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Shoe–Floor Interactions
in Human Walking With Slips:
Modeling and Experiments
Shoe–floor interactions play a crucial role in determining the possibility of potential slip
and fall during human walking. Biomechanical and tribological parameters influence the
friction characteristics between the shoe sole and the floor and the existing work mainly
focus on experimental studies. In this paper, we present modeling, analysis, and experi-
ments to understand slip and force distributions between the shoe sole and floor surface
during human walking. We present results for both soft and hard sole material. The com-
putational approaches for slip and friction force distributions are presented using a
spring-beam networks model. The model predictions match the experimentally observed
sole deformations with large soft sole deformation at the beginning and the end stages of
the stance, which indicates the increased risk for slip. The experiments confirm that both
the previously reported required coefficient of friction (RCOF) and the deformation
measurements in this study can be used to predict slip occurrence. Moreover, the defor-
mation and force distribution results reported in this study provide further understanding
and knowledge of slip initiation and termination under various biomechanical conditions.
[DOI: 10.1115/1.4038251]

1 Introduction

Occupational slips, trips, and falls are the major cause of work-
place injuries [1]. Slips and trips are the most prevalent cause
(59%) of falls among elderly [2]. The total cost of the projected
falls for year 2020 of the two major groups is over $85 billion [3].
It is therefore crucial to improve the slip prevention methodologies
to reduce the number of slips and falls. Slip initiation is governed
by the friction characteristics at the shoe–floor interactions. The
actual demands of traction between the shoe and floor during walk-
ing has been commonly characterized as a measure of required
coefficient of friction (RCOF). The RCOF, defined as a ratio of the
total friction force and the total normal force, has been used to
determine and predict slips [4–6], and the review of the devices
used to measure the shoe–floor friction is discussed in Ref. [7].

Friction characteristics at the shoe–floor interactions involve
complex relationships among biomechanical parameters, such as
the normal load, shoe angle, sliding speed, as well as the tribologi-
cal parameters, such as hardness of the shoe sole and roughness of
the floor. Among these, the increase of a sliding speed was shown
to reduce the coefficient of friction (COF) [8]. In Ref. [9], the
effects of the shoe sole hardness on COF were analyzed by com-
paring the peaks of the RCOF during walking, suggesting that the
portion of slips was greater when wearing hard sole shoes than
soft sole shoes. Surprisingly, in a later study from the same group
[10], it was concluded that the shoe sole hardness does not influ-
ence the probability of slip-and-fall events. Similar observation
were reported in a recent study [11], showing that the probability
of slips was statistically uncorrelated by changing the hardness of
the shoe sole material. It is therefore important to further investi-
gate the effect of the biomechanical and tribological parameters
on RCOF. The effects of changing the biomechanical parameters

on the measured COF in Ref. [12] suggested that the increased
shoe angle decreases the COF. The study, however, did not inves-
tigate the effect of parameters such as the shoe–floor pressure dis-
tribution on changes of the COF.

Under dry conditions, the roughness of two contact surfaces is
one of the most important factors that determine the COF between
the shoe sole and floors [13]. A friction and wear model between
the shoe and the floor surface was developed in Ref. [14]. The
model analyzed dry soft-solid contact considering surface rough-
nesses and statistical asperity height distribution. A finite element
approach in Refs. [15,16] used a simplified macromodel and a
realistic shoe–floor model to study their interactions. However, no
comparison results are reported with the overall shoe–floor fric-
tion tests. Unlike the dry surface contact, the shoe–floor friction is
often greatly affected by the presence of the contaminant on the
floor that represents a serious slip hazard [1]. In the presence of a
liquid contaminant, a pure hydrodynamic lubrication is formed at
the shoe–floor interface, or a mixed dry and hydrodynamic lubri-
cation is present. A friction model in Ref. [8] analyzed the mixed-
lubrication at the shoe–floor contact interaction.

The soft-solid contact with slip has been analyzed for applica-
tions such as tire-road interactions [17] or fingertip grasping [18].
Models for complex soft-solid contact have been successfully dem-
onstrated to capture the friction forces and deformation distributions
on the contact patch [17]. Modeling parameters such as the contact
area size, the normal load distribution, and the material properties
were shown to affect the interaction properties. The purpose of this
study is to develop a computational model to capture the complex
shoe–floor interactions and to predict slip occurrence. We extend a
beam-spring network model in Refs. [17,19] to analyze the
shoe–floor interactions. The proposed modeling approach serves as
an additional tool that complements the existing experimental stud-
ies analyzing the shoe–floor interactions during walking with slips.
Comparing to the tire–road interaction [19], the shoe–floor interac-
tions are much more complex due to the irregular contact footprint
and pressure distributions. Additional complexity arises from the
dynamic, time-varying configurations during walking with slips.
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For the purpose of model validation, we build a shoe–floor sensing
suite that integrates pressure–force–kinematics measurements. We
used wearable six-degrees-of-freedom (6DOF) force sensors to
measure three-dimensional (3D) ground reaction forces (GRF) and
torques and a set of two-dimensional pressure sensor arrays are
implanted inside the soles [20]. The sole pressure sensors are simi-
lar to the pressure-sensitive, electric conductive rubber (PSECR)
sensor in Ref. [21].

