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Abstract

Purpose Running at a given speed can be achieved by taking large steps at a low frequency or on the contrary by taking small
steps at a high frequency. The consequences of a change in step frequency, at a fixed speed, affects the stiffness of the lower
limb differently. In this study, we compared the running mechanics and kinematics at different imposed step frequencies
(from 2 step s~! to 3.6 step s~!) to understand the relationship between kinematic and kinetic parameters.

Methods Eight recreational male runners ran on a treadmill at 5 different speeds and 5 different step frequencies. The lower-
limb segment motion and the ground reaction forces were recorded. Mechanical powers, general gait parameters, lower-limb
movements and coordination were investigated.

Results At low step frequencies, in order to limit the magnitude of the ground reaction force, the vertical stiffness is reduced
and thus runners deviate from an elastic rebound. At high step frequencies, the stiffness is increased and the elastic rebound
is optimised in its ability to absorb and restore energy during the contact phase.

Conclusion We studied the consequences of a change in step frequency on the bouncing mechanics of running. We showed
that the lower limb stiffness and the intersegmental coordination of the lower-limb segments are affected by running step
frequency rather than speed. The runner rather adapts their lower limb stiffness to match a step frequency for a given speed
than the opposite.

Keywords Bouncing mechanism - Intersegmental coordination - Stiffness - Neuromechanics
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Introduction

Running is a cyclic movement that alternates between uni-
podal contact and aerial phases. During these phases, the
centre of mass (CoM) of the body exhibits a motion com-
parable to a mass m (equivalent to the body mass) attached
to a weightless spring, rebounding off the ground (Blickhan
1989) and oscillating around an equilibrium point where the
vertical force equals the body weight (BW). Consequently,
the vertical oscillation of the CoM is divided into two parts
(Cavagna et al. 1988). First, an effective contact period
(t..), occurring during the contact phase, and representing
the lower part of the oscillation during which the vertical
ground reaction force (GRF) is greater than body weight.
Second, an effective aerial period (¢,.), taking place both
during the contact and aerial phases, representing the upper
part of the oscillation during which the GRF is smaller than
body weight.

In this model, the supporting leg behaves like a spring
with a ‘dual action' stance phase: throughout the first part of
contact, the spring-mass system is compressed and potential
elastic energy is stored into the muscle—tendon units of the
lower limb to be further released during the second part of
contact when the spring expands. During ¢, the half period
of the elastic oscillation, a linear relationship between the
vertical component of GRF (F,) and the vertical displace-
ment (S,) of the CoM exists. Therefore, the stiffness (k) of
the spring-mass model, reflecting the overall limb behaviour,
can be approximated by the slope of the F,-S, relation. When
humans increase their step frequency at a given running
speed, the most important adjustment to the body’s spring
system is that the spring becomes stiffer (Dewolf et al. 2022;
Farley and Gonzalez 1996).

Running at a given speed can be achieved by taking large
steps at a low frequency or on the contrary by taking small
steps at a high frequency. The choice of the preferred step
frequency (PSF) has been carefully documented by Cavagna
et al. (1988, 1991). However, what are the consequences of a
change in step frequency, and in turn of spring stiffness, on
the running kinematic and kinetic parameters?

First, from a mechanical point of view, because the
spring-mass system oscillates around a point of equilibrium
at which F,=BW, the vertical momentum lost and gained
during 7, must equal the vertical momentum lost and gained
during 7,.. When running at speeds up to ~3.1 m s, 7.,
approximates f,, (symmetric step). As speed increases above
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3.1 ms™, 1, is greater than ., and the step becomes asym-
metric (Cavagna et al. 1988; Dewolf et al. 2016; Schepens
et al. 1998). Decreasing the step frequency (SF) below the
PSF requires an increase in step length (L) to maintain the
same constant speed. Indeed, an ‘unusually’ long step at a
low frequency requires a decreased vertical stiffness (Farley
and Gonzalez 1996). During the contact phase, the distance
travelled by the CoM is limited due to anatomical restric-
tions (Cavagna et al. 1988), thus an asymmetric rebound
would be observed at lower step frequencies. In addition, a
longer aerial phase demands greater external power gener-
ated during the contact phase to accelerate and lift the CoM
appropriately. Thus, one could expect to observe adjustments
to the bouncing mechanism similar to those observed when
running on a slope (Dewolf et al. 2016) or against a hinder-
ing traction force (Mesquita et al. 2020) to limit the increase
in muscular power. At frequencies higher than PSF, the ver-
tical stiffness increases (Farley and Gonzalez 1996), which
potentially implies that the bounce remains symmetric as
speeds increase, in this way the muscular power done to
move the CoM should no longer be a limiting factor.

Second, from a kinematic point of view, the lower limb
intersegmental coordination during stance is expected to
contribute to the modification of stiffness. Indeed, the body
is a dynamical system where the position in space of the
CoM depends among others on the overall configuration of
the lower limb segments. In particular, the vertical displace-
ment of the CoM and the stiffness of the lower limb depends
on the configuration of the lower limb segments, the thigh,
shank, and foot, during the stance phase.

Movements of the lower-limb segments and their coor-
dination can be investigated using the planar covariation
method (Bianchi et al. 1998; Borghese et al. 1996). These
studies have shown that the changes of the angular motion
of the lower-limb segments covary along a plane indicating
a reduction in the degrees of freedom of the system from
three to two. The planar covariation law shows that a gen-
eral kinematic coordination pattern is maintained in vari-
ous animal species (Catavitello et al. 2018; Courtine et al.
2005; Ogihara et al. 2014), in different locomotor conditions
(Borghese et al. 1996; Catavitello et al. 2015; Dewolf et al.
2018; Grasso et al. 2000), and is adapted with the speed of
progression (Ivanenko et al. 2007). However, to the best of
our knowledge, the relationship between stiffness and the
intersegmental coordination has never been explored.

