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ABSTRACT 

Our current understanding of human gait is mostly based on studies using hard, level surfaces in a 

laboratory environment. However, humans navigate a wide range of different substrates every day, 

which incur varied demands on stability and efficiency. Several studies have shown that when 

walking on natural compliant substrates there is an increase in energy expenditure. However, these 

studies report variable changes to other aspects of gait such as muscle activity. Discrepancies 

between studies exist even within substrate types (e.g. sand), which suggests that relatively ‘fine-

scale’ differences in substrate properties exert quantifiable influences on gait mechanics. In this 

study, we compare human walking mechanics on a range of sand substrates that vary in overall foot 

sinking depth. We demonstrate that variation in the overall sinking depth in sand is associated with 

statistically significant changes in joint angles and spatiotemporal variables in human walking but 

exerts relatively little influence on pendular energy recovery and muscle activations. Significant 

correlated changes between gait metrics are frequently recovered, suggesting a degree of coupled or 

mechanistic interaction in their variation within and across substrates. However, only walking speed 

(and its associated spatiotemporal variables) correlate frequently with absolute foot sinkage depth 

within individual sand substrates, but not across them. This suggests a causative relationship 

between walking speed and foot sinkage depth within individual sand substates is not coupled with 

systematic changes in joint kinematics and muscle activity in the same way as is observed across 

sand substrates.  
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Introduction 

In everyday life, humans and other animals navigate complex environments with heterogeneous 

terrain. Variations in substrate properties, such as compliance (e.g. foot sinking depth) impact how 

they walk across the surface to maintain manoeuvrability, grip and stability (Holowka et al., 2022; 

Peyré-Tartaruga and Coertjens, 2018). Previous studies have found that humans incur a much 

greater metabolic cost of locomotion when walking or running on natural, compliant substrates such 

as grass (Davies and Mackinnon, 2006; Pinnington and Dawson, 2001), snow (Pandolf et al., 1976) 

and sand (Davies and Mackinnon, 2006; Lejeune et al., 1998; Zamparo et al., 1992), compared to 

solid surfaces. The term ‘compliant’ has been used broadly within the field (Holowka et al., 2022; 

Kerdok et al., 2002; Lejeune et al., 1998; Pinnington and Dawson, 2001; Soule and Goldman, 1972; 

Zamparo et al., 1992) to refer to any substrate that has non-negligible deformation (elastic or 

plastic) under loads typically generated during human locomotion. However, the reported increases 

in energy expenditure not only vary between different types of compliant substrate but also between 

different studies using the same substrate type. During walking on sand, Davies and Mackinnon 

(2006) found that energy expenditure was up to 1.34 times greater, Zamparo et al. (1992) found an 

increase of up to 1.8 times and Lejeune et al. (1998) found an increase of 2.7 times, compared to 

hard floor. A variety of different, and sometimes contradictory, reasons have been invoked to 

explain these increased energetic costs. 

  

Pinnington and Dawson (2001) proposed that the differences in energetic costs between studies 

were likely due to variations in sand properties and/or methodology. Zamparo et al. (1992) 

proposed that the increase in energetic costs on sand could be attributed to a reduced recovery of 

potential and kinetic energy at each stride, based on calculations by Cavagna et al. (1976) which 

modelled the body as a simple inverted pendulum. However, more recent studies suggest that these 

mechanical energy exchange variables do not necessarily strongly correlate with the amount of 

mechanical energy exchange. Instead, mechanical work is predominately required to redirect the 

centre of mass (CoM) velocity vector during step-to-step transitions and collisional losses that occur 

during these transitions account for a considerable proportion of the metabolic cost of walking 

(Bertram and Hasaneini, 2013; Donelan et al., 2002; Kuo et al., 2005). Lejeune et al. (1998) 

attributed their increased energetic costs to increased mechanical work done on the sand and a 

decrease in the efficiency of positive work done by the muscles and tendons.  Zamparo et al. (1992) 

and Pinnington and Dawson (2001) suggested that foot slippage during push-off contributes to 

increased energetic costs when walking on sand. During running on sand, participants displayed 

greater hip and knee flexion and greater co-activation of the knee and ankle muscles (Pinnington 

and Dawson, 2001; Pinnington et al., 2005), while Bates et al. (2013) suggested that there may be 
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increased activation in ankle extensor muscles in the stance phase. Giatsis et al. (2004) observed an 

increased range of motion at the ankle joint prior to push-off during jumping on sand, which may 

have been caused by foot slippage, and Pinnington and Dawson (2001) suggested that on compliant 

surfaces, the foot is in contact with the ground for longer as a mechanism to improve stability and 

reduce foot slippage.  

 

This variation in increases of metabolic cost of transport, and the gait variables associated with it, 

suggests that differences in mechanical properties and/or behaviour of sediment may exert 

quantifiable kinematic and kinetic responses. However, there is currently little understanding of 

how humans adapt their gait to different substrate properties, particularly for natural sediments such 

as sand that exhibit complex behaviour. A study by Pandolf et al. (1976) found a positive linear 

relationship between increasing footprint depth in snow and an increase in energetic costs during 

walking, suggesting there may be some causative link between the depth of depression into a 

compliant substrate and energy expenditure. Therefore, in this study, we investigated how overall 

sinking depth (measured by the vertical position of markers on the foot) affects human gait 

kinematics and muscle activities during walking on sand. Based on previous work, we tested the 

predictions that on substrates with greater average foot sinking depth (P1) pendular energy 

exchange mechanisms will incur reduced efficiency, (P2) stance time and stride width will increase 

and walking speed and stride length will decrease, (P3) there will be greater joint excursions at the 

hip, knee and ankle joints due primarily to an increase in peak joint flexion and (P4) there will be 

greater muscle activation in the lower limb muscles. From these predicted differences between 

substrates, we derive two further mechanistic predictions: first, that (P5) changes in pendular energy 

exchange, muscle activity and spatiotemporal and joint kinematics will correlate with each other 

both within and across all substrates; and second, that (6) that changes in these gait metrics will 

correlate with variation in absolute foot sinking depth within and across the sand substrates. 

 

Material and Methods 

Experimental data collection 

21 young, healthy individuals (9 males, 12 females; age = 26.7 ± 5.3 years; height= 1.73 ± 0.1 m; 

body mass = 68.5 ± 9.2 kg; body mass index = 22.8 ± 2.4 kgm
-2

; see Table 1) signed informed 

consent before participating in the study in accordance with ethical approval from the University of 

Liverpool’s Central University Research Ethics Committee for Physical Interventions (#3757). 

