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Abstract

Purpose Humans are amongst few animals that step first on the heel, and then roll on the ball of the foot and toes. While
this heel-to-toe rolling pattern has been shown to render an energetic advantage during walking, the effect of different foot
contact strategies, on the neuromuscular control of adult walking gaits has received less attention. We hypothesised that
deviating from heel-to-toe rolling pattern affects the energy transduction and weight acceptance and re-propulsive phases in
gait along with the modification of spinal motor activity.

Methods Ten subjects walked on a treadmill normally, then placed their feet flat on the ground at each step and finally
walked on the balls of the feet.

Results Our results show that when participants deviate from heel-to-toe rolling pattern strategy, the mechanical work
increases on average 85% higher (F=15.5; p <0.001), mainly linked to a lack of propulsion at late stance. This modification
of the mechanical power is related to a differential involvement of lumbar and sacral segment activation. Particularly, the
delay between the major bursts of activation is on average 65% smaller, as compared to normal walking (F=43.2; p <0.001).
Conclusion Similar results are observable in walking plantigrade animals, but also at the onset of independent stepping in
toddlers, where the heel-to-toe rolling pattern is not yet established. These indications seem to bring arguments to the fact
that the rolling of the foot during human locomotion has evolved to optimise gait, following selective pressures from the
evolution of bipedal posture.

Keywords Neuromechanics of walking - Spinal maps - Pendulum-like mechanics - Human locomotion

Introduction

In comparison with other plantigrades (Preuschoft 1970;
Gebo 1992; Schmitt and Larson 1995), humans use a heel-
to-toe rolling pattern during walking. Indeed, the heel
touches the ground first, then the sole rolls from the back
to the ball of the foot and toes. Cunningham et al. (2010)
hypothesised that during the transition to bipedalism, the
foot morphology slowly evolved to a heel-to-toe rolling pat-
tern to facilitate a more economical gait. Indeed, various
studies have focussed on the type locomotion of our ancestor
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Australopithecus and much debate exists as to rather they
were able to walk fully upright or if they adopted a “hip bent,
knee bent”, and thus a more flatfoot, walking posture (Kuliu-
kas et al. 2009; Foster et al. 2013). Amongst other reasons
for discussion, the former appears to be in accordance with
anatomical findings on the vertebral column (Lovejoy and
McCollum 2010) and a less energy demanding gait (Cromp-
ton et al. 1998) whereas the other descriptions of Lucy’s gait
is characterised as a “hip bent, knee bent” gait (Stern Jr. and
Susman 1983) offering less energetic costs as compared to
a quadrupedal gait although higher than an upright gait. The
foot morphology of the genus Homo evolved to generate
lower joint torques during bipedal walking than non-human
apes (Holowka and Lieberman 2018). It is therefore well
suited for normal human walking (Wang et al. 2014).
From a mechanical point of view, the heel-to-toe roll-
ing pattern modifies the “effective limb length” (i.e. hip
height) during stance by extending the pivot point of the
inverted pendulum—described by the centre of mass of the
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body (COM) trajectory (Dewolf et al. 2017)—below the
level of the ground (Pontzer 2007; Webber and Raichlen
2016). Also, the translation of the centre of pressure from
the heel to the toes (Donelan et al. 2002; Adamczyk et al.
2006; Adamczyk and Kuo 2013) reduces the cost of locomo-
tion by reducing the collisional redirections of the COM and
allowing the hip to follow a flatter trajectory (Cunningham
et al. 2010; Usherwood et al. 2012). Whereas the compari-
son between the heel-to-toe rolling pattern and less conven-
tional walking patterns, such as walking on the balls of the
feet (Cunningham et al. 2010) or flat-foot walking (Kuliukas
et al. 2009; Foster et al. 2013) have been well documented
and shows an increase in the energetic cost of locomotion
and in the ‘external work’ done by the COM against the
environment (Wqy). The consequence of the heel-to-toe
rolling pattern on the neuromuscular control of gait is, how-
ever, still unclear.

