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Abstract 

This study investigated whether physiological demand or gait mechanics differ between 

sexes during treadmill load carriage. Female (n = 15) and male (n = 15) military recruit-type 

participants with no load carriage experience completed three 10-minute walking trials at a 

self-selected speed with increasing relative body-borne loads (0%, 20%, and 40% body 

weight). A range of cardiorespiratory, perceptual and biomechanical variables were 

measured. Self-selected walking speed was similar between sexes (4.6-4.8 km·h-1, p >0.05) 

and there were no significant sex-by-load interactions for any variables. Absolute V̇O2 and 

V̇CO2 were greater in males (difference 175-178 mL·min-1, p <0.001), however, when relative 

to body mass, V̇O2 was similar between sexes (p >0.05). Across all loads, cadence was 7 ± 

2 steps∙min-1 faster (p = 0.004) and stance time was 0.06 ± 0.02 s shorter (p = 0.013) in 

females. Increasing load resulted in greater physiological demand, cadence, % stance time, 

and step length (p <0.05).  

Key words: gait; physiological demand; kinematics; spatiotemporal; military ergonomics 

Practitioner Summary 

Literature comparing physiological and biomechanical variables between sexes during load 

carriage is scarce. Physiological and biomechanical sex differences were limited to relative 

measures associated with physical size (height and mass). Future research may pool male 

and female participants when conducting trials up to ten minutes in length.  
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Introduction 

Understanding the physiological requirements associated with load carriage is essential to 

guide training, accurately prescribe work-to-rest guidelines, and inform mission planning for 

personnel serving in the military and other physically demanding occupations (e.g. 

firefighting). Although load carriage can occur over differing terrain and in extreme 

environmental conditions, the majority of load carriage research to date has been undertaken 

in highly controlled laboratory conditions, generally on a motorised treadmill and in male 

participants1-3. Given the recent removal of gender exemptions within many physically 

demanding occupations, female representation has increased within many organisations. For 

example, the overall number of females within the Australian Defence Force has increased 

from 14.4% in 20134 to 17.9% in 20185. with the goal to increase workforce diversity within 

many military and emergency services6. Understanding whether there are physiological or 

biomechanical differences between men and women in this core occupational task is 

becoming increasingly important given the disparate rates of injury between the sexes 7, 8.  

Few studies have attempted to quantify the physiological and/or biomechanical differences 

between men and women during load carriage.9-12 It has been reported that during walking 

trials with 15 kg and 20 kg loads, oxygen consumption (V̇O2) relative to body weight (BW) did 

not differ between men and women, however, when represented as a percentage of their 

predicted VO2max, women were working at higher relative intensities, and above their 

ventilatory threshold with the 20 kg load.9 Conversely, when normalised to body mass, the 

net metabolic cost of walking across various loaded conditions show males have a greater 

metabolic cost than females, despite similar gait patterns.12 Inconsistent reports show heart 

rate is comparable between sexes10 or higher in female participants compared with males.11 

Unfortunately, due to methodological differences between studies, such as the use of 

absolute or relative loads, differences in load distribution (carried in arms, backpack, or 

double pack), and walking speed, a clear understanding of sex differences in response to 

loaded treadmill walking is not available. Research that accounts for load and walking speed 
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variations is needed to identify any systematic physiological and/or biomechanical 

differences between sexes during treadmill load carriage. This information will help to inform 

the requirement for further female-specific research in this area and/or application of existing 

research.  

The aim of the current study was to determine whether there are sex differences in the 

physiological demand and gait mechanics during treadmill load carriage across a range of 

relative loads (0%, 20% and 40% BW). It was hypothesised that females would have a 

greater physiological demand despite similar gait patterns to men, and that the physiological 

demand and gait mechanics would change similarly between sexes with increasing loads.  