There were two different types of sand used in this study: finer play sand (Tarmac play pit sand, 

grain size <1.25mm) and coarser building sand (Tarmac building sand, grain size <2mm); both are 

readily available through commercial suppliers. We also generated two experimental substrates 
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from the building sand by adding different amounts of water thereby yielding three different 

substrates in total to compare to locomotion on a hard floor. Our four experimental substrates were 

therefore: 1) hard floor 2) wetted building sand 3) dry building sand and 4) play sand (Fig. 1). To 

avoid the sand drying out, all sand substrates were wetted, with greater amounts of water added to 

the wetted building sand. Before initial data collection, the trackways were filled with sand and 

water was added one litre at a time and mixed thoroughly with handheld rakes until desired wetness 

was achieved. All three sand walkways were identical in size: 9.6m (length) x 0.6m (width) x 0.1m 

(height), including a 4.8m long middle section filled with sand (Fig. 1). To ensure the sand was 

comparable as possible for each participant, several measurements were taken prior to all data 

collection sessions. These involved taking measurements from different points of each walkway 

using a shear vane (Pilcon hand vane tester) and force gauge (RS Pro RS232), as well as measuring 

the depth of footprints made by the lead investigator during barefoot walking on each walkway. 

Before every data collection, the sand was loosened thoroughly using handheld rakes and raked 

over to create a level surface, then the lead investigator would walk barefoot across each substrate. 

Excluding the first footprint created, the depths of the footprints were recorded using a ruler at the 

hallux, midfoot and heel. For the shear vane and force gauge, five values were taken from different 

points of each walkway (around half-way between each recorded footprint). The shear vane was 

inserted into the sand to a depth of 50mm and the force gauge was inserted into the sand to a depth 

of 30mm. If the mean values recorded using the different methods were not within the range 

decided upon a priori, the moisture content of the walkways were modified and the steps above 

would be repeated until these measurements fell within range (Fig. S1), with particular focus on the 

mean depth of the footprints (Fig. S1D) given the overarching predictions of the study (see above). 

Values were accepted within ± 1cm for mean footprint depth values, ± 8 kN.m
-2

 for mean shear 

vane measurements and ± 0.3 kg for mean force gauge measurements from the objective values. 

 

On the floor, the participant walked a length of 10m. Participants performed a total of 3 trials on the 

hard lab floor and 5 trials on each sand walkway with substrate order randomised while 3D 

kinematics and EMG were measured synchronously. A single trial involved walking at a self-

selected speed from one end of the walkway to the other end, always in the same direction. For all 

trials, whole-body kinematics were recorded at 200Hz using 69 reflective markers and a 12-camera 

Qualisys Oqus 7 motion capture system (Qualisys Inc., Götenborg, Sweden). EMGs were recorded 

using the wireless Trigno EMG (Delsys, MA, USA) system at a sampling rate of 1110 Hz. Standard 

EMG skin preparation methods (Stegeman and Hermens, 2007) were utilised and electrodes were 

positioned to record the activity of 8 left lower extremity muscles: biceps femoris (BFL), rectus 

femoris (RF), vastus lateralis (VL), vastus medialis (VM), tibialis anterior (TA), lateral 
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gastrocnemius (LG), medial gastrocnemius (MG) and soleus (SOL). These data collection protocols 

followed our previous study of human walking on compliant foams (Grant et al., 2022). 

 

Experimental data processing 

Kinematic data processing was undertaken in Visual 3D (C-Motion Inc., Germantown, MD, USA) 

with a kinematic model comprised of 13 segments: feet, shanks, thighs, upper arms, forearms (all of 

these bilaterally), and head, trunk and pelvis. Kinematic gait events were calculated automatically 

using a co-ordinate based algorithm that used foot positions relative to the pelvis (Zeni Jr et al., 

2008) but were also checked manually. From these data, Visual3D calculated CoM motions by 

incorporating an anthropometric model to calculate segmental CoM positions in relation to the 

laboratory based on mechanical principle patterns (Hanavan Jr, 1964), which were then exported to 

MATLAB v.2019a (Mathworks, Natick, USA) to calculate the gravitational potential energy (Epot), 

kinetic energy (Ekin) and total mechanical energy (Etot). Then, the recovery of mechanical energy 

(expressed as a percentage; R), relative amplitude (RA) and congruity (the time when potential 

energy and kinetic energy are moving in the same direction; CO) were calculated (Cavagna et al., 

1976). Hip, knee, and ankle joint range of motions (ROMs) were calculated from maximum and 

minimum joint angle values for each individual trial. EMG data processing was undertaken in 

MATLAB with the raw EMG signals high pass filtered at 12Hz with a second-order Butterworth 

filter, full-wave rectified and cropped to stride. For each muscle, the data were normalised (nEMG) 

to maximum amplitude during all walking trials for that participant and the integrated values were 

calculated for each stride (iEMG). These data processing protocols again followed our previous 

study of human walking on compliant foams (Grant et al., 2022). 

 

Foot sinking depth 

Foot sinking depth was estimated using the z-positions of the kinematic markers positioned at the 

left and right hallux (L/RHALL) and left and right calcaneus (L/RCAL). Before every data 

collection session, the lab was calibrated with Z = 0 as the height of the lab floor and markers on 

each end of the sand walkways were used to calculate the Z-value of the sand substrates. After data 

processing, the lowest z-values for L/RCAL and L/RHALL for every stride were deducted from the 

Z-value of the substrate to estimate the lowest sinking point of the hallux and calcaneus in each 

substrate. As left and right values were comparable, these were combined for statistical analysis. 

 

Statistical analyses 

Joint ROMs, spatiotemporal data, iEMG data and mechanical energy exchange variables were 

analysed using Linear mixed-effect models (LMMs) (Faraway, 2016), where restricted maximum 
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likelihood was used to assess the significance of the fixed effects, substrate type, gender and speed, 

in explaining variation with participants set as random effects. All LMM’s were performed in R 

(Team) using the lmer function in the R package lme4 (Bates et al., 2015) and lmerTest 

(Kunzetsova et al., 2017). Joint kinematics were also analysed using one dimensional statistical 

parametric mapping (1D-SPM) (Pataky et al., 2013), which allowed for continuous statistical 

analysis throughout the whole gait cycle. 1D-SPM analyses were performed using MATLAB to 

compare ankle, knee and hip joint angles across substrates, with a null hypothesis of no difference 

and an alpha of 0.05. For all spatiotemporal variables, the coefficient of variation (CV) (the ratio of 

the standard deviation to the mean) was calculated as a proxy for gait variability. In R, ANOVA and 

Tukey’s post-hoc tests performed in R were used to test for significant differences between 

substrates. Using the R package corrplot (Wei, 2021) Spearman’s rank correlations were used to 

test for relationships between total energy exchange recovery (R), iEMG values, spatiotemporal 

variables and joint ROMs, for each individual trial and ordered according to the First Principal 

Component (FPC). Also, Spearman’s rank correlations were used to test for relationships between 

the lowest z-positions for calcaneus and hallux and between total energy exchange recovery values 

(R), iEMG values, spatiotemporal variables and joint ROMs, averaged for each individual trial.  