This paper aims to analyze the complex shoe–floor interactions
during walking and slip gaits using a computational modeling
approach. Our developed model includes biomechanical and tribo-
logical parameters to predict shoe sole deformation distribution and
slip initiation. The simulation results were compared to the experi-
mental results to validate the model. We further tested the hypothesis
that slip would be terminated sooner if the subject would apply simi-
lar normal force profiles as during natural nonslip walking gait.
These findings could have practical implications for slip-and-fall pre-
vention. This paper extends the previous conference publication [22]
by providing additional experiments, analyses, and discussions. The
main contributions of this work are threefold. First, for the first time,
this paper discusses the friction force and slip distributions at the
shoe–floor interactions during walking with slips. Most existing
work use the resultant total friction and normal forces to describe
and quantify the slip occurrence, and therefore, the work presented
in this paper complements and advances the knowledge of the slip
biomechanics. Second, this paper presents a novel, wearable sensing
system to capture the foot pressure–force–kinematics interactions.
The shoe–floor sensing system in this paper enables further develop-
ment of wearable, assistive robotic devices for preventing slip-
induced falls and potentially other rehabilitation applications.
Finally, the developed model can also serve as a potential tool and
guidance for improving and designing new shoe soles to enhance the
slip-induced fall prevention.

2 Methods

Figure 1 shows the integrated kinematics/kinetics/force sensing
suite for the shoe–floor interactions. The sensing suite consists of
multiple modality sensory system: (1) the optical markers for
indoor motion capture system (8 Bonita cameras, Vicon, Inc.,
Oxford Metrics, Oxford, UK) and small wireless inertial measure-
ment units (Motion Sense, Inc., Hangzhou, China) to obtain the
kinematic information of the foot. The inertial measurement units
consists of a triaxial gyroscope, a triaxial accelerometer, and three
magnetometers to measure the three attitude angles. (2) Two
6DOF force/torque sensors (model SS-1, INSENCO Co., Ltd.,
Hangzhou, China) to measure the total 3D forces and torques at

the forefoot and hindfoot contacts. These 6DOF force sensors are
thin (12 mm thick for the forefoot sensor and 17 mm thick for the
hindfoot sensor) and are embedded inside the shoe under the
insoles (Fig. 1). Additionally, we glued a 3D-printed unit (4-mm
thickness as shown in Fig. 1(b)) under the force sensor to fit the
bottom of the barefoot shape. The force and torque measurements
are transmitted through wireless Ethernet protocol to the host
computer. (3) A PSECR sensor array (of 32 independent sensor
units) is embedded inside the sole rubber layer to measure the
shoe–floor contact pressure distribution. The PSECR sensors are
customly designed and fabricated. These flexible sensors are pack-
aged within a thin-film layer and embedded into two shoe soles
with different hardness of the sole material. One array of sensors
was molded into a urethane rubber layer (5 mm thick). The thin
rubber layer is then glued to the bottom of a regular sport shoe.
Another sensor array is glued between a soft rubber (10 mm thick)
and the shoe. Each individual flexible force sensor was calibrated
by using a computer-controlled linear stage with a 6DOF force/
torque sensor (model 45E15 from JR3, Inc., Woodland, CA).

We used a similar setup to measure the coefficients of friction
between the shoe sole and the floor under dry and soap contami-
nated conditions. These parameters (see Table 1) were determined
from experimental testing. We mounted the shoe on a dual-axial
linear stage to slide the shoe along the acrylic plate. A 25-kg
weight was used as the applied normal load, and the shoe was
manually pulled using a winch. Normal forces were measured
using a 6DOF force/torque sensor (JR3, Inc., Woodland, CA), and
friction forces were measured by the S-type load cell (model
XTS4, Load Cell Central, Milano, PA). We performed tests under
dry and soap-lubricated floor conditions. Lubrication was applied
in a same manner as during subject experiments to guarantee simi-
lar conditions. The value of the static coefficient of friction was
taken as the maximum friction calculation prior to the sliding of
the shoe, while the value of the dynamic coefficient of friction
was determined as the average friction coefficient during sliding
motion.

To measure and calculate the contact contour at the shoe–floor
contact, we use six laser line generators and a camera system with
image acquisition and processing algorithms. Figure 2(a) shows
the shoe–floor contact contour measurement system. Six laser line

Fig. 1 (a) The slip and fall experimental setup with various sensor suites and (b) instrumented shoe kinematics/kinetics/
forces distribution sensing suite

Table 1 Model parameters for the shoe–floor force models

h l rHeel lDryStat lDryDyn lSoapStat lSoapDyn

0.005 0.1 0.4 1.05 0.75 0.55 0.1
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generators are placed at various directions to precisely aim at the
shoe sole right above the floor surface. These lasers are used
to form a closed contour on the sole bottom surface, see
Figs. 2(b)–2(d). A fast-speed camera (Prosilica GX1050C color
camera, 1024� 1024 pixels, 112 fps) is mounted underneath the
transparent acrylic floor surface. The size of the square-imaged
area is 350� 350 mm and the resolution is 0.3 mm/pixel. The
error due to the distortion of the lens is approximately 0.07 mm.
To validate the laser-based contour measurements, Figs. 2(b) and
2(c) show two testing results for a regular shape object (a rubber
hemisphere) and an irregular shape object (concave rubber toy),
respectively. The comparisons between the laser-based measure-
ments and the surface-paint contour in the figure confirm the
nonintrusive approach to accurately obtain the contact contour.
Figure 2(d) shows a typical laser-based shoe–floor contour mea-
surement during a walking gait with self-selected speed.