Materials and Methods 

Fifteen females (age: 25.1 ± 6.1 y, height: 1.65 ± 0.07 m, body mass: 61.5 ± 6.9 kg, 

predicted VO2max: 44.1 ± 3.8 ml·kg-1·min-1; mean ± standard deviation [SD]) and 15 males 

(22.3 ± 2.3 y, 1.79 ± 0.07 m, 74.2 ± 8.5 kg, 48.7 ± 2.9 ml·kg-1·min-1) participated in this study. 

An a priori sample size calculation indicated that 14 participants would be required to detect 

an interaction effect size of 0.2 with 80% power at an alpha of 0.05. On average, females 

were shorter (-0.13 ± 0.03 m, p <0.001, mean difference ± standard error [SE]) and lighter (-

12.7 ± 2.8 kg, p <0.001) than males. All participants were injury free for at least six months 

prior to participating. Ethical procedures were approved by La Trobe University’s Science, 

Health and Engineering College Human Ethics Sub-Committee (Ethics number: HEC18146) 

and all participants provided written informed consent. 

To meet study inclusion criteria, participants were required to meet the Australian Army 

physical fitness entry standards of 8 (female) or 15 (male) push-ups, 45 sit-ups and a 

minimum predicted maximal oxygen uptake (VO2max) of 38.1 mlkg-1min-1 during a 

submaximal exercise test13 on a Trackmaster motorised treadmill (TMX58, Newton, Kansas). 
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Having met the inclusion criteria, participants were familiarised with the testing environment 

and external loads by walking at a comfortable pace for three minutes with each individual 

load. This allowed participants’ individual self-selected walking speed to also be determined. 

A self-selected walking speed was chosen to remove it as a potential confounding variable 

affecting gait mechanics and physiological demand14. 

Participants completed three 10-minute walking trials on the treadmill with different relative 

torso-borne loads (0% BW, 20% BW, 40% BW). Relative loads were chosen to remove 

confounding variables such as differences in relative loading, which is consistent with 

previous research12, 14. The control condition (0% BW) was performed first then load 

incremented (20% BW followed by 40% BW) to allow a linear increase in muscle stiffness to 

ensure safe completion of the tasks15. Ten minutes of passive rest was provided between 

each trial. Prior to commencing the next trial, heart rate was required to have returned to 

within 10% of resting prior and additional time was provided if required.  The load was added 

in the form of a weighted vest using 1 kg blocks, added symmetrically with equal distribution 

anterior-posteriorly and medio-laterally to keep load close to the COM and most comparable 

to the double backpack.16  

Expired air samples were collected breath-by-breath using a valid 17, 18 portable metabolic 

system (Jaeger Oxycon Mobile; Carefusion, Germany) attached to the trunk in a vest, which 

was connected to a Hans-Rudolf face mask, fitted as per manufacturer guidelines. The 

device was calibrated before each testing session using gases of a known composition with 

flow rate calibrated automatically. Ventilation (V̇E, Lmin-1), absolute volume of oxygen 

consumption (V̇O2, mLmin-1), relative V̇O2 (mLkg-1min-1), and carbon dioxide production 

(V̇CO2, mLmin-1) were measured throughout the trial. Data over the final three minutes of 

each trial were averaged and used for analysis. Heart rate was monitored throughout each 

trial and recorded in the final minute, as steady state was reached. Individuals’ maximum 
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heart rate (HRmax) was predicted from a validated model19 and used to calculate percentage 

HRmax (%HRmax) for each trial. A rating of perceived exertion (RPE) using the 6-20 Borg scale 

was obtained at the end of each trial.20  

 

For the biomechanical analysis, a total of 36 retroreflective markers were attached to each 

participant’s pelvis and lower limbs. Markers were attached bilaterally on the following 

anatomical landmarks: anterior and posterior superior iliac spines, iliac crest, medial and 

lateral femoral epicondyles, medial and lateral malleoli, calcaneus, first metatarsal head, and 

the second metatarsal head. Additional markers were affixed to a custom molded 

thermoplastic plate and attached laterally on the thigh and leg to measure segment motion 

during each trial. Marker trajectories were captured with a 10-camera Vicon V16 opto-

reflective motion capture system (Vicon Motion Systems Ltd, Oxford, UK; 100 Hz). Raw 

trajectory data were filtered using a dual-pass second order low-pass Butterworth filter (fc = 6 

