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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.

© 2024. Published by The Company of Biologists Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution and reproduction in any medium
provided that the original work is properly attributed
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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;
Peyre-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?; 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™ 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., Gétenborg, 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 (Exin) and total mechanical energy (E:w:). 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 (ROMSs) 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 Imer function in the R package Ime4 (Bates et al., 2015) and ImerTest
(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, Eq: (Fig. 4A) and Eyin (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, E,.: 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. 61), 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 iIEMG values (Tables S5).
There were also some significant (p<0.05) interaction effects between substrate, gender and speed

for most spatiotemporal variables, iIEMG 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 (Exin) and potential (Epqt) 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, VVoloshina 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 iIEMG 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

Fe)
Q
=
O
(72}
>
C
©
£
©
(]
+
Q
(]
O
Q
<
(]
o)
()}
L)
Q
o
©
-
C
()
£
o
()
o
X
L
G
(o)
©
[
jw
>
(®)
=



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.

Fe)
Q
=
O
(72}
>
C
©
£
©
(]
+
Q
(]
O
Q
<
(]
o)
()}
L)
Q
o
©
-
C
()
£
o
()
o
X
L
G
(o)
©
[
jw
>
(®)
=



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

Play Sand Hard Floor Dry building sand Wetted building sand

o' L =

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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A Calcaneus B Hallux
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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 (Ei:) mechanical energy, (B) kinetic
(Exin) energy and (C) the gravitational potential (Eyor) 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.1.). 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.1.). 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.1.). (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.

ok xk*RE” 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, iIEMG 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™)
with mean and standard deviation of all 21 participants.

Participant Age Gender  Height (m) Body mass (kg) BMI (kgm™)

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™), 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/X) * 100).

Substrate Speed @ Stride  Stride Cycle Stance Swing Dbl Duty
(ms') Length Width Time Time Time Support Factor

(m) m ) (s) Time

(s)

Floor Mean | 1.41 1.46 0.11 1.05 0.65 0.39 0.26 0.61
SD |014 012 003 008 006 003 004 0.03
CV |976 789 2664 729 866 683 1453 487
Build Mean | 1.30 146 012 113 071 042 0.30 0.60
wet SD |014 014 004 008 006 003 004 0.03
CV |1069 954 2924 7.03 7.88 827 1492 546
Build Mean | 1.26 148 012 119 076 043 0.33 0.60
dry SO |011 012 004 008 006 003 004 0.03
CV |88l 783 2924 683 791 759 1313 525
Play Mean | 1.22 144 013 120 076 043 0.34 0.59
SO |011 011 003 010 007 004 0.5 0.04
CV |894 786 2542 871 955 932 1399  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.
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Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information

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.

A Calcaneus

Multiple Comparisons of Means: Tukey Contrasts

Fit: aov(formula = CALC ~ Substrate, data = data.5)

Linear Hypotheses:

Estimate Std. Error t value Pr(zlt|)
build_dry - build_wet == 0 0.60181 0.07270 8.278 <le-10 ¥=*®
play - build_wet == 0 2.00963 0.07013 28.655 <le-10 *=*
play - build_dry == 0 1.40782 0.06516 21.605 <le-1Q *=**
Signif. codes: 0 *#%*' 0,001 “**’ 0.01 ‘*’ 0.05 *.” 0.1 * * 1
(Adjusted p values reported -- single-step method)

B Hallux

Multiple Comparisons of Means: Tukey Contrasts

Fit: aov(formula = Hallux ~ Substrate, data = data_6)

Linear Hypotheses:
Estimate Std. Error t value Pr(>|t|)
build_dry - build_wet == 0 0.82802 0.09371 8.836 <2e-16 *=*

play - build_wet == 0 1.80100 0.09041 19.921 <2e-16 *=*
play - build_dry == 0 0.97298 0.08400 11.583 <2e-16 ***
Signif. codes: 0 ‘***' 0.001 ‘**’ 0.01 ‘*’ 0.05 *." 0.1 * " 1

(Adjusted p values reported -- single-step method)
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Journal of Experimental Biology: doi:10.1242/jeb.246787: Supplementary information

Table S2. The results of the linear mixed-effect models on the spatiotemporal parameters: speed (ms™?), 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.