 

Results 

Foot sinking depths 

Fig. 2 shows the foot sinking depths recorded at the left and right calcaneus (L/RCAL) and left and 

right hallux (L/RHALL) for all participants. The values for L/RCAL (mean ± s.d.) were 2.08 ± 0.85 

cm, 2.68 ± 1.0 cm and 4.09 ± 0.93 cm, on the wet building sand, dry building sand and play sand 

substrate, respectively (Fig. 2A). The values for L/RHALL (mean ± s.d.) were 3.43 ± 0.88 cm, 4.26 

± 1.37 cm and 5.23 ± 1.24 cm, on the wet building sand, dry building sand and play sand substrate, 

respectively (Fig. 2B). An ANOVA on these values showed that there was a significant (p<0.001) 

difference between substrates. Tukey’s post-hoc analysis showed that there were significant 

(p<0.001) differences between all sand substrates for both calcaneus (Table S1A) and hallux values 

(Table S1B). 

 

Experimental data 

LMMs show that there were significant (p<0.05) differences between all substrates for speed, and 

between most substrates for cycle time, stance time and double limb support time and some 

substrates for stride length, swing time and duty factor (Fig. 3, Table S2). There were no significant 

differences between any substrates for stride width. The coefficient of variation (CV) increased by 

12%, 8% and 29% for duty factor and 21%, 11% and 36% for swing time between floor and build 
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wet, build dry and play sand, respectively (Table 2). For speed, stride length, stride width, stance 

time and double support time, there were both increases and decreases in the CV between different 

substrates (Table 2). Therefore, there is no clear relationship between the CV and foot sinking 

depth. 

 

When averaged across participants, Etot (Fig. 4A) and Ekin  (Fig. 4B) decreased over the whole stride 

on all sand substrates relative to the hard floor, but particularly on the substrates with greater foot 

sinkage (build dry and play sand; Fig. 2). During most of the stride, Epot increased on the sand 

substrates relative to the hard floor except during toe-off and early-stance (Fig. 4C). Relative 

amplitude (RA) is greater on all sand substrates than on hard floor, but between sands there was a 

negative correlation between sinking depth and RA, with increases of 15.9%, 10.1% and 8.7% 

between floor and build wet, build dry and play sand, respectively (Fig. 4E). The recovery of total 

energy exchange (R) increased by 1.7%, 2% and 1.9% between floor and build wet, build dry and 

play sand, respectively (Fig. 4D). Congruity percentage (CO) decreased by 2.9%, 18.3% and 19.5% 

between floor and build wet, build dry and play sand, respectively (Fig. 4F). However, LMMs 

showed that the effect of substrate is not significant (p>0.05) for any variables (Table S3).  

 

1D-SPM analyses of sagittal plane joint angles found significant differences between most 

substrates at different stages of the stride (Fig. 5; Tables S4). Hip, knee and ankle joint angles were 

very similar throughout most of the stride on the two sands with the greatest foot sinkage (build dry 

and play sand). During heel-strike, as foot sinkage increased, there was a significant (p<0.001) 

increase in hip flexion (Fig. 5C) and knee flexion (Fig. 5B) between all substrates, except for 

between the build dry and play sand. During early to mid-stance there was significantly (p<0.001) 

less plantarflexion at the ankle joint (Fig. 5A) between all sand substrates and hard floor and greater 

flexion at the hip joint (Fig. 5C) on build dry and play sand, compared to both floor and build wet 

sand. During the swing phase, there were significant (p<0.001) increases in plantarflexion at the 

ankle joint (Fig. 5A) and in flexion at the knee (Fig. 5B) and hip joint (Fig. 5C) as foot sinkage 

increased across the substrates. LMMs on joint range of motions (ROM) (Table S4) found 

significant (p<0.05) substrate effects for ankle joint ROM and some substrate effects for knee joint 

ROM but no significant (p>0.05) substrate effect for hip joint ROM. 

 

Overall, lower limb muscle activity for all measured muscles were slightly higher as foot sinkage 

depth increased (Fig. 6). However, there were periods of the stride for all muscles when muscle 

activations were higher on the hard floor compared to the sand substrates. During heel-strike, 

nEMG for the RF (Fig. 6B), VL (Fig. 6C), VM (Fig. 6D), TA (Fig. 6E), LG (Fig. 6G) and SOL 
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(Fig. 6H) were higher on the hard floor than on the sand substrates, but were higher on the sands for 

the BFL (Fig. 6A) and MG (Fig. 6F). During most of the stance phase, nEMG was higher on the 

sands than the hard floor, except for MG and LG where nEMG was higher on the hard floor during 

mid-stance. During toe-off, nEMG for the BFL (Fig. 6A) and SOL (Fig. 6H) were higher on the 

sands compared to hard floor, but the TA (Fig. 6E) was higher on the floor. During initial swing, 

nEMG is higher on the sand substrates than the hard floor for most muscles, except for the BFL 

(Fig. 6A) and VL (Fig. 6C). During mid- to terminal-swing, nEMG was higher on the hard floor for 

BFL, RF, VL, VM, TA and LG (Fig. 6). iEMG values were higher on sand substrates than the hard 

floor for all leg muscles (Fig. 6I), however, this did not necessarily relate to an incremental increase 

in iEMG values as foot sinkage increased across the substrates. LMMs found that there was no 

significant effect of substrate for the BFL, TA, MG, and SOL muscles (Table S5). However, there 

were significant effects for LG between floor and all sand substrates (p<0.001) and between floor 

and play sand for VL (p<0.05). There were also significant (p<0.05) effects between floor, and both 

build wet and play sand, and between build dry and play sand for VM, and between floor and build 

dry and play sand, and between build wet and play sand for RF (Fig. 6; Table S5). 