Hz) as determined by a residual analysis and visual inspection. A seven-segment lower limb 

and pelvis direct kinematic model based on that reported by Besier et al.21 was used to 

calculate required joint centres. Hip joint centres were calculated using the regression 

equation of Harrington22, while the knee and ankle joint centres were determined by taking 

the midpoint between the femoral epicondyles and ankle malleoli, respectively. Segment-

embedded anatomical coordinate systems were defined following the International Society of 

Biomechanics recommendations, while non-orthogonal joint coordinate systems were used 

to calculate sagittal plane hip, knee and ankle flexion-extension joint angles23, 24. Data was 

captured over the 6th minute of each trial with three right strides from each load per 

participant used for analyses. 

 

Data were screened for normality and sphericity prior to any analysis being conducted. 

Independent t-tests were used to compare absolute load carried and walking speed between 

sexes. Split-plot analysis of variance were performed to investigate the interaction and main 

effects of sex (female, male) and load magnitude (0% BW, 20% BW, 40% BW). An alpha 
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level of 0.05 was used for significance testing. Where significant interactions or main effects 

were found, effect sizes were reported as partial eta squared (η2
p) and Tukey’s Honest 

Significant Difference post-hoc tests were performed to determine the location of differences. 

Data are presented as mean ± SD unless stated otherwise. 

 

Results 

Females carried significantly less absolute external load in both the 20% BW (Female 12.2 ± 

1.3 kg, Male 14.9 ± 1.8 kg; p <0.001, mean ± SD) and 40% BW conditions (24.5 ± 2.7 kg, 

29.9 ± 3.6 kg; p <0.001). Females and males did not differ in self-selected walking speed 

during any condition (0% BW: 4.8 ± 0.5 km·h-1, 4.7 ± 0.5 km·h-1; 20% BW: 4.8 ± 0.5 km·h-1, 

4.7 ± 0.5 km·h-1; 40% BW: 4.6 ± 0.5 km·h-1, 4.6 ± 0.5 km·h-1; Females, Males; p >0.05). 

 

There were no significant sex-by-load interactions for any physiological variables (Table 1). A 

main effect for sex was found for absolute V̇O2 (p = 0.005, η2
p = 0.246), V̇CO2 (p = 0.007, η2

p 

= 0.230), and %V̇O2max
 (p = 0.014, η2

p = 0.198). The mean difference in V̇O2 (± SE) between 

sexes was -175 ± 58 mL·min-1 and for VCO2 was -178 ± 62 mL·min-1. As a percentage of 

predicted V̇O2 maximum, females on average worked 5 ± 2% harder than males. A main 

effect for load was found for all physiological variables (p <0.001; see Table 1). 

 

There were no sex-by-load interactions on any spatiotemporal variables (p >0.05; Table 2). 

There was a significant main effect for sex was observed for cadence (p = 0.004, η2
p = 

0.264) and stance time (p = 0.013, η2
p = 0.200), with females having a 7 ± 2 steps∙min-1 

faster cadence, while males spent 0.06 ± 0.02 s longer in stance compared with females. 

There was a significant main effect for load for cadence (p = 0.009, η2
p = 0.154), % stance 

time (p <0.001, η2
p = 0.305) and step length (p = 0.034, η2

p = 0.114). From the 0% BW to 

40% BW conditions, cadence decreased 2 ± 1 steps∙min-1 (p = 0.007) while % stance time 

increased 0.8 ± 0.2% (p <0.001). From the 20% BW to 40% BW conditions, % stance time 
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increased 0.7 ± 0.2% (p <0.001), and step length decreased by 0.75 ± 0.23% of height (p = 

0.032). There were no sex-by-load interactions nor main effects for sex for any kinematic 

variable (p >0.05). There was a significant main effect for load on peak knee flexion (p = 

0.003, η2
p = 0.193, Table 2). 
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Table 1. Physiological responses in females and males across various loaded treadmill walking trials.  