Although the modification of step frequency and running
has been extensively studied (Cavagna et al. 1988, 1991;
Farley and Gonzalez 1996; Lieberman et al. 2015; McMa-
hon and Cheng 1990; van Oeveren et al. 2021), the relation-
ship between the bouncing mechanism and the kinematic
coordination of the lower limb segments when modifying
step frequency still raises many interesting unanswered
questions. The aim of this paper is to shed light on the
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consequences of a change in step frequency on the running
mechanics. Five different imposed step frequencies and the
preferred step frequency (PSF) were analysed at four dif-
ferent running speeds to try to answer this question. When
running at higher SFs, we expect the bouncing mechanics to
remain symmetrical, whereas the more the runner decreases
their SF below the PSF the more their bouncing mechanics
becomes asymmetrical for a similar speed. The kinematic
synergy of the lower limb segments has been shown to adapt
with speed (Ivanenko et al. 2007), however, a change in SF
either increases/decreases the range of motion of the lower
limbs and thus of their segments. Consequentially, this could
change the relationship between them and, as seen in (Bar-
liya et al. 2009), change the coordination patterns. The aim
of this study was to investigate how changes in step fre-
quency affect movement patterns and to better understand
how the body’s dynamic system adapts its leg configuration,
and, therefore, its spring stiffness, to perform these more
complex movements.

Methods
Participants and experimental procedure

Eight recreational healthy male runners with no injuries in
the last 6 months participated in the study. The number of
subjects chosen was based on an a priori statistical power
analysis from results of a pilot study (Mesquita et al. 2021).
The anthropometric and running characteristics of the sub-
jects are presented in Table 1. Informed written consent was
obtained and the study followed the guidelines of the Dec-
laration of Helsinki. All procedures were accepted by the
UCLouvain ethical committee (B403201838331).
Participants ran on a treadmill at four different constant
speeds: 8, 11, 14 and 17 km h -1 (corresponding to 2.22,

3.06, 3.89 and 4.72 m s ~/, respectively). At each speed,
subjects were asked to run at 6 different step frequencies:
their preferred step frequency (PSF), and 2.0, 2.4, 2.8, 3.2,
3.6 step s~! conveyed via an electronic metronome and
amplified on loudspeakers. This range of SFs was chosen
based on Cavagna et al. (1991) where the authors showed
that such frequencies correspond to the range where sub-
jects are able to run at all speeds. To remove the effect of
learning and fatigue and secure statistical independency, the
different speeds and frequencies were presented randomly.
A one-hour training session was done at least two days prior
to recordings. At the end of the training session all subjects
were able to run within + 5% of the imposed frequency.

The instruction given during the trials was that each foot
strike should correspond to a beat of the metronome. For
each trial, the treadmill belt accelerated until the target speed
was reached. After an auditory check by the experimenters
ensuring that the subject was running approximately at the
correct SF, the recording began and lasted 10 s. The belt then
decelerated, and in total each trial lasted ~ around 1 min.

After each recording, a check of the average SF over
the entire trial was done with a custom written algorithm
(Matlab, Mathworks, 2019 Natick, Massachusetts, USA)
that used the fft routine on the vertical ground reaction force
waveform. If the computed SF did not match the required
one + 6% of error, the participant was asked to repeat the
trial.

Experimental setup

Participants ran on an instrumented treadmill (h/p/Cos-
mos, Germany—Arsalis, Belgium) with a belt surface of
1.6 x0.65 m. The entire treadmill was mounted onto four
strain-gauge force transducers that measure the three com-
ponents of the GRF exerted by the treadmill under the foot
(Willems and Gosseye 2013). Each transducer’s analogue

Table 1 Participants’ anthropometric information and each subject’s PSF at the different speeds along with the averages and standard deviations

for each class

Subject Subject information Preferred step frequency (steps s™!)
Height (m) Mass (kg) Leg length (m) Age (years) 08 kmh™! 11 kmh™! 14kmh™! 17kmh!
1 1.88 74.1 0.98 21 2.44 2.44 2.62 2.74
2 1.83 68.7 0.96 21 2.75 2.70 2.74 2.84
3 1.83 70.4 0.95 22 2.40 2.58 2.53 2.66
4 1.82 68.0 0.92 22 2.76 2.90 2.92 2.95
5 1.89 83.9 0.99 23 2.76 2.85 3.01 3.10
6 1.79 69.4 0.91 24 2.77 2.89 2.93 3.00
7 1.87 77.2 1.00 22 2.56 2.61 2.68 2.74
8 1.80 78.2 0.97 23 2.65 2.79 3.01 3.15
Mean 1.84 73.7 0.96 222 2.66 2.72 2.81 2.90
SD 0.03 5.65 3.19 1.03 0.14 0.17 0.18 0.18
@ Springer
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signals were amplified, low-pass filtered (4-pole Bessel filter
with a -3 dB cut-off frequency at 200 Hz) to avoid an alias-
ing effect during digitisation and recorded with a sampling
rate of 1 kHz. After digitalisation, the force signals were
filtered by a two-way 8th order Bessel filter with a lowpass
cut-off frequency at 10 Hz for the lateral F, 20 Hz for fore-
aft Fy and 30 Hz for vertical F, forces (Mesquita et al. 2020).

The electrical motor of the belt was also instrumented
with an optical angle encoder to measure the speed of the
belt (vy;)- When the participants ran on the treadmill, the
recorded average speed of the belt over a stride (V,,) dif-
fered by 2.8 +1.4% from the chosen speed and the instanta-
neous vy did not change by more than 5% of V.

Bilateral, full-body three-dimensional (3D) kinematics
was recorded at 200 Hz by means of a Qualisys system with
thirteen cameras (12 Mocap OQUS 6 + cameras and 1 video
MIQUS M1 camera, Qualisys, Sweden) placed around the
treadmill. Participants were equipped with 29 retro-reflec-
tive markers glued onto the skin at the following positions:
chin-neck intersect (Neck), sternum (Chest), superior sur-
face of acromion (Shoulder), lateral epicondyle of humerus
(Elbow), ulnar styloid process (Wrist), superior anterior iliac
spine (Waist), superior posterior iliac spine (BackWaist),
greater trochanter (GT), mid-thigh (Thigh), external condyle
of femur (Knee), shin (Shank), lateral malleolus (Ankle),
heel (Heel), fifth metatarsophalangeal joint (VM) and sec-
ond metatarsophalangeal joint (IIM) on both sides of the
body. Kinematic data were then oversampled at 1 kHz using
the spline routine in Matlab. An oversampling of the kin-
ematic data was chosen rather than a down sampling of the
kinetic data to ensure that the force signal characteristics
were not lost during data-processing. The kinematic data
were filtered by the same filter with a lowpass cut-off fre-
quency at 30 Hz.