 

LMMs found that speed had a significant (p<0.05) effect on all spatiotemporal variables except 

stride width (Table S2) and total energy exchange (%R) (Table S3). Gender had a significant 

(p<0.05) effect on some spatiotemporal variables (Table S2) and some iEMG values (Tables S5). 

There were also some significant (p<0.05) interaction effects between substrate, gender and speed 

for most spatiotemporal variables, iEMG values and some joint ROMs. 

 

The Spearman’s rank correlations also showed that there were significant (p<0.05) positive 

correlations between speed and ankle and knee ROM, for build wet and play sand and significant 

(p<0.05) negative correlations between speed and ankle ROM, knee ROM and hip ROM for all 

substrates combined (Fig. 7). Speed also had significant (p<0.001) positive correlations with stride 

length and significant (p<0.01) negative corelations with cycle time, stance time and duty factor for 

all substrates (Fig. 7). There was also a negative correlation between speed and substrate (Fig. 7E). 

On all substrates, most iEMG variables had significant (p<0.05) positive correlations with other 

iEMG values but only had a few significant (p<0.05) correlations with other variables. There were 

positive (p<0.05) correlations between hip and knee ROM with BFL and LG muscles for play sand 

(Fig. 7D) and between hip and knee ROM with LG muscles for build dry sand (Fig. 7C). Also, 

there were negative (p<0.05) correlations between hip and knee ROM and VL muscle for play sand 

(Fig. 7D). There were some significant (p<0.05) negative correlations between some muscle 

activities and spatiotemporal variables such as stance time, cycle time and stride length on different 
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sand substrates, but these were not consistent across the different substrates (Fig. 7B-D). On build 

dry and play sand, there were significant (p<0.05) positive correlations between total energy 

recovery (R) and cycle time and stance time. On build dry sand, muscle activities were ordered first 

by FPC whereas on the hard floor, build wet and play sand, spatiotemporal variables and joint ROM 

were ordered first (Fig. 7). 

 

The Spearman’s rank correlations recovered relatively few statistically significant relationships 

between lowest sinking depth (as calculated by z-position values at the calcaneus and hallux; Fig. 2) 

and gait variables (Fig. 8A). In these correlations, a positive relationship indicates that as foot 

sinking depth increases then the measured variable also increases, while negative relationships 

indicate that as the foot sinking depth increases, the measured variable decreases. There were 

significant (p<0.05) positive correlations between the hallux and speed for all substrates 

individually (but not with all substrates combined) and significant (p<0.05) positive correlations 

between the calcaneus and speed for play sand (Fig. 8A). However, within each individual sand 

substrate, foot sinkage depth increased as average walking speed increased over individual trials 

(Fig. 8B). With all substrates combined, calcaneus depth had significant (p<0.05) positive 

correlations with cycle time, stance time, RF muscle and MG muscle, and hallux had significant 

(p<0.01) positive correlations with stride width and BFL muscle. Both calcaneus and hallux had a 

significant (p<0.05) positive correlation with ankle ROM (Fig. 8A).  

 

 

Discussion 

Human walking is characterised by centre of mass motion similar to that of an inverted pendulum, 

with a relatively efficient exchange between kinetic (Ekin) and potential (Epot) energies of the CoM 

of the body. P1 stated that pendular energy exchange would have reduced efficiency in substrates 

with greater overall foot sinkage depth, as proposed by Zamparo et al. (1992). This prediction is not 

supported by the present data as there was no significant effect of substrate, with similar values for 

total energy exchange recovery (R), relative amplitude (RA) and congruity (CO) variables (Table 

S3). We calculated total energy exchange recovery (%R) to be 58.4% ± 4.4 on hard floor, 59.4% ± 

6.8 on build wet, 59.5% ± 5.7 on build dry and 59.5% ± 4.4 on play sand (mean ± s.d.). Similar 

values were found by Lejeune et al. (1998), with as much as 60% R when walking on sand, whereas 

Zamparo et al. (1992) calculated a relatively lower 43-48% R on sand. However, the period of 

pendular energy exchange typically takes place during mid-stance (Cavagna et al. 2002; Dewolf et 

al. 2017), possibly after the sand has already been compressed meaning similar energy exchange 
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variables observed here (Fig. 4) do not necessarily correlate with the amount of mechanical energy 

exchanged (Bertram and Hasaneini 2013). Instead, mechanical work has been suggested to be 

predominately related to the collisional losses that occur during the step-to-step transitions 

(Donelan et al. 2002; Kuo et al. 2005). Previous studies have suggested that a large portion of 

energy dissipation occurs immediately after the collision of the human heel with the ground, 

including the initial impact of heel strike with a second impact as the foot touches down [e.g. 

(Baines et al. 2018; Honert and Zelik 2019)]. During these impacts, there is a sudden change in the 

velocity of the heel/foot as well as the joint (hip, knee and ankle) angular velocities. In this study, 

we found increased stance times on sand substrates (Fig. 3E); this increase in the collision period 

would likely result in a reduction in the angular velocity of the foot.  

 

During walking on sand, Jafarnezhadgero et al. (2019) found lower peak posterior ground reaction 

forces (GRFs) during heel contact and lower peak anterior GRFs during push-off, compared to 

stable ground. Due to sand deformation, the foot is prevented from plantarflexion during early 

stance as observed by increased ankle dorsiflexion (Fig. 5A) which likely resulted in greater energy 

dissipation. Overall, it may be inferred that during walking on sand, collisional losses may be 

comparatively lower relative to hard floor, but there will be an increase in energy loss from 

substrate deformation, requiring greater mechanical work to offset this loss. However, this may not 

necessarily be through increased muscle activation, as suggested by the similar muscle activations 

found on all substrates (Fig. 6). Studies on walking on compliant foam mats (MacLellan and Patla, 

2006) and on sand (Svenningsen et al., 2019) found vertical CoM decreased to provide a more 

stable posture and during walking on uneven surfaces, Voloshina et al. (2013) found participants 

adopted a more crouched gait which lowered the body CoM, at the expense of increased mechanical 

work. However, there is no evidence that participants in this study adopted a similar strategy as 

there were little differences in knee (Fig. 56B) and hip flexion (Fig. 56C) between all substrates 

during stance. 