In the experiments, we used two types of shoe sole materials: a
10-mm thick soft sole (Neoprene rubber, hardness Shore 30A,
McMaster-Carr, Inc., Robbinsville, NJ) and a 5 mm thick hard
sole (Polyurethane rubber, hardness Shore 70A, PMC-770,
Smooth-On, Inc., Macungie, PA). Selected hardnesses approxi-
mately match that of soft sport shoes and heeled working shoes.
Each of them was glued to the same type of the sport shoes after
we sanded off the threads on the shoes. Using a 3D printer, we
fabricated a thin solid layer (thickness of 0.5 mm) with a set of
black dots printed on the outer surface and a transparent surround-
ing material glued to the bottom of the hard sole shoe; see Fig. 1.

Due to the difficulty to match the hardness of the thin printed layer
for the soft rubber, we directly painted dots at the bottom of the
soft sole. Two types of black dot arrays are used: a set of 3-mm
diameter dots are used for calculating the deformation and slip
distribution, and a set of 25 dots with a 6 mm diameter are used as
the landmarks to localize the smaller dots in the image processing
algorithms. To obtain the contact contour and to compute the
deformation and slip distributions, we designed and implemented
a vision-based processing algorithm similar to the one in Ref.
[21]. Figure 2(d) shows the detected small dots (square marks �)
and landmarks (diamond marks �) of a footprint snapshot during
human walking gait. The data collection among the optical motion
capture, the ground reaction forces and normal force distributions,
and the vision-based measurements are synchronized through the
analog triggering signal connections among CompactRIO (from
National Instruments, Inc., Austin, TX), the Vicon system, and the
data acquisition computer. The sampling frequency for all the sen-
sors is 100 Hz.

We conducted human subject testing for both walking and
walking with slip gaits. Both types of the experiments were con-
ducted on the walking platform shown in Fig. 1. A healthy young
man was recruited to conduct the experiments. The subject’s mass
and height were 80 kg and 184 cm, respectively. During all tests,
the subject wore safety harness attached to the rail on the over-
hanging beam to ensure safety in case of slip-and-fall. The rope’s
length was adjusted so that the subject could not touch the floor
when in sitting position. The carriage of the rail was manually

Fig. 2 (a) Laser-based contour footprint setup. Validation results of laser-based contour
measurements by a (b) spherical regular object and (c) concave irregular object. (d) The out-
comes of the contact contour, sole surface dots (squares �) and landmarks (diamonds �)
detection on a snapshot during self-selected walking gait.
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pushed to guarantee that the rope was constantly slack during non-
slip walking. Such setting allowed unconstrained walking and
guaranteed safety of the subject. The subject wore smart shoes
sensors and was asked to first walk on the platform with his self-
selected walking speed. The walking speed was similar for all
three presented gaits (1.3 6 0.1 m/s). We determined walking
speed using the measurements of the motion capture marker
mounted on the heel during one gait cycle immediately before the
heel strike (HS). The presented plots and results show a represen-
tative stance data during each gait. This guarantees precise match-
ing in time among various analyzed parameters during that stance.
In the second test, the subject was asked to repeat the test by walk-
ing on the platform unaware of the reduced COF at the acrylic
plate. To achieve this sudden friction reduction, a cloth was per-
manently placed on the platform surface at the position of one
step ahead of the acrylic plate, and liquid soap was applied in cer-
tain experimental runs. The cloth provided enough friction not to
cause slip, while the next step on the acrylic plate caused the sub-
ject to slip. Soap was manually applied when the subject was fac-
ing away from the platform. The subject did not expect slip, and
there was no indication of learning or changes in the gait by the
subject.

Before conducting any experiments, the subject was informed
with the consent form of the testing protocol approved by the
Institutional Review Board at Rutgers University. The subject was
informed that there is a possibility of foot slippage and fall. Prior
to conducting testing, the subject was asked to walk on the plat-
form to become familiar with the testing environment.

3 Shoe–Floor Contact Forces Models

The sole–floor friction forces heavily depend on the normal
force distribution between the shoe and the floor. In this section,
we present a model to obtain normal load distribution under the
shoe using the measurements from the embedded force/torque
sensors. We then present a computational scheme for obtaining
the friction force distribution.

3.1 Normal Contact Forces Model. Figure 3 illustrates the
configuration for the contact forces modeling. The shoe–floor con-
tact patch is denoted as C. A sole–floor contact frame Bðx; y; zÞ
with the origin at the rear tip location C1 is attached to C and has
its y-axis tangent to C and the x-axis pointing forward. The x-axis
intersects C at point C2; see Fig. 3. We denote the left portion

C1CþC2

b
of C as function yþ(x) and right portion C1C�C2

b
as

function y– (x). For point P(x, y) on C, we denote the three-
directional forces as fx(x, y), fy(x, y) and fn(x, y), respectively.

We take a decomposition approach to obtain the model for
fn(x, y). The form of fn(x, y) is expressed as the product of the lon-
gitudinal normal load fnx(x) and the lateral force factor fny(x, y).
For any 0 � x � ls; y�ðxÞ � y � yþðxÞ, where ls is the maximum
x-coordinate of the front tip point of C, we obtain

fnðx; yÞ ¼ fnxðxÞfnyðx; yÞ (1)

The form of fnx(x) consists of the contributions from the heel (H)
part and the toe (T) part. Both parts are constructed as the sum of
two log-normal probability density distribution-like functions,
namely

fnxðxÞ ¼ ½sHLHðx; lH;rHÞ þ sTLTðls � x; lT ;rTÞ�

where Liðx;li;riÞ¼ 1=xiri

ffiffiffiffiffiffi
2p
p

expð�ðlnxi�liÞ2=2r2
i Þ; i¼H;T,

is the log-normal distribution density function. Coefficients sH and
sT are the scaling factors for the heel and toe force distributions,
respectively.

