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The dynamic system that is the bipedal body in motion is of interest to
engineers, clinicians and biological anthropologists alike. Spatial statistics
is more familiar to public health researchers as a way of analysing disease
clustering and spread; nonetheless, this is a practical approach to the two-
dimensional topography of the foot. We quantified the clustering of the
centre of pressure (CoP) on the foot for peak braking and propulsive vertical
ground reaction forces (GRFs) over multiple, contiguous steps to assess the
consistency of the location of peak forces on the foot during walking. The
vertical GRFs of 11 participants were collected continuously via a wireless
insole system (MoticonReGo AG) across various experimental conditions.
We hypothesized that CoPs would cluster in the hindfoot for braking and
forefoot for propulsion, and that braking would demonstrate more consist-
ent clustering than propulsion. Contrary to our hypotheses, we found that
CoPs during braking are inconsistent in their location, and CoPs during pro-
pulsion are more consistent and clustered across all participants and all
trials. These results add to our understanding of the applied forces on the
foot so that we can better predict fatigue failures and better understand
the mechanisms that shaped the modern bipedal form.

1. Introduction

The portion of the human foot that is in contact with the ground (the sole of
the foot) during bipedal walking is the primary point of balance for the body
above it, allowing for movement through a variable environment. Yet, the
sole of the foot is not a large surface area compared to the rest of the body.
During walking, two maxima in ground reaction force (GRF) occur in each
step, one associated with braking and one with propulsion (e.g. [1,2]). While
the magnitude of these forces has received considerable attention (e.g. [3,4]),
the location of the centre of pressure (CoP)—the resultant location of all
forces applied to the sole—has been less investigated [5,6]. GRFs are a funda-
mental variable in most biomechanical analyses (e.g. [7-10]), often used to
determine joint moments (e.g. [10]), but the location where a force is applied
is as critical as its magnitude in determining moments, which are defined as
the application of a force through a distance [11]. Consequently, knowing the
location of the CoP of the GREF, because it determines the distance, is important.
Further, gait (e.g. velocity) and substrate (e.g. gradient; treadmill versus
over ground) characteristics are known to affect force magnitude (e.g.
[7,10,12-14]), but their effect, or lack thereof, on CoP location is unknown.

In this study, we determine the CoP location of the peak braking and pro-
pulsion vertical GRFs for several walking conditions and consider the degree
to which the CoP locations are clustered across multiple contiguous steps.
Highly clustered CoP locations indicate that biomechanical analyses might
draw on data derived from a few steps, as most steps are consistent with
others. Less clustered CoP locations point to the need for more steps to be eval-
uated, as the CoP of any particular step could vary substantially from another.
We hypothesize that the CoP location of the peak braking GRF is consistently
located in the hindfoot while that of peak propulsion is in the medial forefoot
(about which we provide more detail below).

© 2021 The Author(s) Published by the Royal Society. All rights reserved.
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1.1. Forces matter for many reasons

The biomechanics of the human foot is relevant to researchers
in many fields, including human evolutionary anthropology,
biomechanical engineering and medicine. The derived biped-
alism of hominins is of particular interest to evolutionary
anthropology because bipedalism is unique among primates
and this shift in locomotor behaviour required morphological
changes to the musculoskeletal system to accommodate the
change in magnitudes and locations of the application of
the forces produced during locomotion (e.g. [15,16]). Under-
standing the biomechanics of hominin mobility is key to
understanding human evolution, and the derived morphology
of the modern human foot is one of the more substantial differ-
ences between the anatomy of modern humans and extant and
extinct non-human primates. This morphological difference is
associated with bipedalism (e.g. [15,17]). For example, it
has been postulated that habitual bipedalism required the
development of the non-divergent hallux and a medial arch
of the human foot (e.g. [18]). These human features work
in tandem to create a relatively stiff lever, a morphological
adjustment to the musculoskeletal system directly connected
to the locations of the applied forces (e.g. [19-21]). The
locations and magnitudes of applied forces on bony systems
have, therefore, evolutionary and ontogenetic impacts on the
musculoskeletal system at the level of both short (developmen-
tal change in the lifetime of an individual) and long time scales
(evolutionary change over millions of years) (e.g. [17,19-21]).
Through better understanding the locations of peak GRFs
during bipedal walking, we gain insight into not only the func-
tion of the foot, but also the form as it has developed over these
multiple time scales (e.g. [18,22]).

The biomechanics of human movement and its conse-
quences for the musculoskeletal system have also been of
long-term interest to engineers. For instance, Wolff's Law was
inspired by the observations of structural engineer Karl
Culmann of human femoral sections produced by his
anatomist colleague Hermann von Meyer [23]. Today the bio-
mechanics of human movement is a key component of
engineering, from ergonomics (e.g. [24]) to medical device
development (e.g. [25]) to product design (e.g. [26]). All muscu-
loskeletal elements are impacted by the magnitude and
CoP locations of the GRFs that travel through the foot during
the gait cycle (e.g. [2,3,27]). For instance, the locations and mag-
nitudes of GRFs determine joint moments throughout the
weight-bearing system and joint moments influence muscle
forces (e.g. [3,27-29]). Slight adjustments to the action of the
foot during the gait cycle result in broad changes to the rest of
the body in motion (e.g. [3,28]). For instance, bone is not a stan-
dard engineered material like steel or reinforced concrete. Bone
is strain sensitive—it grows or resorbs due to loads imposed on
it—and strains derive from both force magnitude and appli-
cation location (see e.g. Wolff’s original 1867 paper, reprinted
2010 [30,31]). Bone remodels based on the magnitudes and
locations of applied forces, whether they are internal muscular
forces or external applied forces. Conflicting evidence for the
level of this sensitivity, however, and whether bone remodels
to prevent fatigue failure (chronic, lower-magnitude loading)
or more acute failure (higher-magnitude, but more infrequent
loading) muddles our current understanding of skeletal mor-
phology [32,33]. Highly precise loads, as mentioned above,
may change skeletal morphology in ways that differ from
changes that result from more diffuse loading patterns.