During the course of evolution, motor circuits in the spi-
nal cord were assembled to meet specific body movement
requirements and biomechanical functions of limb muscles
(Jessell et al. 2011). Progressively, the sequential trunk mus-
cle activation required for undulatory propagation (De Se¢ze
et al. 2008) evolved into more complex and discrete bursts
of limb motor-neuronal (MN) activity related to specific kin-
ematic and kinetic events (Lacquaniti et al. 2012) required
in bipedal locomotion. For example, in human walking, the
estimated alpha-motoneuron (MN) pool activations along
the spinal cord fluctuates with the body’s centre-of-mass
motion, where bursts of activity are visible around the foot-
strike and lift-off. In recent years, there has been growing
interest in understanding the functional organisation of the
spinal locomotor output in the context of its adaptation to
different biomechanical requirements (Ivanenko et al. 2008;
Chvatal and Ting 2013; Allen and Franz 2018; Dewolf et al.
2020b, 2021a). In particular, biomechanical mechanisms of
locomotion, such as the inverted pendulum walking dynam-
ics, are related to a specific spatiotemporal organisation of
motor pool activity in the spinal cord (Cappellini et al. 2010;
Dewolf et al. 2019).

To further investigate the relationship between the MN
activity organisation and biomechanical functions, we
examine here how an imposed deviation from the heel-to-
toe rolling pattern affects the spatiotemporal dynamics of
motor pool activity. To do this, we first asked the subjects
to walk on the balls of their feet (low-digitigrade condition)
then to keep the foot flat on the ground (flat-foot condition)
and finally, compared this to normal walking. In particu-
lar, we compared the fluctuation of energy of the COM, the
lower-limb kinematics and the spinal motor output in each
condition. Based on previous published findings presented
here above, we hypothesised that deviating from the heel-
to-toe rolling pattern would (1) modify the actively regu-
lated exchange in energy during walking since the weight
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acceptance and re-propulsion phases are adjusted and (2)
increase the directional change of the COM during the step-
to-step transition. Consequently, the neuromuscular control
of gait will be affected. This latter change will be highlighted
by increased motor unit burst durations and smaller intervals
between lumbar and sacral co-activations.

Methods
Subjects

Six males and four females (age: 22.2 +2.4 y, mass:
69.2 +14.4 kg, height: 1.75+0.10 m, mean + SD) volun-
teered to participate in this study. All of the participants
provided informed consent and the procedures used for this
study were approved by the ethics committee of the Univer-
sité catholique de Louvain (Ref. No. 2015/06JUL/372) and
were performed according to the Declaration of Helsinki.

Experimental procedure and data collection

Subjects were asked to walk wearing their own walking
shoes on an instrumented treadmill at 1.11 m s~ (4 km h™!),
i.e. a comfortable walking speed close to the most eco-
nomical normal walking speed based on the net energy
consumption (Cavagna and Kaneko 1977). Three different
types of walking were tested: first, a trial using the natural
foot contact (called ‘normal walking condition’, NW), sec-
ond, the subjects were instructed to place the foot flat on
the ground with the knees bent (called ‘flat-foot plantigrade
walking condition’, FP), third, they were instructed to walk
on tiptoes (i.e. on the distal metatarsal heads) and to keep
the heel slightly elevated above the ground during stance
(called ‘low-digitigrade walking condition’, LD). These gaits
were demonstrated to the subjects after a verbal explana-
tion. Before starting the data collection, participants had
the opportunity to carry out several tries with oral feedback
from the experimenter. For each trial, data collection lasted
30 s and on average, 26.8 +2.2 (mean + SD) strides were
recorded.

Four force transducers (Arsalis, Belgium) were placed
under the body of an instrumented treadmill with a belt
surface of 1.6 x0.65 m (Stellar—H/P/ Cosmos, Germany).
They measured the vertical (F,), the forward (F;) and the
lateral (F)) components of the force (GRF) exerted by the
feet on the tread-belt, as in Dewolf et al. (2017). Twelve
reflective markers were glued on the following anatomical
landmarks on the right side of the body: the chin-neck inter-
sect (C2), the greater trochanter (GT), at mid-distance along
the middle of the lateral side of the thigh (IT), the external
femoral condyle (CE), the external malleolus (ME) and the
fifth metatarsophalangeal joint (MT5). The position of each
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marker in the sagittal plane was measured by means of a
high-speed video camera (BASLER A501k, sampling rate
100fps), placed perpendicularly to the plane of progression.
The coordinates of the landmarks in the fore-aft and vertical
directions were tracked each frame using a custom-made
LabVIEW software, as in Mauroy et al. 2014; Dewolf and
De Jaeger 2015 and in Dewolf et al. 2018.