For a given x, factor fny(x, y) in Eq. (1) models the normal force
distribution on a transverse area Cx, shown as the shaded area in
Fig. 4(a). Within Cx, there are nx PSECR sensor units, denoted as
Sj and located at (x, ysj), with normal force measurements as Fsj,
j ¼ 1;…; nx, respectively. For example, in Fig. 4(a), nx¼ 3. We
denote the boundary points of Cx with yþ(x) and y– (x) as Cþ and
C–, respectively. To construct the shape of the actual normal force
along the y-axis with finite measurements as shown in Fig. 4(b),
we consider fny(x, y) as a linear combination of a series of Legen-
dre polynomials up to the fifth-order, namely

fny x; yð Þ ¼
X5

i¼0

aiPi uð Þ; u yð Þ ¼ �1þ 2
y xð Þ � y� xð Þ

yþ xð Þ � y� xð Þ
(2)

where ai are the coefficients that will be determined later in this
section, and Pi(u), u � [�1, 1], are the ith-order Legendre polyno-
mial [23]. The reason to use the fifth-order Legendre polynomials
in Eq. (2) is primarily due to its sufficiency to approximate the
shape of the normal force. Note that the mapping y 7! u changes
the variable from y�ðxÞ � y � yþðxÞ to –1 � u � 1 for a given x.
Considering the property of Legendre polynomials, from Eq. (2)
we immediately obtain

ðyþ xð Þ

y� xð Þ
fny x; yð Þdy ¼ yþ xð Þ � y� xð Þ

2

ð1

�1

X5

i¼0

aiPi uð Þdu ¼ a0

K
(3)

where K ¼ 1=yþðxÞ � y�ðxÞ.
We construct an algorithm to estimate coefficients ai, i ¼ 0;

…; 5. As shown in Fig. 4(b), for the given sensor measurements
Fsj, j ¼ 1;…; nx, we normalize Fsjs by the total area SCx

of

Fig. 3 A schematic of the shoe–floor contact and force
distributions

Fig. 4 Schematic of the lateral force distribution calculation:
(a) flexible PSECR sensor array and calculation configuration
and (b) cross section view of the normal force measurements
along section Cx
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polygon CþE1E2Enx
C� and factor K, and then, these normalized

forces are equal to the values given by Eq. (2) at (x, ysj), namely

fj ¼
Fsj

SCx
K
¼
X5

i¼0

aiPi ujð Þ; uj ¼ u ysjð Þ; j ¼ 1;…; nx

For boundary points Cþ and C–, the normal forces are both zero
and we obtain

0 ¼
X5

i¼0

aiPið1Þ ¼
X5

i¼0

aiPið�1Þ

Since fny(x, y) is a normalized force factor, in Eq. (3) we assign
a0¼ 1 to simplify the calculation. The above relationships for
known forces at sensors locations give us a total of (nxþ 2) equa-
tions to obtain coefficients ai, i ¼ 1;…; 5. Notice that for the flexi-
ble PSECR sensor arrays as shown in Fig. 4(a), nx¼ 1, 2, 3, or 4.
The estimates of parameters ai are obtained through a least square
method by using the PSECR flexible sensor measurements.

For the longitudinal normal force load parameters li and ri,
i¼H, T, the x-coordinates at the maximum normal forces for lH

(lT) and lT (lH) are satisfied by the relationship, lHþ lT¼ ls. We
treat rH¼ rT as a constant during the entire stance and estimate
its value by the PSECR sensor measurements. The values for scal-
ing factors sH and sT are estimated directly from the heel and toe
smart shoe sensor outputs.

The use of the Legendre polynomial-based approximation for
fny(x, y) and the log-normal distribution function for fnx(x) has sev-
eral advantages. For any given x, the integration of fny(x, y) over y
is always equal to 1 due to the properties of the Legendre polyno-
mials. Therefore, the higher-order Legendre coefficients ais can
be tuned online to capture various transverse pressure distribu-
tions for different gait patterns (such as supination or pronation)
without changing the total force values. Moreover, the integration
of Li(x; li, ri) over a large range of x is also approximated to 1,
and thus, the scaling factors sH and sT are approximated as the
exact normal forces measurements from the smart shoe. Besides a
compact form, the log-normal distribution offers the advantage of
specifying the location of the peak and the width of the peak for
the pressure distribution along the x-axis direction. This property
is directly used to tune the model parameters with measurements
from the PSECR and smart shoe sensors.

3.2 Contact Friction Forces Model. It is challenging to
obtain a closed-form formulation for the shoe–floor friction force
and slip distributions; therefore, we instead take a computational
approach to obtain them. Similar to the approach described in
Ref. [17], a beam-spring network framework is used to compute
the local deformation and the friction force distributions simulta-
neously. Compared to the tire-road model in Ref. [17], the
shoe–floor contact area has irregular shape, and the size of the
shoe–floor contact is constantly changing with time. Another dif-
ference with the tire–road interactions is that the boundary force
is no longer distributed across the boundary of the contact patch.
Instead, the boundary force is uniformly distributed across the
entire contact due to the solid shoe sole configuration.

Figure 5 illustrates the schematic of the beam-spring network
model. The contact contour C is partitioned into N virtual cantilever
beams and each of them has a height of h (sole layer thickness) and
a square cross section with dimension c� c, where c is the side
length. Virtual linear springs connect each pair of neighboring
beams. We assume that for each beam, elongation and compression
are ignored, and only bending deformation is considered.

