings obtained from the current study on men and women. Future studies 447 
should confirm the physiological differences that may exist between men and women (i.e., metabolic, enzymatic 448 
functioning and neuromuscular function). Little is known about these differences and future research directly 449 
assessing these qualitative differences between sex is, therefore, necessary to move forward on this topic. 450 
Appropriate anthropometric variables for adjusting Pmax, F0 and v0 to body size are best derived through the process 451 
of allometric scaling. Studies should use the allometric model to avoid the confounding effect of body dimensions. 452 
FFM, FFMLL or CSA should also be used for more accurate normalisations when it is necessary.  453 
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