Data processing

Data processing was performed via custom made programs
written with LABVIEW (National Instruments 2019, Austin,
Texas, USA) and Matlab software.

Assessment of general gait parameters

Figure 1 illustrates the time curves of the vertical and fore-
aft components of the GRF in two of the four speed classes
and all frequency classes. A stride period is defined based
from the foot contacts. A foot contact corresponds to the
moment at which the vertical component of the ground
reaction force (F,) becomes greater than ten percent of BW.
The stride period is defined as the time between a right foot
contact and the next right foot contact and the step period
is defined as the time between the foot contact of one leg
until and the next foot contact of the contralateral leg. The
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effective contact time, ¢, corresponds to the period dur-
ing which F, > BW and the effective aerial time, ¢,., cor-
responds to the period during which F, < BW as in Cavagna
et al. (2009). Furthermore, the contact phase (¢.), the period
between the touch-down and take-off of the corresponding
foot, can also be divided into an initial braking phase (¢,,.)
followed by a pushing phase (). 2, is defined as the
time spent decelerating the CoM during 7. and 7, as the
time spent re-accelerating it preceding the take-off phase.

We considered valid strides when: (1) the average ver-
tical force during the stride (Fz) is within 5% of BW, (2)
the sum of the increments and the sum of the decrements
of the instantaneous velocity (vy) of the CoM differed less
than 25% as in Dewolf et al. (2016), (3) the step frequency
was equal to the metronome step frequency + 5%. In total
2385 valid strides (4790 steps, 599 + 75 steps per subject,
mean + SD) were selected.

Computation of acceleration, velocity and vertical
displacement of the CoM

The acceleration, velocity and displacement of the CoM was
calculated from the GRF as in Gosseye et al. (2010) and
in Mesquita et al. (2020). Briefly, the fore-aft and vertic;avl
CoM accelerations were obtained, respectively, as a; = ;’
anda, = % — g. We did not consider the lateral component
of the GREF since its contribution is negligible (Willems
et al. 1995).

A time-integration of the a;, and a,-recordings give the
fore-aft (v) and vertical (v,) velocity changes of the CoM.
Integrations are performed numerically by the trapezoidal
method. An integration constant must be added to v, and v,
to obtain the components of the instantaneous velocities of
the CoM relative to a reference frame fixed to the treadmill
as in Gosseye et al. (2010). The vertical (S,) displacement
of the CoM relative to the treadmill is then computed by
numerical integration of v,. S, can be further divided during
the contact phase into two periods: after touchdown while
the CoM is descending until its minimum (S ) and then
once the CoM is rising until take-off (S ).

c,down

Computation of the external work (E_,,,), work (W)
and push-averaged power (W,,,)

The energy of the CoM (E,,,,) done in respect to its envi-
ronment was computed based on the fore-aft and verti-
cal movements of the CoM. The energy due to the fore-
aft movements of the CoM (E,;) can E)e computed by:
Eg= [ Fy(vi— Vyy)dt = %m(vf— Vig) » Where V., is
the average speed of the treadmill. The energy of the CoM
due to its vertical movements (E,) can be computed by:
E, = [ (Fy,)dt= %mvs + mgS,. Then, the E_, is given
by E.,, =Es+E,.

com
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2.4 steps s

2.0 steps s™

Fig.1 (A) Average (blue) and individual (grey) time-curves of the
fore-aft (Fy) and vertical (F,) components of the GRF done by one
subject at each step frequency (SF) class at 08 and 17 km h™". In the
upper left corner of each panel, a stick diagram indicates the posi-

Figure 2A presents the time-curves of E,;, E, and E_,,
(blue curves) while running at 8 and 17 km h~!in each fre-
quency class. The positive external power done to move the
CoM relative to the surroundings (W;(t) is then calculated as
the sum of the positive increments from the E_,—curve over
one stride (W;;t), divided by the time of the stride (Fig. 2B).
The average power done during the push phase (Wext’push)
is computed by dividing W, by the positive work phases,
Toush (Table 2).

Computation of the internal power W, )
The computation of the internal work done to accelerate

and rotate the limbs relative to the CoM has been described
in detail in Willems et al. (1995). Both legs were modelled

1

28stepss’  3.2stepss? 3.6stepss

tion of the limb-segments relative to the GT landmark every 10% of
a stride. The loop illustrates the trajectory of the ankle relative to the
GT over one stride

as a multi-segmented limb formed by thigh, shank and
foot segments. The upper body was modelled as a trunk,
two arms and two forearm-hand segments (Dempster and
Gaughran 1967). The internal energy of the ith segment is
given by: E, = %(miviﬂ + [jw?) where m; is the mass of
the segment and /; is its moment of inertia around its cen-
tre of mass, V;' is the translational velocity of the segment's
centre of mass relative to the CoM and w; is the rotational
velocity of the segment. The energy of the segments of
the same limbs were added to obtain the energy of each
limb. This procedure assumes that energy transfers are
only possible between segments of the same limb, but not
among the limbs (Dewolf et al. 2019; Willems et al. 1995).
The internal energy time-curves (red curves) of the left
and right upper-limbs (sum of upper-arm and lower-arm)

@ Springer
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Fig.2 (A) Average (blue) and individual (grey) time-curves of the
normalised external energy done by the CoM (E_,,,), the energy done
to sustain the movements in the vertical direction (E,) and the energy
done to sustain the movements in the fore- aft direction (E,;) at each
step frequency. The four red and corresponding grey time-curves
represent respectively, from top to bottom, the normalised internal
energy of the: left upper limb (UL), left lower limb (LL), right upper
limb (UL) and right lower limb (LL) relative to the CoM for each
SF at both 08 and 17 km h™". The grey contours in each panel corre-

and lower-limbs (sum of the thigh, shank and foot) while
running at 8 and 17 km h™! are presented in Fig. 2A. The
positive internal power W;n, Fig. 2B, is calculated as the
sum of the positive increments of the internal energy of
the four limbs divided by the stride time.