We assume that the boundary friction force is evenly distributed
across the entire contact patch due to the beams being rigidly con-
nected to the top rigid surface. Neglecting the dynamic motions of
the beams, for the ith beam, i ¼ 1;…;N, the following force bal-
ance relationship is obtained:

f i
f þ f i

b þ f i
e þ f i

d ¼ 0 (4)

where f i
f ¼ ½f i

x f i
y �

T
is the contact friction force, f i

d is the evenly

distributed boundary friction force applied at the top of all of the

beams, f i
b is the bending force that captures the shear deformation,

and f i
e is the resultant net elastic spring force; see Fig. 5. The

resultant elastic force f i
e and bending force f i

b are calculated simi-

larly as in Ref. [17]. The bending force is defined as f i
b ¼ kbd

i,

where di ¼ ½di
x di

y�
T

is the tip deflection vector of the ith beam, and

kb ¼ 3EI=ðhÞ3 is the bending stiffness of the beam.
The Coulomb friction model is adopted to compute f i

f . If
jf i

b þ f i
ej < lf i

z , where f i
z ¼ f i

nc2 is the normal force at the tip of
the ith beam, the beam is stuck and has no movement. In this
case, f i

f balances the resultant force of f i
b; f i

d , and f i
e. If

jf i
b þ f i

d þ f i
ej � lf i

z , jf i
f j ¼ lf i

z cannot fully sustain the resultant of
f i

b; f i
d , and f i

e. The beam will then slip until the force equilibrium
holds again at the new location. f i

b is assumed to be saturated
when the ith beam slips.

With the above formulation, a computational algorithm is used
to obtain deformation distribution u and friction force ff on C
simultaneously. For completeness of the modeling description, we
extend the computational model in Ref. [17] and present Algo-
rithm 1 used in the shoe–floor interactions.

4 Results

4.1 Normal Walking Gait Results. The evolution of the con-
tact footprint during a regular walking gait is shown in Fig. 6. The
figure shows a sequence of the contact evolution for the left foot
from 10% to 90% of the stance. The stance, denoted as S, is
defined as a portion of the gait of a single step from the HS
(S¼ 0%) to the toe-off (S¼ 100%), determined from the motion
capture and image processing data.

To validate the normal force model, we compare the calculated
center of pressure (COP) trajectory during the walking gait using
measurements from the flexible PSECR arrays and the smart shoe
sensors. Figure 7 shows the comparison results for the experi-
ments when the hard sole was used. We omit the results for the
soft sole because of only minimal variations. Figures 7(a) and
7(b) demonstrate the x and y positions of the COP as a function of
stance S, while Fig. 7(c) shows the x–y trajectories of the COP by
measurements from various sensors. To evaluate the influence of
the presence of smart shoes sensors on the pressure distribution,
we also conduct the comparison experiments by removing the
smart shoe sensors and use only the flexible force sensor array. As
clearly shown in Fig. 7, the flexible force sensor measurements do
not show any significant differences between the experiments

Fig. 5 A schematic of the hybrid beam-spring network model
to capture the shoe sole–floor interactions
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with and without wearing the smart shoe sensors. The results also
validate that the COP predictions by the proposed normal force
model match well with the experiments from both the flexible
force sensor array and the smart shoe sensors.

Figures 8(a)–8(c) show the experimental results of a measured
normal load distribution with the hard sole shoes. The results are
presented at the beginning (S¼ 12%), middle (S¼ 46%), and at
the end (S¼ 92%) of the walking stance, from left to right, respec-
tively. Comparison with the model estimates in Figs. 8(d)–8(f)
demonstrates that the pressure peak locations coincide with those
in experiments. The normal load distribution exhibits a single
peak at the beginning and end of the stance, and a double peak at
the midstance, when the subject shifts weight from the heel to
toes.

The measured deformation results of the hard sole are shown in
Figs. 8(g)–8(i). No significant deformations are observed within
the contact area. Small deformations occur only at the lowest nor-
mal load region, i.e., at the posterior part of the contact area
(Fig. 8(g)) before contact, and also at the anterior part of the con-
tact area when the foot lifts off the floor (Fig. 8(i)). The model
predictions show similar deformations (Figs. 8(j)–8(l)) as those in
the experiments. The results for the soft sole in Figs. 8(m)–8(o)
show much larger deformations during walking. The observed
deformations are more than one order of magnitude larger com-
pared to those of the hard sole. The largest soft sole deformations
are observed at the most posterior section of the shoe at the heel.
The deformations at the heel occur at the initial stage of the stance
during the heel contact.

Algorithm 1: Numerical calculation of the shoe–floor friction contact model.

Fig. 6 Evolution of the laser-based contact contour and detected dots inside the contour (a) 10% of the stance, (b) 25% of the
stance, (c) 50% of the stance, (d) 75% of the stance, and (e) 90% of the stance during subject’s regular walking gait

Fig. 7 Comparison results of the COP trajectory during the normal walking gait by various sensor measurements and the nor-
mal force model. (a) Evolution of the COP in the x-axis direction versus the percentage of stance. (b) Evolution of the COP in
the y-axis direction versus the percentage of stance. (c) The COP trajectory comparisons in the shoe frame.
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The entire flat part of the sole is in contact with the floor at
approximately S¼ 25%. At the midstance, the contact contour and
contact area remain almost constant. The largest soft sole defor-
mations occur at the back of the shoe and are mainly due to the
large residual deformations generated during the initial contact.
Contrary to the hard sole, the soft sole deformations occur even at
the center of the contact (i.e., at midfoot), due to the low normal
load at that location. At the end of the stance, during the heel-off
phase, the shoe is rolling over the front curved portion. Heel part
of the shoe starts to move up and forward affecting the sole defor-
mations during the forefoot contact. Large soft sole deformations

are observed at the posterior part of C during the push-off, while
friction force reaches positive peak values.