Electromyographic (EMG) activities from 16 muscles on
the right side of the subject were recorded at 2 kHz using a
Delsys Trigno Wireless System (Boston, MA): erector spi-
nae (ES) at L2 level, gluteus maximus (Gm), gluteus medius
(Gmed), sartorius (SART), tensor fasciae latae (TFL),
adductor longus (ADD), vastus medialis (VM), vastus lat-
eralis (VL), rectus femoris (RF), biceps femoris long head
(BF), semitendinosus (ST), tibialis anterior (TA), medial
gastrocnemius (MG), lateral gastrocnemius (LG), soleus
(SOL) and peroneus longus (PERL). After shaving, the skin
was rubbed with fine sandpaper, ether and alcohol and EMG
electrodes were placed based on suggestions from SENIAM
(the European project on surface EMG—seniam.org). To
ensure correct placement of EMG electrodes, muscle bel-
lies were located by means of palpation and the electrodes
were oriented along the main direction of the fibres (Kendall
et al 2005). We verified electrode position and signal quality
by visually inspecting the EMG signals while subjects con-
tracted each instrumented muscle. Acquisitions of the EMG,
kinematic, and kinetic data were synchronised by means of
an external 5 V TTL trigger signal.

Data analysis

Division of the stride: the stride period was defined as the
time between two successive right foot contacts (FC). FC
and toe off (TO) were estimated from the displacement of
the centre of pressure (COP) on the belt (Meurisse et al.
2016).

Kinetics: The acceleration, velocity, displacement of the
COM and the external energy (Ecgy) and power (Pegy)
were evaluated from the GRF using the procedure described
in detail in Dewolf et al. (2017) and described only briefly
here. The fore-aft, lateral and vertical acceleration of the
COM were respectively computed as a;=F; /m, ay=F, /m
and a, = (F,-m g)/m, where m is the subject’s body mass and
g is the acceleration of gravity. The instantaneous velocity
in the fore-aft, lateral and vertical directions were obtained
by integration of a;, ¢, and a, plus an integration constant.
In the fore-aft direction, this constant was chosen to make
the average velocity over the stride equal to the velocity of
the tread-belt, measured with an optical encoder. In the two
other directions, constants were chosen to make the average
vertical and lateral velocity over each stride equal to zero. A
second integration of the vertical velocity yields the vertical
displacement of the COM.

Ecowms the energy of the COM was computed as the alge-
braic sum at each instant of its gravitational potential energy
E, and of its kinetic energy E,. The work W represents
the work necessary to move the COM relative to the sur-
roundings. Positive (WgOM) and negative (W, ,) were com-
puted by summing the increments and the absolute value of
the decrements the Eq)-time curve, respectively (Cavagna
et al. 1976; Dewolf et al. 2016). Similarly, W;,Wk_, W; and
W, were computed by summing respectively the increments
and the absolute value of the decrements of the Ey and E,
curves. Due to the out-of-phase oscillation of E;, and E
occurring during walking, energy is recovered by transduc-
tion between potential and kinetic energy, and vice versa.
The periods during which an E-E transduction occurred
was determined by measuring the recovery at each instant ¢
of the step, r(¢), using following equation (Cavagna et al.
2002; Dewolf et al. 2017):

r(t)
- |E(t) — E(t — Ap)| + |Ep(z) ~E,(t- Az)| — |Ea(8) = Euge(t = AD)|

|Ec(d) = E(t — Ap)| + |Ep(t) ~Ey(t- At)|

where A t is the time between two samples. The %-recovery
was defined as the average r(t) across a stride. Two peri-
ods of energy transduction (T1 and T3) occurred during a
step: T1 when E| increases while Ey decreases and T3 when
E, decreases while E increases (Dewolf et al. 2017). The
mechanical power, é(t), recovered by the Ep—Ek transduction,
was computed as:

&)
|E(t) = Bt = 80| + [Ep(1) = Ey(t = AD)| = [Eexe(t) = Eey(t = A1)
= At

The amount of energy recovered (E,) over a given period
was computed by integration of the é(f)-time curve.