Disentangling these threads requires information about loading
location because a load with an application area that is concen-
trated is locally higher than that with similar magnitude spread
over a greater application area.

The foot is also clinically relevant. In any system, high
forces that repeatedly occur in the same location lead to loca-
lized fatigue failures that can be catastrophic to the function
of the system (e.g. [34]). In the human body, walking consti-
tutes cyclic loading of the dynamic bipedal system (e.g. [35]).
Precision in the location of forces on the foot during the gait
cycle, in conjunction with extreme force magnitudes, may
lead to localized failures of the system, i.e. acute damage to
the soft tissue or bone from a traumatic event. Cyclic loading
at non-peak magnitudes, or in more diffuse locations on the
foot, can also result in a loss of mobility due to pain or
injury over longer periods of time (e.g. [35]), even though
the musculoskeletal system has, presumably, developed in
response to these chronic loads. Nonetheless, foot structure
is variable (e.g. arch height [36]; midtarsal break [37]; compli-
ance [38]), with potential impacts on the location of the CoP
(e.g. [5,6]). Consequently, in order to understand the evol-
utionary pressures associated with bipedalism, the
biomechanical consequences of human mobility and the effec-
tiveness of medical treatments, understanding the GRFs and
associated CoPs of movement over variable terrains, gradi-
ents, burden regimes and speeds is necessary.

1.2. Ground reaction forces

The work described herein extends the work of previous walk-
ing studies (e.g. [13,39-44]) to gather GRF data from the foot—
surface interaction outside of the confines of the laboratory
across multiple, contiguous steps. GRFs reflect the interaction
between the foot and the substrate during the stance phase of
gait, and two peaks in the vertical component of the GRF are
typical in walking (figure 1). The body slows in early stance
(the braking period) producing, on occasion, an early transient
force spike, then a GRF peak, passes above the stance foot in
midstance with a decrease in the GRE and accelerates in late
stance (the propulsive period) producing another GRF peak.
In healthy adults, the vertical force peaks coincide with
peaks in the anteroposterior direction that reflect braking
and propulsion, but this congruence does not always manifest
in children or people with pathologic gait (e.g. [45-47]). GRF
magnitude varies with factors that include, but are not limited
to, mass of the body in motion, velocity of travel (e.g. [27]),
system pathology (e.g. [1]), burdens carried (e.g. [48]) and sur-
face type (e.g. [12]).

While the variation in GRF magnitude is well known, the
location of the CoP at these peak vertical GRFs, however, is less
well established. The heel is typically the first anatomical fea-
ture to strike the ground and the toes are the last to leave
during a step, but the CoP location when peak vertical (brak-
ing and propulsion) force occurs and its consistency of
placement is less explored (e.g. [49]). Grundy et al. [5] found
that the peak braking vertical GRF occurs when most of the
foot is already in contact with the ground, but they were lim-
ited by the force plate technology of the time and did not
examine in detail the consistency of this placement or whether
it varies based on velocity, substrate or gradient. Croft &
Bertram [6] recently examined the foot-ground interaction
during bipedal walking through the lens of bipedal optimiz-
ation, noting that the CoF, as it travels along the foot, plays

8600020Z :LL Smo4 apuaju)  sisi/jeuinol/biobuiysijgndfianosjesol H



Downloaded from https://royal societypublishing.org/ on 03 April 2023

750 4 1

500 1

total force (N)

250 1

04
575 580 585 590 595 600

time (s)

750 4

total force (N)

I I
| I
| |
I I
I I
I I
I I
500 4 | |
I I
I |
I I
| I
| |
| |
| |
I

cJutldyyguuuyy

T T T T T

590.0 592.5 595.0 597.5 600.0

time (s)

A ——

800 1

600 A

400 4

total force (N)

200 1

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

594.4 594.8 595.2 595.6

time (s)

Figure 1. Vertical GRF for left foot. Isolated individual left foot steps for one par-
ticipant (body weight at stance = 812 N) during hallway walking at self-selected
velocity. The vertical force curve for a single foot over the course of the gait cycle.
‘A" denotes peak vertical force at braking and ‘B’ denotes peak vertical force at
propulsion. Dashed lines isolate a single interaction between the foot and the
ground, with panels progressively displaying a shorter time frame.

an integral role in predicting the overall dynamics of the
system. The CoP at peak GRF indicates where the resultant
of the contact forces between the foot and substrate act on
the foot during a gait cycle. The CoP at peak GRF over multiple
gait cycles describes the nature of the cyclic loading of the
musculoskeletal system. As with any dynamic system,
repeated loading patterns play an important part in system
design to ensure durability, i.e. these systems are designed
for fatigue loading, as discussed above. It is crucial, therefore,
that we understand where the CoPs at peak forces occur on the
foot, not just over one loading cycle, but over many loading
cycles, to fully grasp the system dynamics as a whole and
what it implies for human bipedal mobility.