@ Springer

spond to the contact phases. Panel B shows the normalised mechani-
cal external (W ,,, blue circles) and internal (W, red circles) power
done by the CoM (W kg™') as a function of SF at different speeds.
The points represent a grand mean and standard deviation at each step
frequency. The green coloured open symbols represent the PSF grand
mean and SD at different speeds. The grey dotted line represents
the W,,, of lower limb. The line which passes through all points is a
quadratic non-linear regression as defined in Graphpad-Prism (Dot-
matics, CA, USA)

Computation of the mechanical stiffness

The mass-specific vertical stiffness (k) was measured
from the linear relation between a, and S, (Fig. 3). The slope
of this linear relation was estimated as the ratio between the
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Table2 Average and standard

L . Speed
deviation mass-specific push- (km
averaged power (W kg™ h!

2.0 (steps s 24 (steps s™) PSF (steps sTV 28 (steps sTh 32 (steps s 3.6 (steps s7h

Mass specific push-averaged power W, (W kg™!) (mean + SD)

8 12.51+2.99 9.36+1.44 7.08+1.28 7.20+1.15 6.17+1.084 531+1.27
11 17.76 £2.87 13.18 £ 1.56 11.02+1.58 10.84+0.77 8.79+0.99 7.26+1.26
14 23.61+2.37 18.46+1.97 14.62 +1.39 14.76 +0.70 12.11+0.58 10.24+1.12
17 29.25+242  23.39+2.35 18.11+1.31 18.75+1.23 16.10+0.91 14.08+1.18
H20m24 H32H36
08 km h-" 11 km bt 14 km h'
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Fig.3 (A) Acceleration of the CoM, a, (g_l), as a function of the ver-
tical displacement (S,) at different speed classes. Each curve repre-
sents a specific step frequency class. Note, the vertical stiffness (k)

maximal vertical acceleration (a, ,,,) of the CoM (whose
event occurs close to the time at which the CoM reaches its
lowest point) and the vertical displacement (S, ..) of the
CoM during ., (Fig. 3): k

_ Gymax

vert — ¢
v,ce

Quantification of the intersegmental coordination
via the planar covariance law

For each limb segment, the elevation angles (6°) in the
sagittal plane (i.e., the orientation of the segment in the

of the CoM is characterised by the slope of each curve. Panel (B)
shows k.., as a function SF at different speed classes. All other indi-
cations are as in Fig. 2B

sagittal plane relative to vertical) was computed by:

0= arctan(z”;;"), where (yp, zp) and (yg4, z4) are, respec-
»—Yd
tively, the fore-aft (y) and vertical (z) coordinates of the

proximal (subscript p) and distal (subscript d) markers of
the segment. The joint angles (hip, knee, and ankle) were
computed from the elevation angle of adjacent segments.
The range of motion (ROM) during the stance and swing
phases of each joint was computed as the difference
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between the maxima and the minima of each joint wave-
form over each period.

The phase relationship between the three angles was
assessed by computing the phase lag between each elevation
angles and a cosine function (xcorr routine in Matlab). The
difference in phase lag between the shank and foot segments
elevation angles are presented in the results.

For each trial, time-curves of the elevation angles of the
thigh, shank and foot were time-interpolated over individual
strides to fit a normalised 800-point time-base. The eleva-
tion angles waveforms of the left leg were shifted by 50%
of the stride period. A first average was done across left and
right strides separately, then both legs were pooled together.
In each condition, the average waveforms of the elevation
angles of the three lower-limb segments: thigh, shank and
foot were computed across participants.

In each speed-frequency class, the inter-segmental coor-
dination of the lower-limb segments was assessed using
principal component analysis (PCA). This procedure has
been described in detail in the literature (e.g., Borghese
et al. 1996; Catavitello et al. 2018; Daffertshofer et al. 2004
Dewolf et al. 2018) and will only be explained briefly here.
The centred thigh, shank, and foot elevation angles wave-
forms once plotted in a three-dimensional space form a
loop which lies close to a plane. The best fitting plane is the
one generated by the first two components extracted by the
PCA performed on the covariance matrix of the three eleva-
tion angles waveforms (Daffertshofer et al. 2004; Ivanenko
et al. 2008). The PCA returns the matrix of eigenvectors
U with its associated eigenvalues (4, 4,, 43) rank-ordered
from the highest to the lowest. The eigenvectors u; and u,
generate the best fitting plane and the third eigenvector, us,
orthogonal to the first two, defines the orientation of the
plane. The components of the u; vector: us;, us, and us; cor-
respond to the direction cosines with the positive semi-axis
of the thigh, shank and foot angular coordinates, respectively
(Fig. 6). The percentage of variance associated to the u; vec-
tor (PV3=45/ (4, +4,+1;)) was used as a planarity index
(PV;=0% for maximum planarity).

Statistics

For each participant, the dynamic parameters (e.g., T, t..
taer Loes Lyer kyer) Were averaged first across the right and
left steps for each stride then averaged per stride, whereas
the kinematic parameters (elevation angles, ROM, us, PV;
etc.) were averaged directly across strides. Then descriptive
statistical analysis was performed. First, the Shapiro—Wilk
test was performed to verify normality. When the data did
not meet the normal distribution criteria (Shapiro—Wilk’s
W-test, p <0.05) non-parametric statistics were used for
data analysis. A linear mixed effect model with Bonferroni
post-hoc correction was used to assess the individual and
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interaction effects of frequency and speed on the calculated
variables. When comparing means between two groups, for
example when analysing the on—off ground asymmetry, a
paired t test was used. Statistical tests were run on IBM
SPSS Statistics (PASW Statistics, 19, SPSS, IBM, Armonk,
NY, USA). The results of the statistical tests were considered
significant for a p-value <0.05. When a curve was drawn on
figures, these were based on quadratic fits done on GraphPad
Prism (GraphPad Software, LL.C, Dotmatics, San Diego CA,
USA).