The external power P.gy was computed by:
Pcom = dEcom/dt. During a walking stride, the Pq),-time
curve typically presents one major negative peak (W~) and
two major of positive peaks, WI+ and W; , also called weight
acceptance and propulsion, respectively (Cavagna et al.
1976; Dewolf et al. 2019). In the present study, the maxi-
mum value of each of these peaks were measured across all
conditions.

Kinematics: From the marker locations, the orientation
of the thigh, shank, foot and trunk segments relative to the
vertical axis (elevation angle) were computed as described
in Borghese et al. (1996). The joint angles (hip, knee, and
ankle) were then computed from the elevation angles of
adjacent segments. The range of angular motion (ROM)
was computed for each angular waveform by the difference
between the maximum and the minimum values over the
entire stride and over the stance phase. For each subject, the
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different strides of each trial were time-normalised by inter-
polating individual gait cycles over 200 points (i.e., each
point corresponding to 0.5% of the stride).

EMG: The 16 collected raw EMG signals were high-pass
filtered (30 Hz), then rectified and low-pass filtered with
a zero-lag 4th-order Butterworth filter (10 Hz). A custom-
made automatic search for artefacts was also implemented,
by comparing the EMG envelope of the gait cycle with the
average envelope across all strides. The time scale was nor-
malised by interpolating individual gait cycles over 200
points. For each condition and for each EMG waveform, the
full width at half maximum (FWHM) was calculated as the
period during which the EMG activity exceeded the half of
its maximum (Martino et al. 2014; Santuz et al. 2020). The
centre of activity (CoA) of each EMG waveform was also
calculated as the angle of the vector that points to the centre
of mass of the circular distribution (Martino et al. 2014).
The CoA was chosen because it was impractical to reliably
identify a single peak of activity in the majority of muscles.
It is a qualitative parameter helpful to understand the distri-
bution of muscular activity.

The EMG activities were then mapped onto the estimated
rostro-caudal location of the MN pools in the human spinal
cord from the L2 to S2 segments based on Kendall’s myoto-
mal charts (Kendall et al. 2005), as in Ivanenko et al. (2006).
To account for size differences in MN pools at each spinal
level, this fractional activity value was then multiplied by the
estimated segment-specific number of MNs (MNj), based on
Tomlinson and Irving (1977).

To compute the total motor output in each condition, the
motor output patterns of each spinal segment over the gait
cycle were summed. The minimal activation and the range
(the difference between the max and min values) were then
computed. The relative activation of the lumbar and sacral
segments in each condition were computed as the average
motor output patterns in the upper part of the lumbar (sum
of the activity from L2 to L4) and the sacral segments (sum
of activity from S1 to S2). Note that to reduce overlaps due
to map- smoothing, the spinal segment L5 was not taken
into account (Dewolf et al. 2019, 2020a). The FWHM and
the timing of the maximal activation were then calculated
for both lumbar and sacral segments.

Statistics

The statistical analysis was designed to assess the effect of
foot—ground interactions. A linear mixed model was applied.
The normality of the residuals was checked visually with
QQ-plots. Circular statistics (Berens 2009) was used to
characterize the CoA of each muscle and spinal output.
The Rayleigh test (Berens 2009) was used to check whether
the samples were distributed uniformly around the gait
cycle or had a common mean direction. In all analyses, the

@ Springer

significance level was fixed at p <0.05. Statistical analyses
were performed with the statistical software package IBM
SPSS (Version 23.0).