 0% BW 20% BW 40% BW p-value 
Females Males Females Males Females Males Sex*Load Sex Load 

Heart rate 
(beats∙min-1) 

107 ± 16 102 ± 12 119 ± 13 109 ± 12 127 ± 18 119 ± 14 0.288 0.133 <0.001 

Heart rate (% max) 56.5 ± 8.3 53.1 ± 6.2 62.8 ± 7.1 56.9 ± 6.3 67.1 ± 9.9 62.2 ± 7.3 0.275 0.084 <0.001 
V̇E (L∙min-1) 26.2 ± 3.8 27.9 ± 3.9 31.1 ± 5.1 32.3 ± 4.5 35.2 ± 5.1 37.9 ± 6.8 0.398 0.266 <0.001 
V̇O2 (mL∙kg-1∙min-1) 14.5 ± 2.1 14.1 ± 1.9 17.4 ± 2.5 16.4 ± 2.4 19.4 ± 3.0 19.1 ± 3.4 0.470 0.509 <0.001 
VO2 (%VO2max) 33.1 ± 0.1 28.9 ± 0.0 39.6 ± 0.1 33.6 ± 0.0 44.2 ± 0.1 39.1 ± 0.1 0.380 0.014 <0.001 
V̇O2 (mL∙min-1) 886 ± 130 1039 ± 144 1063 ± 159 1212 ± 200 1179 ± 144 1404 ± 223 0.094 0.005 <0.001 
V̇CO2 (mL∙min-1) 851 ± 146 1013 ± 157 991 ± 180 1143 ± 200 1093 ± 158 1313 ± 218 0.139 0.007 <0.001 
RER (ratio) 0.96 ± 0.07 0.98 ± 0.05 0.93 ± 0.06 0.94 ± 0.05 0.93 ± 0.06 0.94 ± 0.07 0.954 0.523 <0.001 
RPE (au) 8.8 ± 1.4 8.5 ± 1.6 12.5 ± 0.7 11.5 ± 2.1 15.7 ± 1.4 14.1 ± 2.5 0.172 0.052 <0.001 

Data presented as mean ± SD. BW, body weight; V̇E, ventilation; V̇O2, volume of oxygen consumption; V̇CO2, volume of carbon dioxide 
produced; RER, respiratory exchange ratio; RPE, rating of perceived exertion. 
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Table 2. Spatiotemporal and peak joint kinematic measures in females and males across various loaded treadmill walking trials. 

0% BW 20% BW 40% BW p-value
Females Males Females Males Females Males Sex*Load Sex Load 

Spatiotemporal variables 
Cadence (steps∙min-1) 116 ± 5 108 ± 6.8 115 ± 6.5 108 ± 6 113 ± 8.2 107 ± 7.1 0.568 0.004 0.009 
Step length (% height) 36 ± 5 36 ± 3 36 ± 5 36 ± 3 36 ± 4 35 ± 3 0.528 0.919 0.034 
Step width (% height) 7 ± 2 6 ± 1 7 ± 2 6 ± 1 7 ± 2 6 ± 2 0.663 0.126 0.387 
Stance time (%) 64 ± 2 64 ± 1 64 ± 1 64 ± 1 65 ± 2 65 ± 1 0.361 0.687 <0.001 
Stance time (sec) 0.67 ± 0.05 0.71 ± 0.05 0.62 ± 0.18 0.72 ± 0.05 0.69 ± 0.06 0.73 ± 0.07 0.261 0.013 0.148 