Speed Stride_Length Stride_Width Cycle_Time Stance_Time Swing_Time Double_Limb_Support_Time Duty_Factor
Prediciors Estimares cr p  Estimates Cr p  Estimates (&} P Estimates cr P Estimates Cr p  Estimates Cr P Estimates cr p  Estimates Cr r
(Intercept) 122 1.16-127 =0.001 083 0.69-097 <0001 017 010-023 =0.001 1.87 1.76-198 <0001 137 127-146 <0001 034 048-061 <0001 079 0.70-088 <0.001 072 0.64-080 <0.001
Substrate [build wet] 0.06 003-008 =0001 -035 -052--017 =0.001 -0.01 -0.10-008 0833 034 -048--020 <0001 -036 -049--023 =«0.001 -0.02 -0.11-006 0628 -027 -037--0.16 =0.001 -0.04 -0.14-007 0489
Substrate [Floor] 0.15 0.13-017 <0001 -0.04 -021-013 0630 -007 -015-002 0112 025 -0.30--012 <0001 -025 -037--013 <0001 -0.03 -0.11-0.06 0546 -014 -026--0.03 0015 -0.08 -0.18-0.02 0.106
Substrate [play] <003 -0.05--001 0.001 0.05 -0.11-020 0533 -0.05 -0.13-003 0192 0.08 -004-020 0210 -009 -020-002 0111 0.05 -0.03-013 0197 -005 -015-005 0316 -0.10 -0.19--0.01 0.035
Gender [M] 008 -001-016 0079 -030 -051--0.09 0.005 -004 -014-006 0483 -020 -036--0.03 0019 -023 -037--008 0003 -001 -0.11-008 0810 012 -025-001 ©0.073 -0.15 -027--003 0.017
Substrate [build_wet] 0.01 -0.03-0.04 0677 034 007-061 0015 -012 -025-0.02 0083 0.21 -0.01-042 0058 034 015-0354 0001 -0.10 -023-003 0.148 0.27 0.11-043  0.001 0.19 0.03-036 0,021
Gender [M]
Substrate [Floor] * <001 -004-002 0490 -006 -030-017 0600 000 -011-012 0980 0.08 -D.11-028 0403 012 -004-029 0143 -0.02 -013-010 0777 0.05 -0.11-021 0548 0.13 -0.01-027 0074
Gender [M]
Substrate [plav] x Gender <003 -0.06--000 0.023 -0.05 -027-017 0.663 006 -0.05-017 0263 0.03 -0.12-023 0548 0.1¢ 0.02-035 0024 -001 -013-010 0.803 0.08 -0.06-023 0235 0.26 0.13-040  =0.001
]
Speed 048 037-0.60 =0.001 -004 -009-002 0207 -058 -0.67--049 =0001 -051 -059--044 =0.001 -0.10 -0.15--0.04 0.001 -038 -045--031 <0001 -0.09 -0.16--0.03 0.005
Substrate [build wet] 025 0.11-040  0.001 001 -006-008 0817 0.25 0.14-037 =0001 027 017-038 =0.001 001 -0.06-0.08 0.694 0.20 0.11-029 =0001 004 -005-012 0403
Speed
Substrate [Floor]  Speed <003 -0.16-011 0685 004 -002-011 0217 0.15 0.04-026  0.006 017 008-027 <0001 000 -007-007 09877 0.10 001-019  0.028 008 -000-016 0.038
Substrate [plav] * Speed -0.04  -017-0.08 0500 004 -002-011 0172 007 -017-0.03 0173 007 -002-017 0127 -005 -0.11-0.02 0147 0.05 -0.04-013 0292 007 -000-0.15 0.060
Speed * Gender [M] 031 015-047 =0.001 002 -006-010 0386 0.22 0.09-034  0.001 022 011-033 =0.001 003 -005-011 0412 0.11 001-021  0.032 0.11 002-021  0.020
(Substrate [build_wet] = -0.28  -0.50--0.07 0.008 008 -002-019 0122 -018 -035--001 0.034 -028 -043--013 =0.001 006 -0.04-016 0228 -021 -0.34--0.09 0001 -015 -028--0.02 0.020
Speed) = Gender [M]
(Substrate [Floor] * <000 -0.18-0.18 0965 000 -008-0090 0818 009 -024-005 0201 -0.12 -025-000 0.039 000 -000-009 0927 005 -017-007 0436 -011 -022-000 0051
Speed) * Gender [M]
(Substrate [play] = 005 -013-023 03% -005 -014-004 0261 -004 -018-011 0620 -015 -028--002 0.025 002 -007-011 0693 -007 -019-005 0232 -021 -032--010 =0.001
Speed) = Gender [M]
Random Effects
o2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Too 0.01 gubject 0.00 gupject 0.00 gypject 0.00 gypject 0.00 gypject 0.00 Sybject 0.00 gypject 0.00 gupject
Icc 0.60 0.64 0.46 0.66 0.65 0.47 058 028
N 21 subject 21 subject 21 gubject 21 supject 21 gybject 21 gybject 21 subject 21 sybject
Observations 036 922 922 934 487 789 301 934
Marginal R2 / Conditional RZ  0.315/0.726 0.610 /0.861 0.060 /0.483 0.617 /0868 0.672/0.884 0.346 /0.651 0.691 /0871 0.074 /0337
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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.