Results
General gait parameters and joint angles

Figure 1 presents the average traces of the hip-, knee- and
ankle-angles during one cycle with different foot—ground
interactions, compared with the normal walking condition
(in light grey). The duration of the cycle was affected by
foot-placement (F=8.6; p=0.001, Fig. 1B), with a shorter
cycle occurring both in LD (p=0.002) and FP (p =0.007) as
compared to the heel-to-toe rolling pattern (NW). However,
relative duration of contact phase was not affected by walk-
ing condition (F=0.817; p=0.452). The hip range of motion
(ROM) over the stride was greater during as compared to the
other conditions (p <0.013), whereas the knee ROM was
smaller both in FP and LD as compared to NW (p < 0.009,
Fig. 1B). During the stance phase, the hip range of motion
was not affected by LD nor by FP (F=2.1; p=0.146),
whereas the knee ROM was smaller in LD as compared to
NW (p=0.008).

Instead, the ankle ROM over the stride was not affected
by the two different conditions (F=0.2; p=0.813). When
considered over the stance phase only, the ankle ROM was
smaller in FP condition as compared to NW (p=0.003). The
major modification in FP was a more flexed hip (p <0.001)
and knee (p <0.001) mean position, whereas the major
modification during LD was a greater ankle extension
(»=0.017).

Mechanical work

Figure 2 illustrates a typical trace of the COM energy and
the time course of the instantaneous recovery, r(t), and
the rate, e(t), of pendular energy savings within one stride
in each condition. The Wy was significantly different
between conditions (F=15.5; p<0.001, Fig. 1B): WC+OM
was greater both in FP (»p=0.02) and in LD than in NW
(p=0.047). This greater W), could be partly explained
by the different %recovery over a stride between conditions
(Fig. 2B; p<0.01).

The duration of T1 was reduced in FP (F=24.0;
p <0.001). During T1, the amount of energy saved
through the pendulum-like energy exchange (E,) was dif-
ferent between conditions (F=28.4; p<0.001), being
smaller when deviating from the heel-to-toe rolling pat-
tern. The duration of T3 was also reduced in FP (F=21.8;
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Fig. 1 Kinematics of lower-
limb joint angles and general
gait parameters during ‘normal
walking’ (NW), ‘flat-foot
plantigrade’ walking (FP) and
‘low-digitigrade’ walking (LD)
A - Angles of the hip, knee
and ankle over a stride. All the
curves of each subject walking
at a given walking condition
were first averaged (mean-
curve). The curves presented
here are the average of the

Flat-foot

Low-digitigrade
normal walking (NW)
----standing position

mean-curves of all the subjects.
The black curves correspond to
NW. The grey zone repre-
sents+ 1 SD for the FP (green)
and LD (red) conditions. The
interrupted lines correspond to

~. "

50°

the standing position. A positive
value corresponds to (dorsi-)
flexion. In each condition, the

stickman at the top illustrates
the position of the segments,

7/&__\/_\/ ankle

every 5% of a typical stride of 0 50
1 subject. B — the bar plots pre-

sent the average stride duration, B

the average range of motion of
the hip, knee and ankle over
one stride and their average
angle over one stride. Each dot
represents the average across
all strides of per subject. In all
panels, grey bars correspond to
normal walking. Asterisks (*)
indicate a significant difference
between conditions (p <0.05)

Stride duration
*

1.25: H
0.6s D I
Os*
Mean hip angle
Py

40°

20°

p<0.001). The amount of energy saved during T3 was not
affected by any conditions (F=2.9; p=0.068).

The Fig. 3A presents typical vertical ground reaction
forces during one stride (2 steps) and the power curves
(Pcom)- Despite the large kinematic differences between
the conditions, the vertical GRF- and power curves are
rather similar, especially in NW and LD. The peaks of
power production were affected by foot—ground interac-
tions (Fig. 3B): Wi was greater, and the W, was smaller
in both FP and LD as compared to NW (W]+: F=9.73;
p <0.01;W2+: F=4.6; p=0.039). The negative peak of
power W~ was instead greater in both FP and LD as com-
pared to NW (F=12.3; p<0.001).