1.3. Spatial statistics
The spatial nature of CoP measurements requires a different
methodology than one would use for GRF magnitude data.

Spatial statistics is an analytical method for quantifying the
distribution of data over a physical region. Most often used
in epidemiology or geographical analyses to examine disease
events (e.g. [50-52]), spatial statistics has diverse applications
(e.g. tree clusters [53], mineral contents [54], neuron distri-
bution in the brain [55]). Spatial statistics methods are also
found in a variety of engineering disciplines (e.g. mechanical
engineering [56], geological engineering [57], electrical engin-
eering [58], environmental engineering [59,60] and petroleum
engineering [61]). Applying this methodology to examine
point positions of CoP on the sole of the foot is an extension
of these problems where we treat the sole of the foot as
geography at a smaller length scale.

Pedobarography is the study of the pressure pattern of the
sole of the foot during stance or movement (e.g. [62-65], etc.).
The pressure distribution of the GRF drives the biomechanics
of the entire body and so has been used to assess the biome-
chanics of gait (e.g. [21]). Pedobarographic data are also used
by clinicians to determine which section of the foot is in con-
tact with the ground in order to assess pathology of
movement or investigate the impact of those pathologies on
foot mechanics (e.g. [62,64]). A variety of statistical analysis
methodologies have been applied to address the spatio-tem-
poral nature of pedobarographic data, ranging from image
analysis techniques (e.g. [63]) to statistical parametric map-
ping (e.g. [66]) in addition to more simplified analyses of
the magnitude of pressures (e.g. [67]).

This project developed from our interest in the consistency
of the location of CoPs across many loading cycles and con-
ditions (e.g. speeds, terrains and gradients). Modern humans
do not move only at a single speed along flat surfaces, and
we wanted to capture any potential for variability along differ-
ent terrains and at different speeds. Most pedobarographic
work relies on pressure pads or force plates set into the floor
to capture participant data (e.g. [64,65], etc.). This approach
restricts researchers to collecting a few steps over the course
of several trials, which increases the potential for variability
across trials. By using wireless, pressure-sensing insoles (Moti-
con ReGo, Munich, Germany), we were able to collect CoP
data over multiple, contiguous steps for all participants and
all trials both within and outside of the confines of the labora-
tory. We used Ripley’s clustering K-function [68,69] to
quantify the consistency of CoP location during the peak brak-
ing and peak propulsive vertical GRFs. To our knowledge, this
work is the first to apply spatial clustering analyses to look at
the consistency of CoP on the foot during multiple, contiguous
gait cycles across different terrains and at different speeds.

1.4. Hypotheses

Feet are the primary point of contact with the environment
and subject to the cyclic forces of locomotion from heel
strike to toe off. The applied loads to the hindfoot react
directly into the tibia through joint (tibiotalar) contact, form-
ing a stable, compressive column, while loads applied to the
forefoot (e.g. loads applied under the metatarsal heads) rely
on the mid- and forefoot (which form the longitudinal
arch) to act as a rigid, cantilevered beam. Given that this
beam is composed of numerous bones linked by ligaments
and the action of muscles, some flexibility in the arch is poss-
ible. Based on these mechanical considerations, we predict
that the location of the CoP will be consistently clustered in
the hindfoot for the braking peak and consistently in the
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Table 1. Participant data, including average self-selected velocities for the overground walking trials.

neutral standing

participant force (N)

X1 2% 702 868

X4 2 120 1176 ‘
e S
i s
e

X11 R 79 7144
g s

forefoot for the propulsion peak across all conditions and all
participants. We also predict that there will be no difference
in degree of clustering, as assessed by Ripley’s K-function,
of CoP points between braking and propulsion within trials.

2. Methods
2.1. Participants

The data were collected from a convenience sample of 11 partici-
pants (six females and five males) ages 20—42 years (table 1), who
were without gait pathology or injury to their lower limbs within
the last 2 years. We measured their mass (kg) with a standard
scale and calculated a neutral stance force, which was equal to
the sum of the force exerted on both insoles while the participant
stood quietly. Arch index (AI) was calculated as the ratio of mid-
foot area to total foot area during quiet standing [70] from
footprints for each participant obtained from a pressure mat
(RSscan International, Olen, Belgium).

2.2. Experimental set-up

Each participant was fitted with a pair of wireless pressure-
sensing insoles (Moticon ReGo AG, Munich, Germany) worn in
a pair of water socks (Fitkicks™). We used the water socks to
limit the effect of variability in shoe sole stiffness and obtain a
condition as close to unshod as possible. Thirteen force sensors
are distributed across the insole surface and were set to collect
data at 50 Hz (i.e. every 0.02s). Each sensor recorded a force
value at each time point. The total force summed across the sen-
sors and the CoP X (medial-lateral) and Y (posterior-anterior)
coordinates were also determined at each time point. The insoles
were calibrated through the Moticon ReGo AG software and
checked by the researchers to ensure tare had been reached
before being donned by the participants. Each participant’s
mass was recorded using a tared laboratory scale and the
insole force reading was compared to the scale reading. The
insole’s CoP sensitivity falls within #+20 mm, according to the
company’s specifications, and has been validated against a
force plate system in prior work [71].