The contact model successfully predicts the soft and hard shoe
sole deformations as observed in the experiments. During normal
walking, the sole shows no local deformations or local slip, and
thus, no global slip occurs. Figure 9(a) shows the values of the
RCOF calculated from the smart shoe sensors. The measured
COF under various conditions are listed in Table 1. The results in
Fig. 9(a) confirm that no global slip happens because the meas-
ured dry shoe sole–floor coefficient of friction (lDryStat¼ 1.05 in
Table 1) is larger than the RCOF.

Fig. 8 Experimental (a)–(c) and simulation (d)–(f) results of the distributions of the normal load Fn. Experimental (g)–(i) and
simulation (j)–(l) results of a hard rubber deformations d magnified by 203, and experimental (m)–(o) and simulation (p)–(r)
results of a soft rubber deformations d magnified by 103. Results are presented for 12%, 46%, and 92% of stance (S). Units of
the normal load distributions are N/mm2.
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4.2 Foot-Slip Walking Gait Results. Foot slip was induced
at the beginning of the stance. Two types of foot slip were
observed: “delayed-slip” gait, namely, slip initiated shortly after
the heel strike, and “slip-and-stop” gait, that is, slip starts

immediately after HS and then comes to a stop after sliding for a
short period.

Figure 10 shows the results of the measured deformation from
the delayed-slip gait. The initial slip starts at approximately
S¼ 8% of stance, and it is observed that the dots at the rear por-
tion have almost no deformation compared to the dots at the front
edge of the contact contour; see Fig. 10(a). Similar behavior is
observed during walking without slip. Gradually, the rear portion
starts to slip (Fig. 10(b)), and finally, at around 70 ms after HS, an
instantaneous slip occurs over the entire contact area as shown in
Fig. 10(c).

Figure 9(b) shows the calculated RCOF as a function of time.
We use time plot for comparison rather than stance plot because
of the longer duration of delayed-slip gait compared to the normal
walking stance. Clearly, at the instance of 70 ms, the slip occurs,
and the RCOF is around the available coefficient of friction
(ACOF) (lSoapDyn¼ 0.1 in Table 1) for the wet soap condition on
the floor surface.

We compute the sole deformation and sole–floor friction distri-
butions before (Figs. 11(a)–11(d)) and after (Fig. 11(e)–11(h))

Fig. 9 (a) RCOF from the smart shoe sensors versus the stance for normal walking, delayed-slip and slip-and-stop gaits. (b)
ROCF for the delayed-slip over the whole step. (c) Comparison of the RCOF for the delayed-slip, slip-and-stop and the esti-
mated RCOF for the slip-and-stop gait if using the values of the normal force from nonslip walking gait. Marked are instances
of the slip initiation for the delayed-slip gait and the slip termination during the slip-and-stop gait.

Fig. 10 Measured deformations at (a) 50 ms and (b) 60 ms from
the beginning of stance, until slip happens at (c) 70 ms after ini-
tial contact. All deformations are magnified by 20 times.

Fig. 11 Results right before slip occurs: (a) computed deformation distribution, (b) measured normal load fn(x, y), (c) com-
puted longitudinal friction force distribution fx(x, y), and (d) computed lateral friction force distribution fy(x, y). Results right
after slip occurs: (e) computed deformation distribution, (f) measured normal load fn(x, y), (g) computed longitudinal friction
force distribution fx(x, y), and (h) computed lateral friction force distribution fy(x, y). The unit for force distributions is N/mm2.
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slip happens. The results demonstrate that the large deformations
and slip start at the front edge of the contact area, similar to the
observed experimental results. The areas with large normal load
slip last. The computed longitudinal and lateral friction force dis-
tributions are shown in Figs. 11(c) and 11(d) (before slip), and
Figs. 11(g) and 11(h) (slip occurred), respectively. We also plot
the measured normal force distributions before and after slip as
shown in Figs. 11(b) and 11(f), respectively. At the time instance
right before slip, the friction forces have the highest values in the
neighborhood around the stick portion of the contact area. The lat-
eral friction force distribution shows the large values but with dif-
ferent signs around the stick contact area (Fig. 11(d)). The
opposite signs indicate compression and tension in these areas.
Friction forces show a smaller value inside the stick region than
those in its neighborhood areas. At the instance of slip, both the
longitudinal and lateral forces show a high correlation with the
normal load distribution and have peak values at the same areas.

Figure 12 shows the total normal forces Fn, and total longitudi-
nal (Fx) and lateral (Fy) friction forces for three different gaits:
normal walking gait, delayed-slip gait, and slip-and-stop gait. The
slip results are plotted with respect to the normal walking stance
for the step immediately prior to foot slip onset to exclude the
effect of the walking speed variations among the tests. Compared
to the no-slip walking, the normal forces decrease shortly after the
heel strike. Figure 12(b) further shows the matched experimental
and simulated total normal and friction force profiles. Figure
12(c) shows the experimental results of the total GRF profiles dur-
ing the slip-and-stop gait, and the simulation results using the nor-
mal force profile from regular walking gait without slip.