100 O 50 100
Time (% stride)
ROM

* [ NW
60° . * [ FP
- WL
g d g i
so0 [T] 1 :
0° .
hip knee ankle
Mean knee angle Mean ankle angle
0° §°
-10° . °
-20° ’

Spinal maps

Figure 4 illustrates the ensemble-averages (i.e., across sub-
jects) of rectified EMG envelopes for all walking conditions.
Figure 5A presents the EMG signals of Fig. 4 mapped onto
the estimated rostro-caudal location of the MN pools in the
spinal cord. Both the lumbar and sacral segments presented
one major spot of activity (Ivanenko et al. 2006; Cappellini
et al. 2010; Dewolf et al. 2019). The lumbar mean intensity
increased when deviating from the heel-to-toe rolling pat-
tern (F=5.5; p=0.011), especially during FP. The sacral
mean intensity only changes during LD due to tonic activa-
tion of ankle extensor during stance as compared to NW
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A 132 Normal walking
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ECOM
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r((t) (%)

2 ) 2o Flat-foot

é‘ ), Low-digitigrade

/\/\/
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4007

200" [\

e(t) (W)
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Time (% stride)

T1 duration (%cycle) T3 durition (%cycle)
*

50 50

25 25

Fig.2 Centre of mass mechanics in all conditions A — Typical time-
traces of the mechanical energy-time curves of the COM of one sub-
ject walking in the three tested conditions. Top: the upper curve (E,)
refers to the kinetic energy of the COM, the middle curve (E)) to its
gravitational potential energy and the bottom curve (Ecoyn=E+E,)
to the total energy of the COM. Middle: instantaneous recovery at
each instant t of the stride. The recovery r(t) varies form 0% when
the E} and Ep curves are in phase, to 100% when the decrease of one
curve equals the increase of the other. Botfom: The rate of pendular
energy savings e(t) at each instant t of the stride. These curves rep-

(»p=0.02). No significant differences were observed in the
lumbar-sacral co-activation.

Another striking difference was the burst timing and dura-
tion of the spinal segments. As compared to NW, the CoA of
the lumbar segments occurred later in the stance (p =0.02)
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recovery*(%)

T1 Eg (J kg™")

resent the rate at which energy is economised through the transfor-
mation of kinetic into potential energy (or vice versa). The grey lines
correspond to individual strides whereas the coloured thick lines
correspond to the average across all strides. B — the bar plots present
the average positive Wqy,, the average recovery over one stride, the
duration of T1 and T3 and the average amount of energy exchange
over those periods. The dots represent the average across all strides
of one subject. In all panels, grey bars correspond to normal walk-
ing. Asterisks (¥) indicate a significant difference between conditions
(»<0.05)

and the CoA of the sacral segments occurred earlier in the
stance (p <0.001) when deviating from normal foot—ground
interaction. As a result, the delay between the lumbar and
sacral CoA was smaller in FP and LD than in NW (F=43.2;
p<0.001).
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Fig.3 Characteristics of the Ground Reaction Forces A — Top: typi-
cal time-traces of the vertical GRF of one subject walking in the three
tested conditions. Middle: Average time-traces of the external COM
power Pcqy, in the three tested conditions. The grey lines correspond
to the average across strides for one subject whereas the thick lines

Discussion

In this study, we examined neuromechanical relationships
between different foot—ground interactions during walk-
ing and the lower-limb muscular activation patterns, the
associated spinal motor pool activation, lower-limb joint
kinematics and COM kinetics. Despite the rather novel
conditions imposed on participants, we observed major
differences between the three forms of walking which
cannot only be assigned to a lack of practise. When the

are the average across strides. The interrupted vertical lines are the
toe off. B — Average negative peak of Peoy (W, left), and average
positive peaks of Pcqy during weight acceptance (W7, middle) and
during propulsion (W7, right). Asterisks (*) indicate a significant dif-
ference between conditions (p <0.05)

subjects deviate from the heel-to-toe rolling pattern, the
peak propulsion power at the end of stance is reduced,
which in turn, implies that there is a greater downward
velocity of the COM at foot contact and therefore that a
greater peak power at weight acceptance (Fig. 3A). A lack
of ankle push-off power has been shown to have compen-
satory effects on the rest of the stride, leading to a rise
in Wy done during the midstance and a redistribution
of work across the other lower-limb joints (Huang et al.
2015). Below, we discuss the changes of kinematics and
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! Normal walking L Flat-foot L Low-digitigrade

e e .