Peak joint kinematics 
Hip flexion (°) 33 ± 7 33 ± 8 34 ± 7 33 ± 7 33 ± 9 34 ± 5 0.569 0.950 0.362 
Hip extension (°) -9 ± 5 -7 ± 6 -10 ± 4 -8 ± 6 -11 ± 7 -8 ± 6 0.536 0.252 0.128 
Knee flexion (°) 23 ± 12 21 ± 6 25 ± 12 21 ± 6 29 ± 14 22 ± 6 0.084 0.233 0.003 
Ankle dorsiflexion (°) 13 ± 5 11 ± 4 14 ± 5 11 ± 3 13 ± 5 11 ± 4 0.872 0.118 0.469 
Ankle plantarflexion 
(°) 

-21 ± 6 -22 ± 6 -21 ± 8 -22 ± 5 -22 ± 7 -23 ± 6 0.957 0.647 0.114 

Data presented as mean ± SD. BW, bodyweight. 
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Discussion 

This study showed no sex-by-load interactions for any physiological or biomechanical 

variable during both unloaded and loaded treadmill walking. Sex differences were observed 

for absolute V̇O2 and V̇CO2, %V̇O2max, cadence, and stance time. No sex or load differences 

were observed for any peak joint kinematic variables. Increasing loads resulted in 

significantly greater responses from all physiological variables, as well as some 

spatiotemporal variables (cadence, step length, and % stance time). Our first hypothesis was 

partially supported, with females having higher absolute physiological demand, and cadence, 

as well as a lower absolute stance time. Our second hypothesis was supported with no sex-

by-load interaction found for any physiological or biomechanical variable. 

 

As expected, the physiological demands of treadmill walking increase with heavier loads, but 

no difference between sexes were observed in V̇O2 when accounting for body mass (i.e. 

relative VO2). However, females were working at a higher relative intensity (% VO2max) when 

compared with males across the load conditions. Previous research has similarly observed 

females working at a greater relative intensity (% VO2max)9. Bhambhani et al. observed a 9-

15% greater relative task demand in females compared with males when carrying 15 and 20 

kg in the hands, while walking at self-selected speeds9. Holewijn and colleagues 

implemented equivalent walking speed and absolute load conditions between sexes and 

similarly observed a greater relative intensity in females9, 25. Notwithstanding differences 

between studies in walking speed (fixed, self-selected), load mass (relative, absolute), load 

distribution (hands, feet, waist, torso), and training status (VO2max), it is suggested that these 

results collectively demonstrate that females are typically required to work at a higher relative 

intensity (%VO2max) when performing load carriage tasks compared with males. Targeted 

physical conditioning programs could therefore be implemented to increase cardiorespiratory 

fitness (VO2max) in females, thereby decreasing relative task intensity and increasing the 

physiological tolerance to load carriage tasks26. 
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Small changes in spatiotemporal data were observed between sexes, however, these 

differences are more likely a result of height or strength differences, rather than a specific 

sex difference. The faster cadence and shorter stance time of females opposes previous 

research that shows similar spatiotemporal movements between sexes12 during self-selected 

unloaded and loaded (10-30% BW) treadmill walking, but is similar to earlier work by Martin 

& Nelson at a set walking speed of 6.4 km·h-1 (unloaded to 36kg load)27. In our study, the 

self-selected speeds were similar between sexes, whereas small differences in walking 

speed were reported by Silder et al.12, and may provide some insight regarding the difference 

between studies. As there is no difference between sexes when step length is normalized for 

height in this study, to maintain the same walking speed females were required to have a 

faster cadence. A meta-analysis by Frimenko, Whitehead and Bruening showed that when 

matched for height, there is no difference in step length or gait speed between sexes, 

showing a height-effect rather than a sex-effect28. While age can increase the degree of 

separation between sexes for these spatiotemporal variables28, 29, it appears that in a healthy 

population representative of military recruits, spatiotemporal variables of step length, step 

width, and stance time are similar between sexes when accounting for height. While height is 

a non-modifiable physical characteristic, previous research has observed the influence of 

strength within clinical and aging populations and its influence on gait biomechanics30, 31. As 

such, modifiable factors such as muscular strength has the potential to also play a role in the 

spatiotemporal and kinematic measures of individuals and may also need to be accounted 

for when comparing sexes.  