R RA Cco

Predictors Estimates CI p  Estimates CcI p  Estimates CcI P
(Intercept) 86.84 62.65-111.03 <0.001 0.98 0.05-1.91 0.038 29.07 2.54-5561  0.032
Substrate [build_wet] -1798 -46.63-10.68 0.219 -0.15  -126-095 0790 -7.12 -3849-2426 0.657
Substrate [Floor] -13.42 -41.70-14.86 0.352 0.78 -031-1.87 0.161 1573 -1521-46.68 0.319
Substrate [play] -17.79  -44.09-8.52  0.185 0.90 -0.12-1.91 0.084 -926 -38.05-19.52 0.528
Gender [M] -0.67  -33.13-31.79 0.968 0.52 -0.72-1.77 0410 -28.00 -63.65-7.64 0.124
Speed -2470  -4499--441 0.017 -012 -090-066 0.757 -11.60 -33.84-10.63 0.306
Substrate [build wet] * -21.22  -63.37-2092 0.324 0.33 -1.30-1.95 0.694 44.03 -2.10-90.16 0.061
Gender [M]
Substrate [Floor] * -19.51 -58.09-19.06 0.321 -1.56  -3.05--0.07 0.040 1897 -23.24-061.18 0.378
Gender [M]
Substrate [play] * Gender 242 -3438-3923 0.897 -092 -235-0.50 0203 2584 -1442-66.11 0.208
Substrate [build_wet] * 14.83 -9.24-3890 0.227 0.16 -0.77-1.08 0742 975 -16.60-36.11 0.468
Spead
Substrate [Floor] * Speed 12.57 -1021-3535 0.279 -0.58 -146-030 0.193 -6.75 -31.68-18.18 0.596
Substrate [play] * Speed 16.31 -5.86-38.48 0.149 -0.72 -1.58-0.13 0.098 7.30 -1697-31.56 0.556
Gender [M] * Speed 560 -2043-31.63 0.673 -0.37 -137-0.63 0473 21.65 -6.89-50.19 0.137
(Substrate [build_wet] * 1495 -1841-4830 0.380 -025  -154-1.04 0704 -36.03 -72.54-048 0.053
Gender [M]) * Speed
(Substrate [Floor] * 11.70  -18.03-4143 0.440 1.08 -0.07-2.23 0.066 -17.68 -50.21-14.85 0.287
Gender [M]) * Speed
(Substrate [play] * =595 -3581-2390 0.696 0.67 -049-1.82 0.257 -2049 -53.16-12.17 0.219
Gender [M]) * Speed

Random Effects
o 14.42 0.02 17.24
Too 11.34 gypject 0.01 sybject 17.10 subject
IcC 0.44 0.31 0.50
N 19 Subject 19 Subject 19 Subject
Observations 269 269 269
Marginal R/ Conditional RZ  0.136/0517 0.143 / 0.407 0.150/0.573
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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.