We investigated seven walking conditions. Participants
walked on a treadmill at 0.89 m s™" (slow), 1.34 m s™' (moderate)
and 1.79 ms™" (fast) for 60 s at each velocity. The order of these
treadmill tests was randomized. Participants then walked on the
treadmill set to a 10% slope at 0.89 ms™'. Participants also

insole hallway downhill uphill
size (ms™ ms™ (ms™")
8/9 0.244 1.43 1.52 1.51
11/12 0.424 1.29 ‘ 1.49 1.36
T

89 0162 115 134 124
89 039 13 14 1R

walked at their comfortable pace along a straight, flat, 78.4 m
indoor hallway. Lastly, participants walked at a self-selected
pace in a straight line on an outdoor sidewalk, downhill and
uphill over 70.5 m on an 8.8% slope in dry conditions. Research
personnel ensured that the hallway and outside paths were
unobstructed during the trials. This project was approved by
the University of Washington Institutional Review Board.

2.3. Data acquisition and initial processing

We isolated individual steps for each trial from the total force for
the left and right foot of each participant (figure 1) and deter-
mined the local force maxima for the braking and propulsive
phases of stance from each step using a custom-written
MATLAB (MathWorks) program. We removed steps with
fewer or more than two peaks as indicative of non-normal (e.g.
‘stumble’) steps. In total, 6711 steps were analysed across all
participants and all trials.

We standardized the X and Y coordinates of the CoP to
account for insole size differences between participants by multi-
plying by the insole scaling factor provided by manufacturer
Moticon ReGo AG. This normalized all participants to the size
8/9 insole coordinate system. In our initial exploration of the
data, we found no indication of left-right asymmetries for any
of our participants; therefore, the signs on the X coordinates
were flipped for the right foot to match the left foot coordinate
world. We compared the position of the CoP during the braking
and propulsive phases between conditions and between individ-
uals in each condition. We calculated the individual velocities for
each participant’s hallway, downhill and uphill trials from time
and distance travelled.

To ensure that the disparity in the number of data points
between trials did not impact our analysis, we normalized the
number of steps in each trial. Slow treadmill walking had 572
steps total, the fewest across our trials, so we took a random
sample without replacement of 572 steps from each of our trials.

2.4. Statistical analysis

Ripley’s second-order intensity function, K(d), is a method of
quantifying clustering [50,68,69,72] and is derived from Ripley
1987 [69] as:

[number of further events within
distance d of an arbitrary event]

K@) = X ,
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where A is the intensity, or average number of points (1), within a
unit area.

The formal estimation of the K-function is described
mathematically as

N l n l
K@) = 3 Z;Zbinary indicator 1if d;; <d,
=1 A

where d;; is the distance between points i and j.

Ripley’s K-function K(d) is dependent on the number of
events within a distance d (in metres), or in this case, the
number of CoP point occurrences within a certain distance. If
the peaks exhibit complete spatial randomness (CSR), i.e. no dis-
cernible clustering, K(d) will be approximately equal to nd?, but if
the data are clustered, then we expect K(d) > nd” for small d.
From this estimator, we can quantitatively compare clustering
at a given d between trials as well as between braking and pro-
pulsion peaks within a trial to determine consistency of
location of CoP points.

2.5. Defining significance in spatial clustering analysis
We used Monte Carlo sampling to establish a baseline variability
for our K(d) estimation by generating 100 simulations of
CSR sets of 572 points. CSR points were generated within the
insole polygon boundary using the R packages ‘lattice’ [73]
and ‘spatstat’ [72]. These generated points form the 95% point-
wise simulation envelopes, or ‘acceptance envelope’. We used
these CSR points as our null K(d) to assess clustering for braking
and propulsion in each trial. A high degree of clustering, i.e.
a K(d) value falling above our 95% pointwise acceptance envel-
opes for a given d, indicates consistent CoP placement
recurring over multiple gait cycles. Values that fall within the
acceptance envelope for a given d are considered non-significant;
values that fall outside of the acceptance envelope are considered
significant [72].

In order to compare the CoP point patterns between trials, we
adapted the methodology typically used to compare the spatial
location of case versus control points in public health and epide-
miology studies (e.g. [50]), which applies binary marks (e.g. 1=
case, 0 = control) to each set of points. This enables direct assess-
ment of the clustering in one group of points compared to the
other. In our adaptation, we performed pairwise comparisons
for all trials; essentially labelling one trial as ‘cases’ and the
other as ‘controls’ in each analysis. We analysed between all
trials for CoP at peak braking and between all trials for CoP at
peak propulsion. We also compared the clustering of peak braking
and propulsion CoP points within each trial.

We used the Monte Carlo method for generating our
acceptance envelope in each pairwise comparison by randomly
relabelling the points in the two trials over the course of 100
simulations per pairwise comparison [72]. For example, in the
pairwise comparison of slow versus moderate treadmill walking,
each CoP point during braking was randomly relabelled as either
slow or moderate to establish the Monte Carlo envelope bound-
aries. If the difference in K(d) between the two trials was outside
of that envelope, we determine that the level of clustering
between the two trials is different.