Results

Effect of running frequency on the work and power
done

External work and power

The external work done per step is much greater at low SFs
than at high SFs (p <0.001, fixed effect estimates between
2.0 and 3.6 steps s™': 0.71, p <0.001; Fig. 2B). The mass-
specific external power (W,,,) is plotted in Fig. 2B, it
decreases with speed and SF (qu.= 129.3, p<0.001). The
push-averaged mechanical power (W, ) Was also greater
at fast running speeds (p <0.001) and greater at smaller SF
as compared to higher SF (Fy;=16.7, p <0.001) (Table 2).

Internal work and power

The internal positive power increases when deviating from
PSF (Fig. 2). Indeed, for each speed, the positive internal
power is at its minimum between +2.4 and +2.8 steps s~
(the minima are 2.39, 2.52, 2.68, 2.79 steps s7L respec-
tively, at 8, 11, 14 and 17 km h~!, based on a polynomial
regression curve in Fig. 2B). The increase in W, is greater
when running at higher SFs and low SFs compared to PSF
(qu=728.2, p<0.001). Furthermore, the internal power
(W,,0), as seen in Fig. 2, increases with both speed and fre-
quency (Fy,=24.2, p<0.001). However, When analysed sep-
arately, we observed that the upper limb W, , increases with
speed but decreases with frequency (Fg,=18.45, p <0.001).

Bouncing mechanism of running
Vertical stiffness

Figure 3 illustrates the vertical GRF plotted as a func-
tion of the vertical displacement of the COM, showing a
quasi-linear relationship. The mass-specific vertical stiff-
ness was reduced with lower SF and increased with higher
SF (p<0.001, Fig. 3). At the PSF, k., increases with
speed as in Cavagna et al. (1988), whereas throughout the
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frequency classes, k., does not vary much with speed.
The increase of vertical stiffness is related to the vertical
force applied to the ground. Indeed, the F, .. is greater
at low SF as compared to high SF (qu =956.9, p<0.001;
Fig. 1).

08 km h™'

11 km h™’

On-off ground asymmetry

When running at an imposed step frequency, the speed can
only be changed by tuning the step length, L (Fig. 4). Ata
frequency of 2 step s!, L varies from~1.1 m at 8 km h™!
to~2.4 m at 17 km h™!. The horizontal distance covered by

the CoM during ., i.e. L. ranges from 0.5 m at the lowest

14 km h" 17 km h"
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Fig.4 Spatiotemporal and step length parameters presented as a func-
tion of SF at different speed classes. The upper row presents the step
time (7, dark blue squares), effective aerial time (z,,, light blue cir-
cles) and effective contact time (7., light blue triangles). The second
row represents the corresponding step length (L, dark red squares),
effective aerial length (L., light red triangles) and effective contact

length (L, pink circles). The third and fourth rows show the spati-
otemporal parameters and vertical displacement of the CoM, both

occurring during the contact phase (¢,). In the top row, the 7, (dark
blue squares) is divided into its brake (f,., light blue circles) and
push phases (7,,q,, light blue triangles). In the bottom row the verti-
cal displacement of the CoM during the contact phase is divided into
the displacement done between the touch down and minimum height
(8¢ downs Pink triangles) and from the minimum until take-off height

(S up> red circles). All other indications are as in Fig. 2B
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speed to 0.75 m at the highest speed, close to the maxi-
mal anatomical value previously determined by Cavagna
et al.~0.7 m (1991). Since L, is limited, L is increased by
increasing L,. (L-L.). When speed increases, the period
t.. to cover the distance L, decreases and consequently, 7.
(T-t,.) must increase accordingly. Subsequently, when run-
ning at low SFs, the bounce is asymmetric at all speeds,
i.e, L <L, and <t (for ., t,.. p<0.007 and for L,
L,.: p<0.002 at slow speeds) and this asymmetry is more
pronounced the higher the speed (for ¢, t,. and for L., L,.:
p<0.001 at fast speeds).

At 3.6 step s~!, L varies from~0.6 m at 8§ km h™!
to~1.3 m at 17 km h™!. At this frequency, L., ranges from
0.3 m at the lowest speed and 0.6 m at the highest speed,
which is smaller than the anatomical limitation. For most
speeds, L..=L,. (p>0.05), and in turn ¢, =¢., (p>0.05),
except at 17 km h™! where it becomes slightly asymmetric
(p<0.001 for both). Therefore, when running at a higher fre-
quency, the bounce is symmetric in a larger range of speeds.

ce?

Landing-take off asymmetry

The timing of negative and positive work production during
t, varies with speed and step frequency (Fig. 4). In particular,
Toush 18 modified by the SF (F=776.4, p<0.001). Indeed,
the timing during which muscles perform positive external
work is extended during running with a lower SF while it is
decreased at a higher SF (F=776.4, p<0.001). This land-
ing-take off asymmetry is also reflected in the displacement
of the COM during the contact phase. At low SFs and slow
running speeds, the vertical downward displacement of the
COM, S_ 4own- 1s greater than its upward counterpart (Fig. 4),
this difference lessens with increasing speed and SF.

Kinematics of running

Intersegmental coordination. Figure 5 illustrates the time-
normalised elevation angular motion waveforms of the thigh,
shank and foot over an entire stride at 8 and 17 km h™! and
in all frequency classes. Below each group of curves is
depicted the corresponding, 3-dimensional view of the ele-
vation angle trajectories along with the best fitting plane. At
each speed, an increase of the step frequency corresponds to
a rotation of the covariation plane (i.e., when reading Fig. 5
from left to right), whereas maintaining a fixed step fre-
quency and increasing the speed (i.e., reading from top to
bottom), the rotation is no longer evident. This is further
shown in Fig. 6, where us,, the direction cosine of the third
eigenvector which is orthogonal to the plane, increases with
frequency but not with speed (Fg,=22.9, p <0.001; speed:
p=0.8). It can also be observed that at 2 step s~!, the shape
of the loop is drastically different from the other conditions
and is speed dependent, changing from a drop-like shape at
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8 km h™! to a quasi-ellipse at 17 km h™!, while at the other
conditions the only observation is an enlargement of the loop
whilst keeping a similar shape. u;; slightly decreases with
SF (F=5.44, p<0.001) and does not change with speed
(p=1). Concerning u 3p there is a slight effect of SF (F=2.9,
p=0.02) and of speed (p <0.001). The latter is because there
is a difference between 8 km h™! and the other speeds (fixed
effect estimate — 0.32, p <0.014, compared to 17 km h_l).