Ankle ROM Knee ROM Hip_ROM
Prediciors Estimates cr p Estimates cr p  Estimates cr il
(Intercept) 3064 1245-4882 0.001 7430 6327-8534 <=0.001 7468 62.73-8663 =0.001
Substrate [build_wet] 23.86 396-4376 0.019 -1359 -2560--1.59 0.027 -1281 -2588-027 0.035
Substrate [Floer] 35.66 §23-63.09 0011 11354 -301-28090 0171 11.15  -6.88-29.17 0225
Substrate [play] 11.86 -10.61-34352 0298 156 -12.06-15.17 0.822 0.80  -1393-1572 0006
Speed 1300 -140-276% 0078 182 -7.02-1065  0.686 1.61 -197-11.19  0.741
Gender [M] 345 -2722-3811 0743 -1316 -3293-661 0.191 -1441 -3587-7.06 0.188
Substrate [build_wet] = -21.44  -37.19--569 0.008 981 031-1932  0.043 9.18 -1.18-1853  0.082
Speed
Substrate [Floor] % Speed -3555  -5621--1490 0001 -1419 -2665--1.73 0.026 -14.03 -2761--046 0.043
Substrate [play] * Speed -9.39 -28.08-930 0324 -110 -1237-10.1%8 0848 -056 -1284-11.72 0928
Substrate [build_wet] -39.79 -79.09--050 0.047 2454 083-4825  0.043 2833 251-5415  0.032
Gender [M]
Substrate [Floor] = -52.80  -9443--11.18 0013 2665 -51.76--1.53  0.038 -2581 -33.16-134 0064
Gender [M]
Substrate [play] * Gender -3.2 -46.31-2973 0668 2300 005-4594 0.049 2508 0.10-3007  0.049
]
Speed * Gender [M] -5.86 -3088-19.16 0645 1366 -147-2879 0077 1455 -189-3099 0083
(Substrate [build_wet] = 2042 -027-5911 0052 -1977 -37.68--185 0.031 -2244 -4195--293 0.024
Speed) * Gender [M]
(Substrate [Floor] 3837 7.50-69.23  0.015 1582 -280-3444 0006 1327 -3.00-355% 01309
Speed) x Gender [M]
(Substrate [play] * 83590 -2147-3865 0574 -17.74 -3588-040 0035 -1945 -3920-030 0054
Speed) ® Gender [M]
Random Effects
o2 3125 1137 13.49
00 2646 gypject 10.93 gypiece 1143 gupject
1CC 0.46 0.49 0.46
N 21 gupject 21 gubject 21 gupject
Observations 379 379 379
Mareinal R2 / Conditionat B2 0-277 /0,609 0425 /0707 0.400/04675
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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.