Since all participants performed all trials, our covariates were
limited to the differences in each trial’s velocity, surface type and
gradient. As described above, we define statistical significance
for this analysis as values outside of the simulated Monte
Carlo acceptance envelopes, as this is the relevant statistical test
for this methodology [72]. For all analyses, values that fall
within the acceptance envelope are considered non-significant,
values that fall outside of the acceptance envelope are conside-
red significant. For further discussion of Ripley’s K-function as
well as Monte Carlo acceptance envelopes for determining
significance, refer to Baddeley et al. [72].

Note that the K(d) values of trials with CoP points that are
similarly distributed will be approximately equal across all
values of d, and the difference in K(d) will fall within the accep-
tance envelope; i.e. there is no significant difference (as defined
above) in K(d) values [72]. For trials where the CoP point distri-
bution is significantly dissimilar (i.e. one trial is very clustered
with a high K(d) and the other trial has a more diffuse point
distribution), the difference in K(d) will fall outside of the accep-
tance envelope. In the case of a large difference in K(d) between
compared trials, when d increases beyond the point range of the
more clustered trial, K(d) falls to zero (because there are no CoP
points remaining outside d for that trial), and the difference in
K(d) between trials is the value of K at distance d of the less clus-
tered trial. The difference in K(d) between trials, then, is
significantly different if it is outside the acceptance envelope in
either the positive or negative direction [72].

Using the foot segmentation described below (forefoot, mid-
foot, hindfoot), we calculated the percentage of CoP points in
each region during peak braking GRF and peak propulsive
GRF for each trial by dividing the number of CoP points in
each region by the total steps in each trial. To assess whether
or not a relationship exists between the number of points in a
foot region and participant characteristic (e.g. Al), we fit general-
ized linear models and we accounted for the hierarchical
groupings of trial and participant in all analyses.

We used an assortment of RStudio packages in our analyses.
These included: ‘lattice’ [73], ‘sp” [74], ‘splancs’ [75], ‘spatstat’
[72], ‘Imed’ [76] and ‘uwIntroStats’ [77].

2.6. Sample area

The boundaries (edges) of the sample area were provided as
coordinate points for a size 8/9 US (42/43 UK) insole by Moticon
ReGo AG. These points were then converted into a spatial poly-
gon and the insole data points were generated within this
boundary using the R packages ‘lattice’ [73] and ‘spatstat’” [72].
We determined that, based on the distribution of points across
all trials and the lack of points outside of the sample area, it
was not necessary to account for edge effects. None of the CoP
points for braking or propulsion for any of the trials were close
enough to the edge of the insole to warrant concern regarding
edge effects in the analyses and each insole was fitted to entirely
contain the participant’s foot.

We partitioned the insole into hindfoot, midfoot and forefoot
based on anatomical landmarks. The hindfoot consists of the
calcaneus and talus from the posterior heel to the anterior calca-
neocuboid joint, which is approximately 38% of the total length
of the foot. The midfoot consists of the other tarsals, assessed
medially from the navicular tuberosity to the base of the first
metatarsal and laterally from the calcaneocuboid junction to
the fifth metatarsal tubercle, which is approximately 10% of the
total length of the foot. The forefoot consists of the metatarsal
and phalangeal systems, medially from the base of the first
metatarsal, laterally from the tuberosity of the fifth metatarsal,
to the distal phalanges, which is approximately 52% of the
total length of the foot. We obtained the proportions of total
foot length in each part of the foot by measuring the distances
between palpable landmarks. We then applied these proportions
for all subjects.

3. Results

Based on the K(d) estimation, CoP points during peak
braking and peak propulsion for each trial display clustering
relative to the simulated CSR. The difference between the
estimated K(d) values for braking and propulsion lies outside
of the Monte Carlo acceptance envelope for all trials for
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Figure 2. K-function estimation for hallway braking compared to propulsion.
The solid black line with blue points in panel (a) shows the difference in K(d)
clustering values between braking CoP points and propulsion CoP points at
each tested distance (d, metres). The red line represents no calculable differ-
ence in K(d) values, and the grey lines denote the Monte Carlo acceptance
envelope if there was no significant difference. There is significantly more
clustering in CoP points during propulsion than braking (K(d) propulsion
> K(d) braking), so the black line falls outside of the acceptance envelope
for distances within the insole area. Panel (b) shows the CoP points for brak-
ing (red) and propulsion (teal) for all participants during the hallway walking
trial.

d<0.2m. The estimated K-value for propulsion is greater
than the estimated K-value for braking for all trials, meaning
that propulsion peaks are more tightly clustered than braking
peaks. The K(d) clustering comparison between K(d) of
braking and K(d) of propulsion for the hallway walking
trial is shown in figure 2 as an example of these results.
The full graphical results of our clustering analysis for each
trial are included in the electronic supplementary material.
A difference in K(d) (indicated with blue circles) outside the
acceptance envelope (indicated by the grey lines in figure 2)
indicates significant clustering. Overall, there are also more
pairwise differences in clustering during braking than there
are for propulsion.