SART

P — g& et I

{ - - - ~ e, ADD

100 mv

Time (% cycle)

Fig.4 Ensemble-averaged electromyogram (EMG) patterns during eralis, RF rectus femoris, BF biceps femoris, ST semitendinous, 7A
flat-foot, low-digitigrade and normal walking ES erector spinae, GM tibialis anterior, MG gastrocnemius medialis, LG lateral gastrocne-
gluteus maximus, Gmed gluteus medius, SART sartorius, TFL tensor mius, SOL soleus, PERL peroneus longus. The thick curves presented
fascia latae, ADD adductor longus, VM vastus medialis, VL vastus lat- here are the average of the mean-curves (grey) of all the subjects
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\vzf
A Normal walking
L

2
L3
L4

L5
S1
S2

2 R Moo Flat-foot

Q‘ ), Low-digitigrade

B Lumba*[ mean intensity

CoA Lumbar

%cycle

Fig.5 — Unilateral spatiotemporal spinal motor outputs computed
from ensemble-averaged electromyograms (EMGs) across all subjects
in all conditions A — Motor output (reported in AV) is plotted as a
function of gait cycle in the three conditions. B — the bar plots present
the average level of activation of the lumbar and sacral motor output,

segmental spinal motor output in relation to a change in
power production.

As observed by Dewolf et al. (2019), the modification of
the mechanical requirements at the step-to-step transition
reflects changes of the power peaks, inducing a different
involvement of both lumbar and sacral segment activation.
The reduction of propulsive power generation is related to
the imposed reduction of ankle plantarflexion at the end
of stance (Fig. 1). Consequently, due to the lack of ankle
push-off from the trailing limb, the redirection of the COM
velocity occurs after the contact of the leading limb with
the ground (Meurisse et al. 2019) as the vertical velocity
continues to decrease after heel strike (Fig. 3B). In turn, the
weight-acceptance phase increases during the first part of
stance after the foot touches the ground (Fig. 3B). This effect
is lessened during LD, since the heel-off (not present during
flat-foot walking) already contributes slightly to the COM
redirection (Hu et al. 2021). Another interesting observa-
tion is that the modifications of foot contact strategy results

Sacral mean intensity

stance swing

Lumbar-sacral co-activation

Delta Coé L-S

50 eT———

25Io§
MNFY |

average lumbar-sacral co-activation, centre of activation (CoA) of
the lumbar and sacral segments output and time delay between lum-
bar and sacral CoA. Asterisks (*) indicate a significant difference
between conditions (p <0.05)

in changes of the timing of lumbar and sacral activations
(Fig. 5). During normal walking, the main burst of lumbar
activation occurs around ground contact (0%, close to the
weight acceptance peak) and the main burst of sacral activa-
tion at the end of stance (45%, close to the propulsion peak).
Without a heel-to-toe rolling pattern, the CoA of lumbar and
sacral segments are closer together.

The present comparison of different human gaits and
developmental considerations (Fig. 6) further highlights
the link between global biomechanical parameters, such as
COM dynamics, and functional spinal cord topography. On
the one hand, in neonate stepping, sequential activation of
spinal segments and bursts of activity around touchdown and
foot lift-off are not yet developed and both lumbar and sacral
motor pools are simultaneously activated during midstance
(Ivanenko et al. 2013). With the progressive development
of the heel-to-toe rolling pattern, the distinction of lumbar
and sacral segment activation and the COM mechanism and
recovery become closer to the adult values (Fig. 6; Cheron
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Development of heel-to-toe rolling pattern
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Fig.6 Development and evolution of the heel-to-toe rolling pattern
A - Effect of age on the spinal motor output and the vertical ground
reaction force (redrawn with permission from (Dewolf et al. 2020c)).
On the right, the bar plots present an the recovery and the time delay
between lumbar and sacral CoA at different development stage in
human (from (Ivanenko et al. 2008, 2013)). B —Estimation of the