BFL RF VL ™ TA MG LG 50L
Predictors stimates Ci r stimates cI r stimates cr )i stimates cr r stimates cI r stimates ci r stimates cr r stimates Ci r
(Intescept) 4501862 2546453 - =0.001 4536518 1065512 - 0.010 3439822 -5608.08 — 0084 1837444 -24534 44— 0387 4015233 0.033 4573333 2454667 - =0.001 39184 84 1803987~ =0.001 2184758 -634031- 0128
6434331 80083.24 74704.53 6328332 66919.99 6032081 50235.48
Substrate [Build_wet] -10393.45 -33063.33 - 0396 13318.05 -28922.79 - 0497 19938.65 -30528.12 - 0438 4731502 -9029.93 — 0.100 -13876.43 -61596.21— 0.569 2296.20 -24833.80 - 0.868  3006.29 28— 0826 1346243 -22146.34-— 04539
13876.43 509538.90 7044542 103659.97 3354334 20426.19 7 7 48071.41
Substrate [Floor] 404537 -21509.28 — 0.756 3927433 1310486 - 0.012 -18483.86 -71209.53 — 0492 -17386.75 -76153.03 — 0362 -44310.82 -94028.30 — 0081 1217841 -16123.34 - 0.399 4986355  -7782222-  <0.001 11540.86 -23632.96- 0343
2060002 103443 30 34241 80 41379 52 5406 65 40480 35 -21808 83 48732.67
Substrate [Play] -4507.82 -27342.05 - 0.699 -13495.40 0522 38697.28 -8414.93 — 0107 6720640 14644.57 0.012 399787 -38506.19— 0.792 142710 -23882.68 — 0012 203.89 -24693.42 - 0082 27384354  -3643.16- 0104
18326.40 85809.50 11976823 50501.92 26736.87 25281.21 60812.25
Gender [M] -21804.47 -31137.31 - 0.145  -1588934 -68083.76 — 0550 90399.51 30046.18 - 0.003 7130930 5300.37 - 0.034 -25764.61 -81253.01- 0363 -814571 -38806.40 — 0.616 -36201.58  -67982.75- 0.026 413581 -3837135- 0840
7528.38 36285.11 151152.84 137318.62 29723.78 23704.98 -4420.41 46642.97
Speed -36731 -13933.09 - 0963 214718 25997 47— 0881 385388 -26303 84 — 0721 2203448 -1377422 - 0228 -205471 -3232748 - 0894 -343532 -20683 43 - 0696 173226 -1531413 - 0842 1868033 -366520- 0101
15218.46 30201.82 38011.59 57843.18 28218.07 13812.80 18778.66 41656.26
Substrate [Build_wet] * 341522 -32670.65 - 0.853 -14206.88 -79442.87— 0.660 -36707.14 -111160.39 - 0334 -89246.70 -17232431 - 0.035 1609492 -54255.15— 0.654 -22316.95 -62519.84 — 0270 12656.74 -26833.32— 0330 -3230299 -8481483- 022
Gender [M] 38501.08 51029.12 3774612 -6169.10 §6445.00 17485.94 52146.81 20208.86
Substrate [Floor] * -7704.47 -42117.91 - 0.661 -61044.31 -123234.21 - 0.054 -74108.83 -145112.04 - 0.041 5338137 -178553.52 - 0.014 3400532 -12102.20— 0.108 -31472.82 -69600.36 — 0.106 3883936 21186.50— 0.002 -38340.80 -88415.74- 0133
Gender [M] 26708.98 114558 -3105 61 -20207.22 121913 85 663472 96492 22 11733 .96
Substrate [Play] * -1362.77 -35440.22 - 0.889 316933 0817 4640877 11465483 - 0.183 -107354.01 -183710.44 - 0.006 24936.20 -38306.42 - 0448 978821 -46438.08 - 0.601 822630 -27972.18 - 0636 -17874.64 -66008.97— 0467
Gender 30714.67 21837.39 -31397.39 £9478.81 26880.66 4442478 30259.68
]
Substrate [Build_wet] * 631580 -13681.67 - 0.536 -13583.23 -49737.7 0462 -16020.80 -57280.20 - 0447 3970410 -85740.71 - 0.091 13128.04 -25868.15— 0.500  -6043.71 -28214.70 - 0.393 400423 -25880.18 - 0.720 -13143.87 -4224457- 0376
Speed 26313 .46 2257 25238 61 634152 5212423 16127.27 1788072 1585684
Substrate [Floer] * -4320.28 -24245.74 - 0.671 -3721374 -73215.92 - 0.043 1967788 -211433.34 - 0.348 1452845 -30893.97 - 03523 3302497 -3744.08 - 0.083 -10506.34 -32574.80 - 0351 3882649 <0.001 -15435.62 4442783 - 0287
Speed 15605.19 -1215.56 60789.09 60752.86 71794.02 11562.13 13556.69
Substrate [Play] * Speed 441032 -14601.03 - 0649 1150887 0512 -31784.13 7100930 — 0112 -3617832 -88040 83 - 0.012  -485911 -4201286 - 0793 -12323% -2230532 - 0909  -11066 -20914 87— 0992 -2308509 -5076016— 0102
23422.07 7441.03 -12415.71 32004.76 1934014 20693.56 4569.98 CC)
Gender [M] * Speed 12373.85 -10009.24 — 0279 618092 -34221.32 0.764 -73619.69 -121802.52 — 0.001 -62918.72 -1143053.15 - 0016 1546571 -27950.47 — 0485 359192 -21162.63 — 0.776 2618633 1710.89 — 0.036 -4867.38 -37430.03- 0770 "g
34756.94 -26436.85 -11532.30 58581.89 28346.48 50661.81 27695.27 £
(Substrate [Build_wet] * -2282.81 -30304.02 - 0.874  10960.87 0672 32527.14 -25472.62 - 0272 7257322 0.0218 -16500.22 -7T1302.73 - .355 -12638.85— 0244  -1179107  -42554.11- 0453 2403727 -16869.90— 0249 5
Gender [M]) * Speed 25828 41 90526 & 38302 30 49685 92 1897197 64944 44 "E
(Substrate [Floor] * 340234 0.800 3582 -11643.61 — 0.130 5194311 -2257.67- 0.060 67304.62 0.0219 -42146.61 -93201.61— 0106 20177.36 0174 5192421  -B066623-  <0.001 2816637 -10038.34-— 0.149 E’
Gender [M]) * Speed 83299.11 106143.90 899838 -23182.18 66391.07 ©
+
(Substrate [Play] * 505723 -21452.36 - 0.708  -3088.37 0.890  35000.61 -18783.60 - 0.188 8515920 2412338 - 0.006 -18511.4% 0483 5008.44 -20379.67 - 0.548  -5275.83 0722 1632870 -2224814- 0407 QC’
Gender [M]) * Speed 31566.83 90604.82 146195.02 33177.00 38398.55 54905.55 £
(]
Random Effects ey
° 3752148208 1227118914 37 159722716 83 15913043051 142841764 23 46159320 80 44950815 96 79464047 49 Q
=
™ 72886393.09 guhjact 13890943447 gybjact 314930010.23 gypjaer 165842563.29 gupject 8007231919 gypjger 42530085.97 gubject 64072190.54 gupjact 136862659.01 ybjace (%]
cc 0.66 0.53 0.66 045 036 048 059 0.63 .>’
N 19 subjent 19 subjeat 19 subjent 19 subjace 19 subjent 19 subjeat 19 subjent 19 subjent 8’
Observations 676 676 676 676 676 676 676 676 o
Marginal B2 / 0.096/0.693 0.125/0.589 0.090/0.694 0.120/0.520 0.060/0.397 0.100/0.531 0.124/0.639 0.048 / 0.630 om
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