Figure 9(c) shows the comparison of the RCOF for the three
aforementioned gaits. During the delayed-slip gait, the foot slip
occurs at 70 ms after the heel strike (at approximately 10% of
stance) and ends at approximately 45% of stance (not shown),
when the RCOF is already much lower than the ACOF. During
the initial portion of slip, the measured RCOF during this initial
period is assumed to correspond to the maximum ACOF during
sliding. The ACOF is nonconstant, condition dependent, and the
conditions such as the normal force, heel velocity, and shoe–floor
angle affect the shoe–floor contaminant friction [15]. Although
the RCOF is often used for slip prediction, due to changing
ACOF, this method cannot be directly used to predict slip termi-
nation. Instead, using the proposed friction model we are able to
predict slip initiation and termination as shown in Fig. 9(c). This
offers an important advantage over slip prediction by only RCOF.

During slip-and-stop gait, the foot is slipping from the initial
heel contact and stops after 130 ms (at approximated S¼ 20%).
Figure 9(c) shows the RCOF changes with stance. When the
RCOF values drop below the predicted ACOF, the actual slipping
motion did not stop slip termination. Figure 9(c) also includes the
computed RCOF for such slip-and-stop simulation with the

modified normal force profile. The friction force is kept the same
as in slip experiments. Computed RCOF at 40 ms (i.e., S¼ 7%)
after heel strike drops below the ACOF, indicating the potential
for earlier slip termination as predicted by the friction model.
Compared to the experimental data of the slip-and-stop event, the
model with the modified normal force profile predicted that slip
stops 90 ms earlier.

5 Discussions

This study aims at understanding and prediction of slip initia-
tion under a hard and soft shoe sole by measuring the sole defor-
mations. The presented results were in agreement with the
previously reported conclusion by using RCOF as the slip predic-
tion parameter. The experiments suggested that partial slip was
initiated first at the sole–floor contact area with large deforma-
tions. Further evolution of slip from these areas can potentially
lead to a global slip and therefore, it is important to analyze slip
evolution for applications, such as shoe tread design. In the fol-
lowing, we further discuss the model development, explanation,
and interpretation of the presented results.

One attractive property of the log-normal distribution function
lies in its simplistic form with only two parameters (l and r) to
characterize the shoe–floor pressure distribution. Model parameter
l (i.e., the median of the distribution) progresses forward simi-
larly as the center of pressure, and therefore, can be interpreted
and correlated with biomechanical variables. Parameter r (i.e.,
standard deviation) defines the skewness of the distribution func-
tion. In this study, the value of parameter r was much smaller
than that of l. This implies that the mean, median, and mode of
the distribution function lie closely together and consequently fur-
ther supports the previously mentioned correlation between l and
the COP. We considered r as a tuning parameter to approximately
match the shape of the distribution and its peak value. Parameter
r was chosen as a constant over one stance for model simplicity,
and its value was estimated through experimental COP
measurements.

Moreover, superimposing two log-normal distribution functions
in the opposite directions (with individual scaling factor S) allows
to generate a double-peak distribution (i.e., under heel and toes).
This property is particularly attractive to model and reflect
the actual double-peak pressure distribution as observed in
experiments. Superposition of two individual functions has an
advantage over using a single double-peak function since the for-
mer allows greater model flexibility than the latter. It is conven-
ient in our study to use the superposition of two log-normal
functions, because two smart-shoe sensors were separately used
to measure forces under the heel and the toes, and their measure-
ments can be used to directly tune scaling factors S for both
functions.

Fig. 12 (a) Forces during regular walking gait and walking with foot slip gait plotted with respect to the regular walking stance
(S). GRFs from the experiments and model predictions for (b) regular no slip walking and (c) slip-and-stop walking gaits. The
curves of “Fn Exp” and “Fn Sim” coincide with each other since we intentionally use the normal forces measured in experi-
ments in the computation.
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The Legendre polynomial was used in the normal force model
mainly because of its properties to allow lateral variations without
affecting the magnitude of the total force. This is attractive for
separately determining and tuning the anterior–posterior and
medio-lateral pressure functions for a given total normal force.
Besides the previously discussed reasons, we used Legendre poly-
nomials in this study because the model also matched the experi-
mental results. It might be possible to find other sets of
mathematical functions to model pressure distributions.

We used and recruited only one young healthy male in this
study because the focus of our study lies in understanding slip ini-
tiation and prediction under normal walking gait. Our goal was to
directly compare walking gaits with and without slip. We consider
that typical experiments by one healthy subject are sufficient to
meet the previously mentioned goal. The presented modeling
approach can be applied to other subjects with normal gaits. The
friction and normal force models are not restrictive and can be
tuned to obtain the model parameters of subjects with abnormal
gaits. In such case, the model parameters need to be adjusted to
reflect the changes in normal load distribution. Noticing that slip
initiation in this study happens at the beginning of the stance
when variations of normal load distributions are small, the pre-
sented normal load model is still valid and applies to a large popu-
lation. Of course, we need to further validate the models using
multiple subjects before they can be used among all populations.
This is one limitation of the work presented in this paper.

For the experimental results, such as gait parameter profiles in
Fig. 7(c), we omitted data for the first and last 5% of the stance
due to inaccuracy of pressure sensor measurements when the foot
contacts and leaves the floor. Results of the COP profiles in Fig. 7
imply that the use of the force sensors inside the shoes does not
change the normal gait pressure distribution. The differences of
the COP positions in the y-axis direction (Fig. 7(b)) among vari-
ous sensor measurements could possibly be due to the nonperfect
foot-insert that was placed under the smart shoe sensors to emu-
late the anatomy of the foot and due to the decreased sensitivity of
some flexible force sensors at certain locations. Further compari-
son of the pressure distribution results in Figs. 8(a)–8(f) confirms
that the normal load model distribution matches the experimen-
tally observed pressure distribution, and this validates the normal
force model. Additionally, the comparison results of the experi-
mental and the model prediction in Figs. 8(g)–8(r) show that the
contact model successfully predicts the sole deformations, and
this validates the friction force model.