The percentage of variance accounted for by the third
eigenvector (PV;) was used to quantify the planarity. Results
show that the planarity was generally maintained for all
speed and frequency classes (PV; ranged between 1.3% and
3.6%, overall minimum and maximum values, respectively).
Linear mixed model effect shows a slight interaction effect
between the speed of progression and frequency (p =0.007).
However, when considering post-hoc correction PV3 is sig-
nificantly lower at speeds above 14 km h™! (»p <0.001) as
compared to slower speeds. Furthermore, PV3 is lower at
SFs below 2.8 steps s~! compared to PSF (p <0.001).

At 2.0 step s~ !, the movements of the shank and the foot
are not in phase. When speeds and frequencies increase,
the phase shift between the shank and foot elevation angles
tends towards O meaning the movements of these two seg-
ments become gradually in phase (SF: F=10.6, p<0.001;
speed: p=0.127). The phase relationship between the thigh
and shank elevation angles decreases with speed (p <0.001)
and increases at the lowest frequencies as compared to PSF
(SF: F=17.58, p<0.001).

Both the amplitude ratio and the time relationship char-
acteristics between the elevation angles of two adjacent limb
segments determine the lower-limb joint angle. For example,
if the shank and foot elevation angles have the same ampli-
tude and are in phase, no motion would occur at the level
of the ankle. Therefore, since a joint angle can be deduced
from two adjacent elevation angles, the joint angles and their
ROM are only presented in supplementary materials (Figs.
S1 and S2).

Discussion

The effect of step frequency on the bouncing
mechanism

When running speed increases, the PSF increases from 2.7
steps s™' at 2.2 ms™! to 2.9 steps s ~! at 4.7 m s™!. Already
well-documented in the literature (He et al. 1991; Cavagna
et al. 1988), we observed an effect of speed on the verti-
cal stiffness at PSF. Regarding a change in frequency at a
given speed, a linear relationship between k.., and SF has
been documented at only one relatively slow speed of pro-
gression (i.e., 2.5 m s~!) by Farley and Gonzalez (1996).
Here, by analysing various speed classes, we highlight
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Fig.5 Time normalised average +standard deviation cloud of the
lower limb elevation angles done over a percentage of stride at differ-
ent SF presented at both 08 and 17 km h™': thigh (top), shank (mid-
dle), and foot (bottom). The stride is cut into their four sequential
temporal parts. (1) Blue corresponds to the contact time, followed by
(2 and 4) the aerial phases in red, (3) the green represents the contact
time of the other leg. The horizontal, respectively, coloured, dashed

another important finding. In each speed class, k., increases
similarly with SF as observed in Farley & Gonzalez. This
result suggests that the adaption of k,,, to a particular speed
reflects a change in the frequency chosen by the runner more

line represents the neutral standing position of each segment. The
stick figures below represent a typical trace of one subject taken every
5% of the stride, the colours represent the same temporal phases as
the elevation angles. The cubes below show the average loop trajecto-
ries across all participants with superimposed the best fitting covari-
ance planes (the grey grids)

than a change in the running speed itself. This is evidenced
by the ‘sliding’ of the PSF values upon the frequency curves
at different speed classes for k., as shown by the green
square dots in Fig. 3B.
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Fig.6 The third eigenvector direction cosines for the thigh (us, squares), shank (u;, upper triangles) and foot (u;;, downwards triangles) seg-
ments, of the normal to the covariation plane as a function of SF at different speeds. All other indications are as in Fig. 2B

Similarly, the observation is also valid for the orienta-
tion of the covariance plane, which reflects the coordina-
tion between the lower-limb segments. Indeed, at the PSF
an effect of speed has been observed or so, the orienta-
tion of the plane rotates as a function of speed (Ivanenko
et al. 2007). However, as for k., when considering the
whole data set of speeds and frequencies, we observed an
increase of u;, as a function of SF but not as a function of
running speed. In other words, the effect of speed on uy,
at PSF could simply be due to a change in the preferred
step frequency across speeds.

The choice of PSF, at the speeds studied in this paper,
has been shown to be self-optimised by runners in a way
that minimises both the mechanical and metabolic power
of the runner (Burns et al. 2019; Cavagna et al. 1991).
This is a central element in the development of an eco-
nomical and safe running gait (Folland et al. 2017; Moore
2016; Williams and Cavanagh 1987). As explained in the
recent review by Van Oeveren et al. (2021), debate exists
whether SF is modified within trained/elite runners as
compared to recreational/amateur runners: some authors
show an increase of SF in athletes (Nuifiez Lisboa 2021;
Slawinski and Billat 2004), others find a decrease (da
Rosa et al. 2019) and still others find no significant dif-
ferences between groups (Folland et al. 2017). In fact,
the choice of PSF is highly dependent on the speed of
progression, however, better runners are shown to have a
resonant step frequency (i.e., the natural frequency of the
bouncing system) (Cavagna et al. 1991) that is increased
as compared to amateur runners, as argued in da Rosa
et al. (2019).
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Running with a high step frequency

As described in Cavagna (2010), running with a step fre-
quency higher than the PSF requires lower GRFs per step,
both in the fore-aft and vertical direction (Fig. 1). Thus, the
external work and power (Fig. 2) done to move the CoM is
also decreased. On the contrary, the internal power,W,,, to
move the limbs relative to the CoM is increased as the time
required to reset the limbs for the following step is shorter
and the limbs must be reset more often for the same time
period.