 

Peak knee flexion angle was found to increase across loads, with no differences observed in 

other joint kinematics, regardless of sex or load during treadmill walking. The 3.5° increase in 

peak knee flexion from 0% BW to 40% BW is similar to the 4° increase found by Silder et al. 

when they compared 0% BW to 30% BW. Our data supports the conclusions of Silder et al. 

that the increased knee flexion would be related to increased muscle activation and likely 

cause an increase in metabolic cost. While doublepacks were used in that study,12 the use of 
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a self-selected walking speed was based off unloaded trials (females 4.7 ± 0.4 km·h-1; males 

4.6 ± 0.3 km·h-1), and so may have resulted in a faster than preferred speed once load was 

applied, hence altering the kinematics of individuals. Increasing load through the use of 

backpacks also result in substantial kinematic changes in male soldiers32, 33. Whether these 

changes with increasing load are influenced by previous experience and exposure to load 

carriage is yet to be observed. Given the participants in this study were representative of a 

military recruit population34, but had no previous experience with load carriage, it may be that 

they were unable to mechanically adapt to increasing load. Alternatively, when using an 

absolute load of 22 kg, Krupenevich, Rider, Domire, DeVita 35 saw no sex differences for any 

kinematic or kinetic variable and suggested that females lack effective adaptation to load and 

do not sufficiently alter their gait despite strength and stature differences to males35. More 

research is required to observe the influence that previous experience in load carriage has 

on these changes in both males and females, taking into account absolute and relative loads, 

pack distribution, and the influence of individuals’ muscular strength and endurance.  

 

This study has potential limitations and has identified areas of future research. The use of a 

self-selected walking speed and relative loads does not reflect standard practice within a 

military setting, i.e. role or mission determines load carriage task requirements. However, it 

does allow investigation of questions regarding sex differences without relative loading 

and/or walking speed as a confounder. To improve ecological validity and translation to field 

settings, occupationally relevant walking speeds, fixed loads, and load distributions (e.g. 

body armor, webbing, backpack, rifle) need to be investigated. There have been few 

differences identified in the physiology and biomechanics of acute simulated military load 

carriage between sexes in the current study, despite the well-documented differences in 

physical and physiological capacities between males and females36-38. In future, grouping 

participants by stature and body mass may aid in delineating the effects of sex and physical 

characteristics on responses to load carriage. An increased understanding of the 

physiological and biomechanical responses to load carriage between sexes, and the 
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influence of physical characteristics (e.g. stature, body mass, lean mass), may facilitate 

improved load carriage conditioning and task management, and/or reduced injury risk39. 

 

Females worked at a greater relative intensity, had a faster cadence and a reduced stance 

time in comparison with males across all treadmill walking conditions. These results suggest 

the implementation of sex-specific conditioning and recovery may be warranted to bridge the 

gap in physiological strain between males and females (on average) in the performance of 

occupational tasks involving load carriage39, 40. This is likely to improve acute task 

performance but also the ability to cope with repeated or chronic occupational exposure and 

potentially reduce injury risk, given the well-established association between aerobic fitness 

and musculoskeletal injury risk41-43. When accounting for body mass and stature, however, 

there appears to be minimal difference in physiological and biomechanical responses to 

loaded treadmill walking at self-selected speeds in a healthy recruit-type population with no 

load carriage experience. During short duration (≤10 minutes) load carriage tasks, the 

pooling of male and female data may be acceptable, however the relevance of the current 

results to prolonged load carriage tasks are less clear. The ability for females to 

physiologically tolerate load carriage could be improved by the implementation of a 

conditioning program targeted towards improving aerobic fitness. 
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