 

Locomotion on complex, uneven or compliant substrates can affect stability and requires the human 

body to adapt by changing gait mechanisms (Darici and Kuo, 2023; Gates et al., 2012; Hak et al., 

2012; MacLellan and Patla, 2006; Voloshina et al., 2013). The second prediction (P2) stated that 

stance time and stride width would increase and walking speed and stride length would decrease on 

substrates with relatively greater average foot sinkage depths. This prediction is partially supported 

by the present data (Fig. 3; Table S2). Participants adopted a significantly slower walking speed on 
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substrates with greater foot sinkage depths (Fig. 3; Table S2).  This may represent an attempt to 

increase stability on the more deformable surface, a need for more accurate foot placement (Matthis 

et al., 2018), or be a product of greater deceleration during ground contact on sand (Bates et al., 

2013).  As walking speed influences many variables measured in this study (Fig. 7-8; Tables S3-

S5), the reduction in walking speed on sands with greater average sinkage depths may not only be 

caused by greater instability due to the deformable nature of the surface, but also a necessary 

adjustment to reduce increased mechanical costs associated with these various gait adaptations 

(although see discussions of depth correlations below). Results here showed significant increases in 

cycle time, stance time and double limb support time between the two sand substrates that yielded 

the greatest foot sinkage (build dry and play sand) and the other two substrates (floor and build wet) 

(Fig. 3; Table S2). Yet, duty factor was similar for all substrates, suggesting relative stance and 

swing times were similar. The observed increase in cycle time but similar duty factor on all 

substrates may be related to energy storage and release mechanisms, particularly on substrates with 

greater overall foot sinking depth (Figs. 7-8). Our results show that there was no significant 

difference in stride width between any substrates (Table S2) but there were significant differences 

in stride length (Fig. 3). Wider and longer steps would require more mechanical work, and therefore 

increase metabolic costs, to redirect the CoM between steps (Donelan et al., 2002). The 

participants’ step width and length may be based on a trade-off between minimising mechanical 

work and the cost of active stabilisation of lateral balance during locomotion on the sands. 

 

For walking on irregular and compliant substrates, previous studies have shown that participants 

display greater hip and knee flexion during the swing phase, resulting in greater mechanical work 

(Gates et al., 2012; Grant et al., 2022; Marigold and Patla, 2002; Pinnington et al., 2005; 

Svenningsen et al., 2019; Voloshina et al., 2013). Furthermore, during the stance phase of walking 

on sand, the foot sinks and often slips backwards as the sand is displaced. This is observed during 

jumping on sand where slipping caused an increased range of motion at the ankle joint prior to 

push-off (Giatsis et al., 2004). Our third prediction (P3) stated that on substrates with greater 

sinkage depths there would be greater joint excursions at the hip, knee and ankle joints. This 

prediction is supported by the present data (Fig. 5; Tables S3-4). Our results show that hip (Fig. 5C) 

and knee flexion (Fig. 5B) were significantly greater on substrates with greater average foot sinkage 

depths, in agreement with previous studies on locomotion on other types of compliant substrates 

(Grant et al., 2022; Pinnington et al., 2005; Svenningsen et al., 2019). On the sands, there were also 

greater ranges of motion at the ankle joint throughout the stride (Fig. 5A) and significant (p<0.05) 

positive correlations between ankle ROM and substrate (Fig. 7E). The greater ankle dorsiflexion at 
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early-stance is most likely due to the sinking of the heel into the substrate after heel-strike as there 

is no significant difference in ankle joint angle between any substrates in late stance. Reduced ankle 

plantarflexion has been associated with greater positive work by the joints and increased overall 

metabolic energy expenditure (Huang et al., 2015). Therefore, the greater ankle dorsiflexion 

observed on sand may result in reduced energy storage potential in the ankle plantar flexors during 

stance, limiting the amount of energy available for recovery and propulsion during push-off, 

resulting in increased mechanical work. During the swing phase, greater hip and knee flexion and 

greater ankle plantarflexion are likely to ensure toe clearance on the compliant sand substrates, as 

seen during locomotion on irregular surfaces (Merryweather et al., 2011; Svenningsen et al., 2019) 

and compliant foam (Grant et al., 2022). The increase in hip and knee flexion in the trailing leg 

during swing (Fig. 5) may also represent a compensatory action for the loss of momentum at the 

stance leg due to sand deformation and allow a greater horizontal ground reaction force (GRF) to be 

exerted against the sand substrate to negate potential energy lost due to foot slippage during push-

off (Lejeune et al., 1998; Zamparo et al., 1992).   

 

Previous studies have suggested that walking on uneven, irregular or compliant terrain incurs 

increased mechanical work at the knee and hip due to greater knee and hip flexion, particularly 

during the swing phase (Gates et al., 2012; Grant et al., 2022; Voloshina et al., 2013). Furthermore, 

when walking on sand, the muscles in the leg may need to produce additional work in order to 

ensure stability due to surface displacement under-foot (Lejeune et al., 1998; Zamparo et al., 1992). 

The fourth prediction (P4) stated that there would be greater muscle activation of lower limb 

muscles on substrates with greater average sinking depth. This prediction is generally not supported 

by the present data. Overall, all lower limb muscle activities (nEMG) increased slightly on 

substrates with greater overall foot sinking depth (Fig. 6), but these differences were often not 

statistically significant (Fig. 6; Table S5). However, there was a significant effect of substrate for 

the RF, VL, VM and LG muscles, mostly between hard floor and build dry/play sand (Fig.6; Table 

S5) which may be associated with the increased ranges of motion at the joints (Fig. 5). Pinnington 

et al. (2005) reported similar kinematics to this study but found increased activations during running 

on sand, with EMG activation of the hamstrings and quadriceps nearly two times higher on sand 

than a firm surface. During locomotion on stable ground, changes in speed have been shown to be 

accompanied by numerous changes to gait variables such as increased step length and cycle time 

and decreased stance time (Nilsson et al., 1985) and changes to muscle co-activation patterns (Fiori 

et al., 2024). Furthermore, it has been shown that average positive mechanical work increases with 

running speed (Cavagna and Kaneko, 1977) and with walking speed (Farris and Sawicki, 2012). 
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Therefore, changes in muscle activation when walking and running on sand versus hard substrates 

may not be parallel. 