From a mechanical point of view, running with a higher
step frequency seems to accentuate the elastic bounce of
running. Indeed, the spring becomes stiffer as the vertical
displacement is smaller and both the contact (z.) and effec-
tive (¢..) contact times are smaller (Farley and Gonzalez
1996). Furthermore, producing smaller steps is also done
by reducing the effective aerial phase (¢,.), which becomes
shorter (Fig. 4). We observe here that the subjects spontane-
ously adopt a symmetric rebound, where the duration of the
lower part and upper part of the vertical oscillation is about
equal and the step frequency equals the natural frequency
of the bouncing system (Cavagna et al. 1988). According
to Cavagna (1997), tuning the step frequency to the natu-
ral frequency of the bouncing system results in a minimum
of metabolic energy expenditure and in a maximum of the
efficiency of conversion of stored energy into positive work.

The accentuation of the ‘elastic bounce’ in human run-
ning shows smaller differences between the ‘braking phase’,
where elastic energy is stored into the muscle-tendon unit,
and during the ‘push phase’, where elastic energy is released
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(Cavagna 2009; Dewolf and Willems 2017, 2019; Ruina
et al. 2005). First, the difference observed between the down-
ward and upward displacements of the CoM during con-
tact is reduced at higher SFs (Fig. 4), suggesting a smaller
hysteresis in the force—length relationship of the spring leg.
Second, the duration of the positive work production phase,
Tpush Decomes similar to that of the negative work produc-
tion phase, ... The bounce of an elastic structure with
no hysteresis would imply a ¢, & fygee @0d S¢ goun & Sc yp
(Cavagna 2009); therefore the modifications observed at
high SFs are an expression of a more efficient use of elastic
rebound, i.e., that the positive energy released approaches
the negative energy stored. Nevertheless, when SF increases,
the more efficient elastic rebound translates to less external
work produced by the transformation of chemical energy
into mechanical work but also comes with an increase of the
internal work (Cavagna et al. 1991).

From a kinematic point of view, to perform a smaller
step length, the ROM of the lower limb segments (eleva-
tion angles) and consequently of the joints is adapted. The
reduction of step length with higher SF induces a reduc-
tion of the thigh elevation angle ROM (and in turn of the
hip ROM) during both the contact and aerial phases (Fig. 5
and Fig. S1). Furthermore, the ROM of the knee reflects
the modifications brought about the amplitude and timing
relationship of the thigh and shank segment elevation angles
(Fig. S1 and Fig. 5). During the contact phase, the knee
ROM decreases to control the vertical stiffness of the lower
limb (Ferris and Farley 1997; Giinther and Blickhan 2002).
During the aerial phase, it has been reported that runners
with a higher SF have higher knee flexion during the swing
phase (van Oeveren et al. 2021). At first glance, our results
(Fig. S2) would disagree with these findings, however, at the
speeds measured in this study, the normal ranges of PSF are
on average always below 3 steps s~! (Table 1). When the SF
rises above 3 steps s~! the time required for the aerial phase
is too short for a runner to fully swing their leg and ade-
quately bend their knee. Consequently, knee ROM decreases
at higher SFs, despite its negative consequences on the W,
(Fig. 2). Additionally, as step length increases, the phase
relationship between shank and foot segments elevation
angles tend to O (Fig. 5) and ankle motion decreases. It has
been noted that ankle motion is primarily a consequence
rather than a cause of leg motion (van Oeveren et al. 2021).
Moreover, this reduction in ROM during the contact phase,
as frequency increases, may contribute to the reduction of
the landing-take-off asymmetry (Maykranz and Seyfarth
2014).

In addition to the modifications of joint angles, the
changes in the phase relationships between the elevation
angles of the lower limb segments are evidenced by changes
in the third eigenvector, and in particular uy, (Barliya et al.
2009; Bianchi et al. 1998). The eigenvector direction cosine,

us, tends towards zero at the highest SF which is most likely
due to the reduction of the distance between the minima of
the foot and shank segments that are more in-phase (Figs. 5
and 6). Because of the reduction of movement amplitude, we
also observe that the loop amplitude decreases with increas-
ing step frequency (Fig. 5).

Running at a low step frequency

Running with a step frequency lower than the PSF requires
greater GRF in both the fore-aft and vertical direction to
travel (Fig. 1), thus increasing the external work (and, there-
fore, the external power, Fig. 2). In turn, the internal power
done over the step,W,,,, is reduced as the time to reset the
limb is longer and the limbs must be reset less often per unit
time (Fig. 2). However, at the lowest SFs W, , increases after
reaching a minimum.

From a mechanical point of view, running with a step fre-

quency lower than the PSF seems to lessen the effectiveness
of the elastic rebound at any speed. Indeed, k., is reduced
as the vertical displacement and the effective contact time
(t..) increase. Furthermore, at a given speed for a runner to
increase SL, they must lengthen both L,, and L, until the
latter reaches its physiological limit (~0.6—0.7 m) (Cavagna
etal. 1988, 1991, 1997) (Fig. 4). Beyond this point, the only
way of increasing L is by increasing L,.. As aresult, f,. <?,,
and the subjects adopt an asymmetric rebound.
The ¢, t.. asymmetry implies that the velocity at take-off
and so the power produced during 7y, must be increased.
A greater push-averaged power (Wey push = Wext/fpush) 1
therefore observed (Table 2). This is similar to uphill run-
ning or running against a horizontal traction force, where
the push-average power must be increased (Dewolf et al.
2016; Mesquita et al. 2020), the increase of power is limited
by (i) increasing the duration of the push at the expense
of the duration of the brake (Fig. 4), and (ii) by reducing
the downward displacement of the CoM as compared to its
upward motion.

Running at a low SFs has consequences on the kinematic
strategies adopted by the subject as evidenced partly by
the larger and quasi-ellipse shaped loop (Fig. 5). Due to
changes in the phase relationships between the elevation
angle waveforms of the lower limb segments, the changes
in uy,, (Figs. 5 and 6) are evidence of an adapted kinematic
strategy (plane rotation) when reducing SF. Particularly, us,
decreases with lower SF, while u;, decreases and u;; remains
relatively constant. Moreover, u;, has been correlated with
the mechanical energy expenditure during walking (i.e., the
higher the third eigenvector, the higher the net mechanical
power) (Borghese et al. 1996; Grasso et al. 2000). This could
imply that the rotation of the covariance plane is correlated
with the net mechanical power produced to move the CoM
in running. At slower step frequencies, the third eigenvector
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is furthest from 0, i.e., the plane rotates considerably at such
SFs, potentially related to the fact that the net mechanical
power developed to move the CoM forward is increased
(Figs. 2, 5 and 6).