As shown in Fig. 8, although the normal contact force model
has successfully predicted the peak locations as observed in the
experimental results, the values from the model are smaller com-
pared to the experimental results. This is mainly due to two fac-
tors: (1) measurements of the pressure distribution are only at
certain locations, and the values at other locations are obtained by
linearly interpolation, and (2) limited model capabilities of one
lateral distribution function, where the use of Legendre polyno-
mials does not allow generating extremely sharp peaks. Addition-
ally, observations from the simulation results of the friction force
distribution right before slip (see Figs. 11(c) and 11(d)) suggest
that smaller values occurred inside the stick region compared to
those in its neighborhood areas. This could be due to the large
contribution of elastic forces in the nonstick areas and also possi-
bly due to the use of Coulomb friction law in the computational
model.

During normal walking, the beginning and end of stance are the
most crucial phases at which slip likely occurs for several reasons:
(1) stick areas at the beginning (Fig. 8(m)) and end of stance (Fig.
8(o)) are both relatively small; (2) the friction forces reach their
peak values due to heel-strike and push-off; (3) the newly estab-
lished contact during heel strike is evolving and does not sustain
much normal load yet; and (4) the anterior portions of contacts in
both phases have a local slip. The slip experiments presented in
the Results section confirm such observation. Another observation
is that at the beginning and at the end of the stance, the shoe is

often rotated around the z-axis, and the deformations indicating
this are shown in Fig. 8(m)). This rotational effect, due to the
moment around the z-axis was not considered in our model.

Due to small contact area and the high stiffness of the hard shoe
sole material, the hard sole–floor interaction acts like a rigid con-
tact, and thus, the resultant RCOF calculation seems to serve as a
good prediction of slip occurrence. However, the sole deformation
measurements could serve as a good indicator for possible slip,
especially when the actual coefficient of friction is either
unknown or is it difficult to obtain it in real time. Using sole
deformation as a slip predictor complements the previously
reported and well-known slip prediction indicator parameter (i.e.,
RCOF) and could be used as a true assessment for slip occurrence.
Furthermore, the results in Fig. 9(c) also indicate that the RCOF
cannot be used to precisely predict slip termination since during
slip progression the RCOF values dropped below the ACOF val-
ues, while the actual slipping motion did not stop. One advantage
of using deformations measurements as the slip indicator is that
no prior knowledge of the true sole-floor coefficient of friction is
needed. Of course, obtaining the deformation distribution in real
time is not straightforward and this is one task among our future
research directions. Additionally, we also conducted slip experi-
ments using a soft shoe sole to investigate if any partial slips occur
prior to global slip. Unfortunately, our attempt was not successful,
due to the extremely low COF (around 0.05) that constantly
caused immediate slip and deformation measurements could not
be obtained.

Comparing with normal walking, reduction of normal forces
during slip gaits was reported as the most significant change
among biomechanical variables [24]. Results in Fig. 12(b) confirm
such observations. Compared to noslip walking, the normal force
during slip decreases shortly after the heel strike, which was
reported to be due to the foot slip and not human postural response
[24]. The reason for slip biomechanics solely influencing the
decrease of normal load is primarily due to the fact that during the
initial portion of slip, the subject’s postural response is not present
yet since the voluntarily response starts after approximately
200 ms [25]. Since the friction force is highly related to the nor-
mal force, the reduction of the normal force results in a reduction
of friction force and thus increases the possibility of slip initiation.
This effect also reduces the possibilities of slip termination.
Therefore, we hypothesize that if the subject could voluntarily, or
using external assistance, try to restore the normal force profile
during slip gait, slip would stop sooner. We validated this hypoth-
esis using the friction model with the normal force profile and
distribution from normal walking. We applied these profiles to
the slip-and-stop case and kept the other parameters unchanged.
The reason for applying this to the slip-and-stop rather than the
delayed-slip gaits is to reduce the effects of other biomechanical
parameters such as shoe angle, contact area size, etc. that are simi-
lar to those in regular walking. These simulation results imply that
intentionally trying to keep similar walking gait and normal force
profile during slip can lead to terminate slipping sooner. This
observation can potentially provide novel slip balance recovery
strategies and be beneficial in practical applications of slip-and-
fall prevention.

6 Conclusion

We presented modeling, analysis, and experiments of the
shoe–floor interactions during human walking with slips. We
developed a flexible force and sensing system to measure plantar
pressure distribution inside shoe soles. Resultant shoe–floor forces
were also obtained by using two 6DOF load-cells under the hind-
foot and forefoot. A normal force distribution model was devel-
oped and used in the computation of the deformation and friction
force distributions of the soft and hard shoe soles with an
extended computational friction model. The model revealed the
initiation and evolution of the shoe–floor slip and also the friction
force distributions. We experimentally validated the normal force
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distribution model. The experimental and computational results
confirmed that the largest deformations occurred in the areas with
the smallest normal load and also that partial slips happened first
at the same locations. The comparison results showed a good
agreement for the soft and hard sole-floor contacts. One advantage
of using the deformation over the RCOF to predict slip occurrence
is the qualitative assessment of slip, especially when the friction
coefficient is unknown. We plan to conduct experimental verifica-
tion of the friction force model. Combining the shoe–floor interac-
tions model in this paper with the bipedal dynamics (e.g., Ref.
[26]) to study the walking stability under slip is also among our
future research tasks.
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