 

Lejeune et al. (1998) found that when walking on sand, more work was done on the substrate by the 

foot due to foot slippage during push-off. Peak ankle power results from a combination of elastic 

recoil of the Achilles tendon and active muscle contraction of the triceps surae muscles. Postural 

disturbances due to slipping will result in muscles actively contracting to ensure stabilisation, 

particularly in the gastrocnemius and soleus muscles responsible for ankle plantarflexion (Farris et 

al., 2020; Kelly et al., 2015). Bates et al. (2013) suggested that walking on compliant substrates 

requires greater muscle-tendon forces from the ankle extensors to generate the propulsion needed 

from mid-stance to reaccelerate into the swing phase. Although there were slightly higher 

activations of the MG (Fig. 6F) and the SOL (Fig. 6H) on the sands during the propulsive phase of 

stride compared to the floor, these differences were not found to be statistically significant (Table 

S5). However, there were significant increases in LG (Fig. 6G) between the floor and build dry and 

play sand. These changes in iEMG values and greater flexion at the joints could potentially relate to 

greater metabolic costs of locomotion often observed on compliant or deformable substrates, but 

would not necessarily be associated with changes in mechanical costs of locomotion (Bertram and 

Hasaneini, 2013; Mian et al., 2006). Also, the increase in stance time during walking on sand (Fig. 

3E), may suggest participants could alter their motor recruitment patterns with an increase in 

prolonged activation throughout stance. Furthermore, some joint work may be performed passively 

through elastic energy storage and return by the tendons and foot muscles which were not measured 

in this study. For example, greater ankle dorsiflexion observed during stance on the sands (Fig. 5A) 

could increase tension in the Achilles tendon (Mann and Hagy 1980).  

 

Our fifth and sixth predictions sought to test for correlations between changes in gait metrics within 

and across all four substrates (P5), and between gait metrics and foot sinkage depth within and 

across the three sand substrates (P6). Support for these predictions would suggest mechanistic 

relationships between gait variables, and that foot sinkage depth has a strong causative effect on 

those relationships. Overall, we find support for P5, with a multitude of variables showing 

statistically significant correlations within and across the hard floor and three sand substrates (Fig. 

7). On the dry building sand, correlations between the activity of individual muscles showed the 

strongest correlations, while on other substrates correlations between spatiotemporal and joint 

kinematics variables were strongest (Fig. 7). In contrast, we find weak support for P6, with 

relatively few statistically significant correlations between foot sinkage depth and gait metrics 

either within individual sand substrates or across them as a whole (Fig. 8A). One possible reason 
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for the lack of more widespread significant relationships between gait metrics and foot sinkage 

depth is our use of average data per trial as inputs into correlation tests. This averaging of data may 

be sufficient to detect correlations between individual gait parameters themselves (P5), particularly 

when the hard floor is included (Fig. 7E) but may remove important within-trial or step-to-step 

relationships between gait metrics and foot sinkage on the sands. However, analysing these 

interactions on a step-by-step basis is not necessarily straightforward, as limb-substrate mechanics 

in one step are likely to be influenced by the preceding (temporally overlapping) step and thus 

attributing a single footprint depth to gait metric values from a single, discrete period of time in a 

simple correlation test may also be limiting.  

 

Variations in walking speed are also clearly an important component of variation in gait metrics and 

foot sinking depths recovered here. Speed is recovered as an important fixed effect in some LMMs 

and it was found to significantly correlate with sinkage depth within individual sand substrates, but 

not across them overall (Fig. 8A). This latter finding reflects the fact while sinkage depth shows a 

slight negative correlation with speed across substrates (i.e. the slowest mean walking speeds yields 

the deepest sinkage depths on average) (Fig. 8A), we find that within each individual sand 

substrate, foot sinkage depths showed positive relationships with speed (i.e. trials with higher mean 

walking speeds yielded greater foot sinkage on average within each substrate) (Fig.8B). One logical 

interpretation of this within-substrate trend is that faster walking speeds and their associated 

changes with spatiotemporal variables (e.g. shorter stance times) results in higher ground reaction 

forces and greater displacement of sand upon contact. However, this potential mechanistic 

relationship appears detached from the majority of joint kinematic and EMG metrics analysed here. 

For example, LMM models only rarely recovered significant effects of speed on joint kinematic 

variables and significant relationships with speed (Fig. 7) and sinkage depth (Fig. 8) were also 

rarely found in correlation tests (Fig. 8A). Indeed, here we find significant increases in joint 

excursions (Fig. 5) on substrates where walking speed was on average reduced (Fig. 3), which 

directly juxtaposes the widely recovered tendency for joint excursions to increase with increasing 

speed on hard substrates (Fukuchi et al., 2019; Kirtley et al., 1985; Oberg et al., 1993). This 

suggests that the potential causative relationship between foot sinkage depth and walking speed 

within sand substrates is not coupled with systematic changes in joint kinematics and muscle 

activity in the same way as is observed across sand substrates (Figs 5-7). 

 

High levels of inter-participant variation also represent a complicating factor in our analyses. 

Previous studies have found that participant variability increased when walking over more complex, 

uneven or compliant substrates (Donelan et al., 2002; MacLellan and Patla, 2006; Marigold and 
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Patla, 2002). In this study, with a relatively homogenous population, we observed considerable 

inter- and intra- participant variability for most variables measured in this study. LMMs found that 

a high proportion of the variance shown in the measured variables were due to the random effects 

(participants) rather than the fixed effects (substrate, speed and gender) (Table S2-6) and many 

variables display large ranges and standard deviations. However, the coefficients of variation (CV) 

for most spatiotemporal variables were similar across substrates (Table 2). Some variables 

increased while others decreased in CV on sand compared to hard floor, but these differences do not 

appear to correlate with increased foot sinkage as there were large but non-systematic differences in 

CV for some spatiotemporal variables between the two sand substrates that yielded the greatest foot 

sinkage, build dry and play sand (Table 2). Although influences of participant, gender and speed 

have been included in the statistical models, investigating gender differences and individual 

participant differences when walking over different compliant substrates may be an interesting and 

useful area of research in the future. 