Table 2 shows the percentage of CoP points in each region
of the foot at peak braking GRF and peak propulsive GRF
across all participants and all steps. The CoP at peak braking
GRF was located in the hindfoot for all trials except downhill
walking. Uphill walking, in contrast, demonstrated the most
consistent CoP location during braking. The CoP points at
peak propulsive GRF were consistently located in the forefoot
for all trials. Across all steps for all trials and all participants,
less than 0.2% of CoP points at peak propulsive GRF were

Table 2. Percentage of CoP points located in each region (fore, mid or [}

hind) of the foot during peak braking GRF and peak propulsive GRF for
each trial across all participants. The highest percentage values for braking
and propulsion for each trial are indicated in bold.

% of CoP % of CoP
points at braking points at propulsion
slow treadmill
S s e
midfoot 244 0
....... e e,
”fﬁbderate freadmill - .
e
R s e
e e
fast treadmill
e e e
midfoot 447 0
e aee
inclined treadmill
S e T ey
midfoot 183 0
e
”hvévllway Walking el e
e s
midfoot 26 o2
e e
downhill walking
e s e
midfoot 49.7 0.1
e
uphill walking
S e e
midfoot 253 0.1
e

located elsewhere on the foot. Our results indicate that braking
is a less consistent mechanism than propulsion. On the one
hand, CoP points at peak braking, while clustered for all
trials, are in the hindfoot only 47.4% of the time (figure 3).
CoP at peak propulsion, on the other hand, occurs in the fore-
foot 99.9% of the time across all trials (figure 3). Analysing
these results by individual reveals the same pattern (figure 4).
Although participants do vary somewhat in the location of
their CoP, we found no significant effect of Al or other individ-
ual-specific characteristic, so those analyses are not shown.

4. Discussion

Our goal in conducting this research was to quantify the
spatial location and consistency of CoP on the foot during
peak force application while walking, specifically, during the
braking and propulsion components of the gait cycle. To

sys1/jeunol/bio-buiysijgndAraposiesol

85000¢0C *LL S04 adpjiajuj



Downloaded from https://royal societypublishing.org/ on 03 April 2023

s_low CoP B slow CoP
o1 ; F
- 0 g
] i 2 M W
2 \ if s |l mr
2
) N | —
-0.2 0.1 0 0.1 0.2 0 25 50 75 100
X axis (m) percentage of points
moderate CoP mod CoP
01 . P
5 ' .5 BP
g 0 R s
K i i s | I L&
B
h oL
02 01 0 o1 02 0 25 50 75 100
X axis (m) percentage of points
fast CoP fast CoP
01 - F —
2 | - 5 BP
z 0. Y s
g W ¢ | I u-
B
™ U 1
L . - +~—J
02 0.1 0 0.1 02 0 25 50 7 100
X axis (m) percentage of points
inclined treadmill CoP inclined CoP
o1 | ; P
z g BP
Z 0. EY M
= =]
3 \ ‘f ¢ |1l L
o
2
o U |
-0.2 0.1 0 0.1 0.2 0 25 50 5 100
X axis (m) percentage of points
hallway CoP hallway CoP
0.1 - F
-
E g BP
z 0. Z M W=
: - ¥ £ — R
o
32
N U |
-0.2 -0.1 0 0.1 0.2 0 25 50 75 100
X axis (m) percentage of points
downhill CoP ) downhill CoP
0.1 1 | F
-
z . § BP
Z o0 5 s
5 e M mr
K \ ¥ :
o
3 2
U “11
-0.2 -0.1 0 0.1 0.2 0 25 50 75 100
X axis (m) percentage of points
uphill CoP uphill CoP
0.1 F
-
B ¢ g BP
.é 0 4 | %‘; M s
: \ ‘ f ;| mr
2
a U " I
0.2 0.1 0 0.1 0.2 0 25 50 75 100
X axis (m) percentage of points

Figure 3. The CoP points and corresponding percentage graphs for each walking trial. Left column: CoP points at peak braking GRF (red) and propulsion GRF (blue)
plotted with lines demarcating fore- (F), mid- (M) and hindfoot (H). Right column: the corresponding breakdown of the percentage of points in each region.
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all walking trials
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Figure 4. Percentage of CoP points by individual—all walking trials—the percentage of CoP points in each region of the foot (F = forefoot, M = midfoot, H =
hindfoot) for all trials, broken down by participant (ID) for braking (column B) and propulsion (column P).

accomplish this, we examined the location of the CoP during
peak braking and peak propulsive vertical GRF to determine
the clustering pattern of CoP over repeated gait cycles using
Ripley’s K-function. We also quantified the effect of different
terrains and walking speeds on CoP location and consistency
of placement. Although we could draw initial qualitative
conclusions based on our visual assessments of the CoP
locations on the foot and consistency both within and across
gait cycles, we confirmed quantitatively with Ripley’s
K-function that our qualitative observations were statistically
significant. No researchers, to our knowledge, have used
clustering analyses from spatial statistical methodologies to
assess the consistency of the spatial component of CoP points
across multiple, contiguous steps during human walking.