et al. 2001; Ivanenko et al. 2004; Hallemans et al. 2006;
Dewolf et al. 2020c). On the other hand, in older adults, a
reduction of ankle push-off is observed at the end of stance,
resulting in modified COM mechanics and an earlier acti-
vation of the sacral segments (Monaco et al. 2009; La Sca-
leia et al. 2014; Santuz et al. 2020; Dewolf et al. 2021b, a),
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spinal motor output and the vertical ground reaction force (estimated
based on the data of Shapiro and Jungers 1994; Demes et al. 2015;
Wei et al. 2019; Higurashi et al. 2019) in great apes. On the right,
the bar plots present the recovery and the time delay between lumbar
and sacral CoA estimated from the reconstructed spinal motor output
presented on the left

making the lumbar and sacral motor pools closely activated
during midstance.

Deviation from the heel-to-toe rolling pattern, due to
pathologies for example, may involve modifications to
the COM mechanics and muscular activity (Cappellini
et al. 2016). For example, one major constraint in spastic



European Journal of Applied Physiology

cerebral palsy is the less extensible plantar flexors (Barber
et al. 2011), that may force patients to walk in an ‘equinus
gait’ (LD-like foot interaction with the ground). Typically,
it is associated with less propulsion during gait (Dallmeijer
et al. 2011), and a smaller delay between lumbar and sacral
segment activation (Cappellini et al. 2020).

Such investigations of spatiotemporal patterns of spinal
cord activations in relation with different biomechanical
requirements may also have important clinical implica-
tions. For instance, a differential spinal cord epidural or
transcutaneous stimulation (Angeli et al. 2018; Gill et al.
2018) could potentially result in differential activation
of spinal segments to selectively drive neuro-prostheses
depending on walking conditions.

In living primates, with the exception of the great
apes and humans, the foot is placed in a heel-elevated or
semi-plantigrade position when these animals move upon
the ground (Gebo 1992). In millions of years of bipedal
evolution, the hominid foot underwent notable changes
after long evolutionary processes (Hu et al. 2021) and the
human heel-to-toe rolling pattern has been adopted. This
refinement of the locomotor strategy has been selected to
optimise gait, this is potentially highlighted by the result
of deviation from the heel-to-toe pattern on the motor pool
activation and mechanical demand observations. Indeed,
the absence of a heel-to-toe rolling pattern in adults or
in great apes results in similar modifications of muscle
timing of activation (Shapiro and Jungers 1994; Wei et al.
2019; Higurashi et al. 2019). Also, similar COM mechan-
ics can be observed, with for example a higher mechanical
work and smaller recovery for chimpanzee (Demes et al.
2015) (Fig. 6). Therefore, it may suggest that the specific
neuromuscular patterns of human gait (i.e., the dissociated
lumbar and sacral bursts of activation) have been influ-
enced by the evolutionary changes of foot morphology,
for example a longer posterior calcaneus and shorter toes.
However, this suggestion should not neglect that these pat-
terns are also adopted through years of locomotion experi-
ence (Fig. 6B).

Limitations

There are some limitations to our study that cannot be
neglected. The main one is the fact that we are compar-
ing normal walking, performed daily, with a novel gait with
which the subjects have no experience, implies that part of
the difference observed between gaits could potentially be
reduced with appropriate training and that results obtained
should take this novelty into account. Furthermore, the trial
order was not randomised which can affect the order in
which subjects discover each condition along with increased
fatiguability.

Conclusion

Our results seem to bring arguments to the fact that the roll-
ing of the foot during human locomotion has evolved to
optimise gait, following selective pressures from the evolu-
tion of bipedal posture. Over millennia, the heel-to-toe roll-
ing pattern came about to facilitate a more economical gait
(Cunningham et al. 2010). Normal walking seems to have
adopted the most efficient inverted-pendular mechanism
thus producing the least amount of external work by the
COM. Furthermore, much like the locomotion in toddlers,
without a heel-to-toe rolling pattern, the CoA of lumbar and
sacral segments are closer together as the lower limb needs
to adapt for increased weight-acceptance peaks after touch-
down. With development, as with evolution, the values for
CoA, recovery and COM mechanism become those seen in
adults today.
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