 

Overall, our findings suggest that when walking over natural compliant substrates such as sand that 

differ in overall foot sinking depth, humans will modify their gait strategies in response to a 

potential increase in energy lost to the deformable substrate, and subsequent increase in mechanical 

work. These results not only enhance our understanding of how walking in humans is modulated on 

deformable natural terrains, but also have implications for the study of the evolution of human 

bipedalism from fossil footprints. Our quantitative demonstration that humans alter numerous joint 

and spatiotemporal kinematic variables due to overall foot sinking depth suggests that comparisons 

of locomotor evolution are most appropriate where footprint depth across footprint sites were 

similar. Here we generally recover greater differences between wet and dry build sand than between 

the dry build and dry play sand types where average foot sinkage was deeper. Interestingly, with 

increasing foot sinkage we found that participants employed greater overall flexed hip and knee 

postures, as well as greater ankle dorsiflexion. The evolution of bipedalism in the human lineage is 

marked by a shift from more flexed joint ranges of motion (particularly at the hip and knee, so-

called bent-hip bent-knee gait [BHBK]) as seen in extant non-human apes to more extended or 

upright postures seen in modern humans (Crompton et al., 2023; Harcourt-Smith, 2010; Pontzer et 

al., 2014). Assuming extinct bipedal hominids responded qualitatively similarly to modern humans 

when faced with compliant substrates, our results suggest that temporal comparisons of footprint 

sites with highly disparate depth profiles could lead to erroneous interpretations about relative limb 

postures of track makers and the appearance of a fully upright modern human gait. 
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Conclusion 

The results of this study provide new insights into the understanding of human walking and 

substrate-foot interactions on deformable substrates. On the sands, participants displayed greater 

ranges of motion at the hip, knee and ankle joint, primarily due to greater peak flexion at the hip 

and knee joint during swing and greater ankle dorsiflexion during stance, compared to hard floor 

(Fig. 5). Furthermore, participants adopted a slower walking speed and increased cycle time, stance 

time and swing time on all sand substrates relative to the hard floor (Fig. 3). Most gait changes are 

similar on the two substrates with greater overall sinking depth, build dry and play sand, with the 

build wet sand as an intermediate between these and the hard floor. In contrast, we found no 

evidence for differences in pendular energy recovery across substrates (Fig. 4), and only modest 

changes in muscle activations were observed (Fig. 6). We find frequent correlated changes between 

these metrics both within and between the four studied substrates, suggesting a degree of coupled or 

mechanistic interactions in their variation (Fig. 7). However, while substrates that on average show 

different foot sinkage depths yield the aforementioned differences in spatiotemporal and joint 

kinematics (Figs 3, 5-6), we recover relatively few significant correlations between foot sinkage 

depth and gait metrics at the level of individual trials, either within or across substrates (Fig. 8A). 

Within substrates, we recover evidence of a causative relationship between foot sinkage depth and 

speed, which appears independent of joint kinematics and muscle activity (Fig. 8). However, future 

work is required to confirm whether this potential relationship is observed during locomotion on 

other deformable substrates. 
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Figures and Tables 

 

 

 

Fig. 1. Example of the set-up of the wooden walkways and substrates. The four different 

substrates include play sand (far left), hard lab floor (centre left), dry building sand (centre right) 

and wet building sand (far right). 
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Fig. 2. Distribution of the sinking depth measurements while walking on the three sand 

substrates. These values were calculated using the lowest z-value positions for every stride for all 

participants combined (n=21) while walking on the sand: build wet sand (red; n= 295), build dry 

sand (green; n = 381) and play sand (yellow; n= 453): (A) Calcaneus, (B) Hallux. Values used as a 

proxy for footprint depth. Tukey’s post-hoc tests found significant (p<0.001) differences between 

all substrates for both calcaneus and hallux values. 
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Fig. 3. The distribution of spatiotemporal parameters for all participants combined (n=21) 

while walking on the four different substrates. Substrates include hard floor (blue; n= 250), build 

wet (red; n= 121), build dry (green; n= 215) and play sand (yellow; n=347). (A) speed, (B) stride 

length, (C) stride width, (D) cycle time, (E) stance time, (F) swing time, (G) double support time 

and (H) duty factor. Data includes all strides for individual trials (n = 936). Red circles denotes an 

individual stride from any participant that represents a statistical outlier. “*, **, ***” represent p-

values of less than 0.05, 0.01 and 0.001 respectively. 
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Fig. 4. Mechanical energy exchange variables. (A) total (Etot) mechanical energy, (B) kinetic 

(Ekin) energy and (C) the gravitational potential (Epot) energy of the CoM and normalised to walking 

stride for participants combined while walking on the four different substrates : hard floor (blue 

solid), build wet (red dotted), build dry (green dashed) and play sand (yellow dot-dashed) (mean ± 

95% C.I.). The distribution of pendulum-like determining variables: (D) The recovery of total 

energy exchange as a percentage (R), (E) Relative Amplitude (RA), and (F) Congruity percentage 

(CO) for all participants combined (n=21) walking on the four different substrates : hard floor 

(blue; n= 60), build wet (red; n= 51), build dry (green; n= 74) and play sand (yellow; n= 88). Red 

circles denote an individual stride from any participant that represent statistical outlier.  
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Fig. 5. (A) Ankle, (B) knee and (C) hip joint angles in the sagittal plane for all participants 

combined (n=21) while walking on the four different substrates. Substrates include hard floor 

(blue solid), build wet (red dotted), build dry (green dashed) and play sand (yellow dot-dashed) 

(mean ± 95% C.I.). The vertical dotted lines indicate toe-off. 1D-SPM (utilising paired t-tests with 

Bonferroni corrections) indicate regions of statistically significant differences between walking 

conditions, when 1D-SPM lines exceed the critical threshold values denoted by the horizontal red 

dotted lines. Shaded regions (within the SPM graphs) correspond to the period within the gait cycle 

where walking conditions are statistically significantly different from one another. “*, **, ***” 

represent p-values of less than 0.05, 0.01 and 0.001 respectively. 
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Fig. 6. EMG values for 8 left lower extremity muscles for participants combined (n=20) while 

walking on the four different substrates. Substrates include floor (blue), build wet sand (green), 

build dry sand (red) and play sand (purple). nEMG (A-H) normalised rectified amplitudes: (A) 

biceps femoris (BFL), (B) rectus femoris (RF), (C) vastus lateralis (VL), (D) vastus medialis (VM), 

(E) tibialis anterior (TA), (F) lateral gastrocnemius (LG), (G) medial gastrocnemius (MG) and (H) 

soleus (SOL) (mean ± 95% C.I.). (I) iEMG values calculated for each stride (mean ± s.d.). “*, **, 

***” represent p-values of less than 0.05, 0.01 and 0.001 respectively 
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Fig. 7. Correlograms depicting Spearman’s Rank correlations for pairs of total energy 

exchange recovery (R), spatiotemporal variables, joint ROMs and iEMG variables for all 

participants combined (n=21). Substrates include (A) floor, (B) build wet sand, (C) build dry 

sand, (D) play sand and (E) all substrates combined. Positive correlations are displayed in blue 

(max 1) and negative correlations in red (max -1) and are ordered by First Principal Component.  