The magnitude and locations of the forces that occur on the
foot during habitual movements, e.g. walking, influence the
joint moments throughout the musculoskeletal system (e.g.
[27]), the potential for fatigue failures at locations of precise,
cyclic forces (e.g. [35]), and evolution of human morphology
(e.g. [18]). As non-pathological walking along an unobstructed
pathway is a consistent, cyclic movement our participants per-
form daily, we expected the locations of the CoP at peak
vertical forces (braking and propulsion) to be relatively con-
sistent across gait cycles. The applied loads to the hindfoot
(calcaneus and talus) can react directly into the shank (tibia)
through joint (tibiotalar) contact, essentially creating a stable,
compressive column. Loads applied to the distal foot rely on
the mid- and forefoot to act as a cantilevered beam. Given
that the hindfoot load path is much stiffer than that of the fore-
foot, we expected that the CoP during peak braking would be
clustered consistently in the hindfoot, with the potential for
shifting proximally towards the midfoot along gradients. We
expected CoP at peak propulsion to occur primarily in the fore-
foot, but, due to the flexibility of the foot, we expected to see
CoP spread across the first and second metatarsal heads
across gait cycles and participants.

Previous work has examined the locations and magni-
tudes of peak pressures on the foot during walking (e.g.
[5,62,64,65,78-81]), but the consistency of these locations
over multiple gait cycles has been less documented. In our

initial exploration of the CoP data we noted that, visually,
CoP points at peak propulsion were consistently concentrated
in the forefoot, with few outliers (figure 3). By contrast, the
CoP points at peak braking were diffuse across the foot
(figure 3). As this was contrary to our initial expectations,
we sought to quantify these qualitative observations. A brak-
ing mechanism that results in inconsistent CoP locations
across multiple gait cycles may produce variable joint
moments and, consequently, variable muscle forces. These
variable applied forces to the bone have potential conse-
quences for the bony morphology, as bone responds to
applied forces, as well as implications for fatigue failure mech-
anisms throughout the musculoskeletal system. Evaluating
the spatial clustering of CoP points over multiple gait cycles
using spatial clustering affirmed our qualitative observations
regarding the precision or diffusion of CoP at peak forces on
the foot. This, in turn, adds to our understanding of where
peak cyclic loads occur on the foot and, therefore, throughout
the musculoskeletal system. For example, the role of the lateral
midfoot in transferring the braking peak from the substrate to
the body may be underappreciated (although variability in
pressures exerted by the lateral foot is documented (e.g.
[37,38]1)), which suggests that additional investigation of the
lateral foot is warranted. In addition, the lack of consistency
in the location of the braking peak has potentially important
implications for biomechanical analyses: a small number of
steps may be insufficient to capture the full range of lower
limb joint moments at the braking peak of the GRF. Although
we did not evaluate the shape of the vertical GRF curve, it
seems reasonable to extrapolate that the entire first half of
stance may not have a consistent pattern of location of the
CoP. The location of the CoP of the propulsive vertical GRF
peak was remarkably consistent (figure 4). This consistency
was apparent even in the participant with the lowest arch (par-
ticipant X4), potentially indicating that a low AI does not
impact the foot’s ability to act as a lever during propulsion.
Future work should explore the relationship of foot stiffness
and its impact on GRF magnitude and location.

The advantage of using Ripley’s K-function [50,68,69,72] to
quantify spatial clustering is that it allowed us the flexibility to
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assess the clustering of point data from single trials as well as
pairwise point dataset comparisons of clustering. If there was
no significant difference in clustering in a pairwise compari-
son, the difference in K(d) values between the pairs (K;(d) —
Ko(d)) would lie within the acceptance envelope. Our primary
analysis compared the clustering of CoP points at peak brak-
ing GRF to the clustering of CoP points at peak propulsive
GRF. We found that the difference in the estimated K(d)
value between braking and propulsion lay outside of the
acceptance envelope for all trials. The estimated K-value for
propulsion is greater than the estimated K-value for braking
for all trials, which indicates that propulsion is significantly
more clustered than braking for all trials.

We also calculated the percentage of CoP points in each
region of the foot (fore, mid, hind) and confirmed that brak-
ing is a more variable mechanism. CoP points at peak
braking, while clustered for all trials, were in the hindfoot
only 47.4% of the time across all trials and in the midfoot
34.9% of the time across all trials (table 2). CoP during peak
propulsion occurred in the forefoot 99.9% of the time across
all trials. Across all steps for all trials and all participants,
less than 0.2% of CoP points during peak propulsive GRF
were located elsewhere on the foot. CoP during peak propul-
sion was tightly clustered around the medial forefoot (e.g. the
heads of the first and second metatarsals). This consistency is
striking and offers insight into the forces as they are applied
to the foot and, subsequently, the body as a dynamic system.
Peak braking forces that load the foot, and, therefore, the rest
of the body, were more diffuse over the course of many gait
cycles, suggesting less potential for fatigue failures to loca-
lized areas of the hind- and midfoot over cyclic loading
cycles compared to the forefoot and potentially suggesting
more variability in load transfer through the leg. With peak
vertical GRFs during propulsion falling consistently under
the heads of the medial metatarsals, it is unsurprising that
pathologies are frequent in this region (e.g. [35]).