The lower limb and joint motion at touchdown have been
reported to be similar at the level of the thigh, the knee and
ankle for SFs ranging from 2.5 to 3.1 steps s ! (Clarke et al.
1985). Whereas we also observed little to no modification at
touchdown, the ROM during the contact phase is influenced
by the SF. For example, the longer steps are a consequence
of a modification of the thigh oscillation (and in turn the hip)
during the contact phase (Fig. 5 and S2), even if this increase
is limited by anatomical factors. A consequence of such
limitations is that the thigh ROM increases mainly during
the aerial phase. In addition, during the contact phase, the
knee ROM increases as the vertical displacement increases,
indirectly controlling the reduction of lower limb stiffness
with low SF. Concerning the ankle joint, the ROM during
the contact phase also increases as SF decreases. The greater
joint ROM, reflects the modification of the phase relation-
ship between shank and foot segment elevation angles, may
reflect a greater contribution of the muscle to the length
change of the muscle—tendon unit during contact, thus devi-
ating from an elastic rebound (Fig. 5, S2).

During the swing phase, the subject sees their aerial peak
knee flexion (and in turn the ROM,, Fig. S2) decrease as the
SF decreases. A smaller knee flexion throughout the aerial
phase leads to an increased inertia of the swing leg over
the aerial phase (Willems et al. 1995). A greater swing leg
moment could be used by the runner as a supplementary
upwards impulse to the stance leg as it pushes off the ground
(Seyfarth et al. 2022), to increase the propulsive forces in the
fore-aft direction that are associated with running at lower
SFs (Cavagna et al. 1991; Chang and Kram 1999).

Observations regarding the W,,,

When considering for energy transfer between the segments
of the same limb, our W, results at PSF are, respectively,
on average 12% and 14% lower than the results obtained in
Willems et al. (1995) and Cavagna et al., (1991) which were
done while over-ground running but similar to Gosseye et al.
(2010) done while running on a treadmill. However, when
not taking energy transfer between segments into account,
our results are on average only 2.5% lower to those of Wil-
lems and colleagues. This difference could be due to differ-
ences in movements of the limbs on a treadmill as compared
to over-ground running (Miller et al. 2019; Van Hooren et al.
2020). In contrast with the results of Cavagna et al. (1991),
our results show that the W.:t does not decrease linearly
with decreasing SF. Here we observe that the internal work
reaches a minimum at around 2.4 steps s~! before rising
again, especially at fast running speeds. These authors base
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this result on lower speeds. In fact, at the faster speeds the
internal work was only measured at higher SFs (smallest SF
2.5steps s~ at 14kmh~! and 3.2 steps s~ at 17 km h™!) and
aregression curve was used to extrapolate the lower internal
work results. Here, at low SF a greater contribution of the
upper limbs increases the Wi:l compared to PSF (Fig. 2A, B).
This is visible in Fig. 2B as the difference between the power
done by the lower limbs (dashed grey line) and the total W; "
(red lines and circles). In addition, due to the greater knee
extension during stance (Fig. S1), the maximal velocity of
the foot is greater at low SF as more distance needs to be
travelled during the swing phase (Fig. S3). Both the ipsilat-
eral arm and the contralateral swing leg could be used by the
runner as a supplementary upwards impulse to the stance leg
(Seyfarth et al. 2022).

During a stride, the internal energy-time curve of each
lower limb, as seen in Fig. 2, presents two peaks occurring
during the two contact phases: a first peak when the lower
limb itself is in contact with the ground and moves back-
wards relative to the trunk, a second peak when the opposite
lower limb is in contact with the ground. In this case, the
lower limb moves forwards relative to the trunk. During the
two aerial phases, the internal energy of each limb is mini-
mal, suggesting that the limbs are not moving a lot relative
to the CoM. A similar phenomenon is observed at the level
of the upper limbs: the kinetic energy of the upper limbs
relative to the COM is higher during the contact phases than
during the aerial phases. Although, due to the small mass
of the upper limbs, the variation of their internal energy is
smaller than in the lower limbs.

A proper synchronisation between the movements of
the upper and lower limbs during running can be beneficial
in terms of energetics and gait stability in locomotion. In
the discussion of Willems et al. (1995), the authors argue
that it is rather complicated to consider for energy transfer
between the energy of the limb segments and the energy of
the CoM without regarding for the feasibility of this transfer.
The peaks present in the energy curves of the limb segment
movements which correspond to the energy curve peaks
based on the movements of the CoM could be evidence that
a transfer between limb segment energy and CoM energy is
in fact possible.

Limitations

Some limitations are present in this paper. First, although
the required number of steps is met to be able to reduce
type I error, the sample size is rather small. Furthermore,
all subjects were recreational amateur runners. The study
did not compare untrained and trained runners whereas a
lot of the literature distinguishes two groups. Second, the
difference in our findings and the findings from Cavagna
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et al (1991) concerning the W, at the lowest frequencies
and faster speeds do not match. This difference could be
due to a result of the instruments used in data acquisition
and analysis. Another possibility is that there are differences
between the internal work of a subject when running over-
ground and on a treadmill e.g., eventual energy transfers
between internal and external work. This last limitation
should, therefore, not be viewed as a limitation per se but
rather as a starting point for further research comparing the

differences between both.

Conclusion

To the best of our knowledge, this paper is the first, to
compare SF and the bounce mechanics’ spatiotemporal
parameters and its relation to lower limb motion. Despite
the extensive literature on SF and running, our results bring
arguments that the adaption of k., to a particular speed
reflects a in the frequency chosen by the runner more
than the running speed itself. This result is also extended
to the motion and relation of the lower limb segments, as
evidenced by the planar covariance law. When running at
higher SF, running mechanics is best explained by the elastic
bouncing model of running. Whereas when running at the
lower SFs, running mechanics thus deviates from the bounc-
ing model of running.
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