“*, **, ***” represent p-values of less than 0.05, 0.01 and 0.001 respectively. 
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Fig. 8. Correlations between pairs of mean foot sinkage depth values with gait variables for all 

participants combined (n=21). (A) Correlogram depicting Spearman’s Rank correlations for pairs 

of mean calcaneus and hallux values (calculated from lowest z-value positions) with spatiotemporal 

variables, joint ROMs, iEMG variables and total energy exchange recovery (R). Positive 

correlations are displayed in blue (max 1) and negative correlations in red (max -1) and are ordered 

by First Principal Component.  “*, **, ***” represent p-values of less than 0.05, 0.01 and 0.001 

respectively. (B) Correlations between mean foot sinkage depth (calculated as mean of calcaneus 

and hallux values) with mean walking speed. Blue line depicts the correlation between mean depth 

and speed with all substrates combined. Values are means for each trial. Substrates include build 

wet, build dry, play sand and all sand substrates combined. 
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Table 1. Anthropometric measurements from each participant. Measurements include 

participant number, age (years), gender (male/female), height (m), body mass (kg) and BMI (kgm
-2

) 

with mean and standard deviation of all 21 participants. 

 

Participant Age 

 

Gender Height (m) Body mass (kg) BMI (kgm
-2

) 

1 37 m 1.76 68 21.95 

2  27 m 1.75 65.4 21.36 

3  27 f 1.76 72.6 23.44 

4  26 m 1.75 68 22.2 

5  25 m 1.8 81.8 25.25 

6  31 m 1.8 80.6 24.88 

7  33 f 1.68 56.45 20 

8  29 m 1.86 83.3 24.08 

9  29 f 1.7 68 23.53 

10  28 f 1.72 81 27.38 

11  27 f 1.69 77 26.96 

12  28 m 1.74 78 25.76 

13  38 m 1.79 75.9 23.69 

14  29 f 1.64 58.7 21.82 

15  22 f 1.65 64.95 23.86 

16  20 f 1.67 58 20.8 

17  19 f 1.73 55.8 18.64 

18  20 f 1.76 67.85 21.9 

19  20 f 1.78 62.6 19.76 

20  19 f 1.64 53.8 20 

21  27 m 1.71 59.8 20.45 

Mean 26.71 9m 12f 1.73 68.45 22.75 

SD 5.30  0.06 9.25 2.37 
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Table 2. The mean, s.d. and coefficient of variation (CV) for each spatiotemporal parameters. 

Parameters include speed (ms
-1

), stride length (m), stride width (m), cycle time (s), stance time (s), 

swing time (s), double support time (s) and duty factor while walking on the four different 

substrates “floor”, “build wet”, “build dry” and “play” sand. The CV is a measure of relative 

variability expressed as a percentage (CV = (SD/x̄) * 100). 

 

Substrate  Speed 

(ms
-1

) 

Stride 

Length 

(m) 

 

Stride 

Width 

(m) 

Cycle 

Time 

(s) 

Stance 

Time 

(s) 

Swing 

Time 

(s) 

Dbl 

Support 

Time 

(s) 

 

Duty 

Factor 

Floor Mean 1.41 1.46 0.11 1.05 0.65 0.39 0.26 0.61 

SD 0.14 0.12 0.03 0.08 0.06 0.03 0.04 0.03 

CV 9.76 7.89 26.64 7.29 8.66 6.83 14.53 4.87 

Build 

wet 

Mean 1.30 1.46 0.12 1.13 0.71 0.42 0.30 0.60 

SD 0.14 0.14 0.04 0.08 0.06 0.03 0.04 0.03 

CV 10.69 9.54 29.24 7.03 7.88 8.27 14.92 5.46 

Build 

dry 

Mean 1.26 1.48 0.12 1.19 0.76 0.43 0.33 0.60 

SD 0.11 0.12 0.04 0.08 0.06 0.03 0.04 0.03 

CV 8.81 7.83 29.24 6.83 7.91 7.59 13.13 5.25 

Play Mean 1.22 1.44 0.13 1.20 0.76 0.43 0.34 0.59 

SD 0.11 0.11 0.03 0.10 0.07 0.04 0.05 0.04 

CV 8.94 7.86 25.42 8.71 9.55 9.32 13.99 6.28 
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Fig. S1. Distribution of the control measurements to assess sand consistency taken prior to 

data collection for all participants (n=21). Measurements taken from the lead investigator 

footprints after walkways were modified at the (A) Heel, (B) Midfoot, (C) Forefoot, (D) Mean foot 

depth and measurements taken using the (E) shear vane and (F) Force gauge on the three sands: 

build wet sand (red), build dry sand (green) and play sand (yellow). Orange stars indicates the 

mean value of the control footprints (objective values). Red circles denotes outliers. The mean foot 

depth values were used as priority to assess sand consistency.  

Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information
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Table S1. The results of the Tukey’s HSD post-hoc analysis on the foot sinking depth

measurements while walking on the three sand substrates. ANOVA found a significant (p<0.001) 

difference between substrates. These values were calculated using the lowest z-value positions 

for every stride for all participants combined (n=21) while walking on the sand: build wet sand, 

build dry sand and play sand: Values include both right and left (A) Calcaneus (n=1129), (B) 

Hallux (n=1129). Values used as a proxy for footprint depth.  

Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information
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Table S2. The results of the linear mixed-effect models on the spatiotemporal parameters: speed (ms-1), stride length (m), stride width (m) and cycle time (s); 

fixed effects = substrate, speed and gender and random effects = subjects. Statistical significance is set as p<0.05 with significant p-values shown in bold.  

Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information
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Table S3. The results of the linear mixed-effect models on the mass normalised mechanical energy 

exchange variables: the recovery of mechanical energy (expressed as a percentage; R), relative 

amplitude (RA) and congruity (the time when potential energy and kinetic energy are moving in the 

same direction; CO). Fixed effects = substrate, gender and speed and random effects = subjects. 

Statistical significance is set as p<0.05 with significant p-values shown in bold.  

Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information
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Table S4. The results of the linear mixed-effect models on the maximum range of motion at the 

ankle, knee and hip in the sagittal plane for all subjects combined (n=21). Fixed effects = 

substrate, speed and gender and random effects = subjects. Statistical significance is set as p<0.05 

with significant p-values shown in bold.  

Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information
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Table S5. The results of the linear mixed-effect models on the integrated EMG data for the muscles BFL, RF, VL, VM, TA, MG, LG and SOL; fixed effects = 

substrate, speed and gender and random effects = subjects. Statistical significance is set as p<0.05 with significant p-values shown in bold.  

Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information
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