We found less variability in CoP location during peak
braking when we examined the trial data by participant
(figure 4), but there was still more variability in an individ-
ual’s braking CoP than in an individual’s propulsive CoP.
The consistency in CoP location during propulsion within
individuals was equally pronounced within individuals as
across individuals. While the data reveal some structuring
by participant (figure 4), we found no predictive metric for
this structure. Al was assessed as a covariate in the statistical
models, but was not found to be a statistically significant
predictor of clustering or location of CoP on the foot during
braking or propulsion. While one participant had a low
arch (AI'=0.4), no one exhibited a high arch (AI=0), so this
sample is not an ideal one with which to evaluate the poten-
tial of Al to influence the location of the CoP. This limitation
warrants future exploration of foot morphology (e.g. Al, mid-
tarsal break, medial column divergence) that may influence
the location of CoP during peak braking GRF. Future work
should also increase the power of these metrics by recruiting
participants based on aspects of foot shape. Another limit-
ation was our use of water socks to hold the insole in place
against the foot. While we used the socks as a best approxi-
mation of barefoot walking in order to gather data across
multiple, contiguous steps outside of the laboratory, future
work should include comparative, fully barefoot trials
along a force plate or pressure pad walkway. Future work
also should investigate consistency in peak force location at

other times in the gait cycle, such as the point immediately
after heelstrike where lower-magnitude, but high-impact,
transient forces can occur at initial heel contact [82,83].

Although we did not extend our hypotheses and statisti-
cal analyses to specific circumstances, many debates in
various fields might potentially be informed by our results,
so we note several here. The following examples are not
meant to be exhaustive, but rather to be demonstrative.
First, discussions of the evolution of the hominin foot have
assumed that a pronounced longitudinal arch (e.g. rigid
foot) is a requirement for effective propulsion [18,84,85],
even if the arch is achieved through facultative muscular con-
traction [86]. Our results, as mentioned above, indicate that it
is possible that a foot with a low arch, which is, presumably,
less rigid [18], exhibits the same consistency in CoP location
at peak propulsion vertical GRF as a higher arched foot.
This suggests that future work should examine the relation-
ship among foot stiffness, GRFs and CoP locations to
understand the role of the longitudinal arch in walking.

Another, more clinically applied, area which might be
informed by our results is prosthetic design. Insights from con-
siderable efforts to understand such gait-based topics as the
importance of weight acceptance (e.g. [87]) and of prosthetic
foot stiffness (e.g. [88]) for performance have been used to
guide prosthetic design. Nonetheless, lower limb prosthetic
design has still failed to reach parity in performance across
multiple mobility tasks with that of the natural limb (e.g.
[89-91]). Braking and propulsive efforts are known to differ
(e.g. [92]) and gait deviations in amputees are common (e.g.
[89]). Timmermans et al. [93] have demonstrated the useful-
ness of insoles for determining gait temporal parameters in
amputees, but less work has been directed at understanding
the role of the variability in CoP location on lower limb bio-
mechanics in amputees. Our work establishes a baseline of
expected variability in CoP location in natural limbs that can
be used comparatively with prosthesis—ground interactions
and that may assist in identifying prosthetic design choices
to minimize gait asymmetries between a prosthetic and
natural limb.

Finally, while musculoskeletal modelling has become
widespread, the inputs frequently include less than a dozen
steps even in work designed to understand the impact of
variability on the gait metric of interest (e.g. [94,95]). Our
results suggest that, while appropriate for the propulsion por-
tion of stance, evaluation of a limited number of steps is not
sufficient for the braking portion of stance because the
location of the CoP varies even though the magnitude of
the GRF may not. A braking mechanism that results in incon-
sistent CoP locations across multiple gait cycles may produce
variable joint moments and, consequently, variable muscle
forces. These variable applied forces to the bone have poten-
tial consequences for the bony morphology, as bone responds
to applied forces, as well as implications for fatigue failure
mechanisms throughout the musculoskeletal system. We
found these inconsistencies in braking by measuring CoP
location over a minimum of 574 steps per individual.

5. Conclusion

The dynamic, bipedal system that is the human body is com-
plex. Movement through the environment is a foundational
part of this dynamic system, and humans devote a large
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proportion of their energetic resources to this function (e.g.
[29,96]). Understanding the dispersion of peak forces on the
foot is crucial to understanding bipedal movement in
modern humans and informs our understanding of human
morphology within the lifetime of an individual and across
evolutionary history (e.g. [18,22]). The feet of bipeds are the
primary point of contact with the environment and subject
to the forces that constitute self-propelled locomotion. The
forces associated with the interaction of the human body
with the environment through the foot dictate how this
movement occurs. While a stable braking mechanism may
be helpful, our work indicates that it is not, and therefore
does not have to be, a precise mechanism in healthy adults.
The consistency of CoP at the peak propulsion suggests that
this is the mechanism that is precise, whether due to a
requirement for efficiency of forward movement, by necessity
for stability or for other reasons. The consistency also implies
that the joint moments during peak propulsion are more
consistent throughout the weight-bearing system.

Our results regarding the inconsistency of the CoP at peak
braking, combined with consistency at peak propulsion, have
implications for understanding the evolution of the foot, for
its treatment after trauma, and for prosthetic design. Engin-
eered systems see localized fatigue failures when subjected
to high-magnitude, precise cyclic loading (e.g. [34]), and the

human body is no different (e.g. [35]). The engineering of
the foot, in both material composition and form, reflects the
need of the system to endure high, contained forces over a
small area throughout a human lifespan. By understanding
the locations and magnitudes of the forces on the system,
we can not only better predict and prevent fatigue failures
of the system before they become catastrophic, but also
better understand the mechanism that has shaped the bipedal
form with which we are familiar today.
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