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A B S T R A C T

We developed a shoe mounted with miniature tri-axial force sensors and investigated the distribution of the local
required coefficient of friction (RCOF) in the contact area between the shoe sole and floor during straight
walking. Four miniature force sensors were mounted on the outsole of the shoe. The study comprised five
healthy young adult males (mean age: 22.4 years). Participants were instructed to walk straight at a normal pace
on a level resin floor under 25 different sensor layouts to measure the three-directional ground reaction forces
(GRFs) at 52 local positions in the region of the shoe sole. The local RCOF value (the maximum peak value of the
ratio of the horizontal GRF to vertical GRF) was calculated at each sensor position. The mean local RCOF values
at ten local positions were observed to be> 0.4, whereas those at the lateral rear foot and toe were observed to
be>0.6. These local RCOF values were much higher than the mean RCOF values calculated from the resultant
local GRFs (0.18). The results of the present study will provide information on the distribution of friction re-
quirements and the direction of applied horizontal GRF will aid in the development of slip-resistant shoe sole
patterns.

1. Introduction

Slip-induced falls are one of the leading causes of occupational ac-
cidents [1,2]. A person is unlikely to slip if the ratio of the tangential
force to the vertical force applied to the floor, i.e., the traction coeffi-
cient, is lower than the coefficient of friction at the shoe–floor interface
during the stance phase. Further, the peak traction coefficients appear
either shortly after weight acceptance or during push off [3], leading to
increased slip risk. The peak traction coefficient observed shortly after
weight acceptance during unperturbed walking is called the required
coefficient of friction (RCOF) [4]. The RCOF is defined as the minimum
coefficient of friction that is necessary at the shoe–floor interface to
sustain human locomotion without slipping [5–9]. and it is used to
predict the risk of hazardous forward slipping [10,11].

The tangential and vertical forces between the shoe and floor are
typically measured as the horizontal ground reaction force (GRF) and
vertical GRF, respectively, using a force plate [7–9]. However, GRFs are
the net effects of multiple local forces that are acting across the entire
contact area. Thus, it is difficult to obtain the distributions of local GRF
and RCOF values in the entire contact area between the shoe and floor
using the force plate. The distributions of local GRF and traction coef-
ficient values in the shoe–floor contact area will provide information

about the location in the contact area where a large coefficient of
friction is required, and this will contribute to the development of slip-
resistant shoe sole patterns. Moriyasu et al. [12,13] developed a shoe
that was mounted with miniature tri-axial force sensors on the shoe
outsole and measured the GRFs and traction coefficient at 19 local
positions in the shoe sole area while running. However, there has been
no study about the distributions of local GRF and traction coefficient
values in the entire contact area between the shoe and floor during
walking. Particularly, the GRF vector distribution and traction coeffi-
cient values shortly after weight acceptance and during push off, when
the total shoe slip is likely to occur, should be understood while de-
signing slip-resistant shoes. Further, the local slips in the contact area of
the shoe sole can cause wearing of the tread block of the shoe outsole
even when total shoe slip does not occur. Therefore, it is imperative to
ascertain where the local slips are more likely to occur while developing
a wear-resistant shoe outsole.

Thus, herein, we develop a shoe mounted with miniature tri-axial
force sensors; using a shoe sensor system, we investigated 1) the dis-
tribution of the local traction coefficient in the shoe–floor contact area
while walking straight, 2) the GRF and traction coefficient shortly after
weight acceptance and during push off when slips are likely to occur to
understand the relation between the risk of whole shoe slip and local

https://doi.org/10.1016/j.biotri.2019.100101
Received 7 April 2019; Received in revised form 3 June 2019; Accepted 28 June 2019

⁎ Corresponding author at: Graduate School of Biomedical Engineering, Tohoku University, 6-6-01 Aramaki-Aza-Aoba, Aoba-ku, Sendai, Miyagi 980-8579, Japan.
E-mail address: yamatake@gdl.mech.tohoku.ac.jp.

Biotribology 19 (2019) 100101

Available online 29 June 2019
2352-5738/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/23525738
https://www.elsevier.com/locate/biotri
https://doi.org/10.1016/j.biotri.2019.100101
https://doi.org/10.1016/j.biotri.2019.100101
mailto:yamatake@gdl.mech.tohoku.ac.jp
https://doi.org/10.1016/j.biotri.2019.100101
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biotri.2019.100101&domain=pdf


slip in the shoe–floor interface, and 3) the locations in the shoe–floor
contact area at which local slips are likely to occur.

2. Methods

2.1. Shoe Device Mounted with Miniature Tri-Axial Force Sensors

To measure the local GRF distribution, four miniature tri-axial force
sensors (ShokacChip, Touchence Inc., Japan) [14] were mounted on the
shoe outsole. This sensor uses piezoelectric elements to detect three-
dimensional forces. The size of each sensor was 11.1×11.1×2.5mm,
and the rate capacities in the x, y, and z directions, which correspond to
the transverse (+x: lateral; −x: medial), longitudinal (+y: anterior;
−y: posterior), and vertical directions of the shoe, were ± 10 N,±
10 N, and 40 N, respectively (allowable overload: 150%). Four sensor
devices with a backing made of steel plates (diameter: 9.0 mm, thick-
ness: 0.5 mm), nitrile butadiene rubber (NBR) sheet (dia-
meter:10.0 mm, thickness: 2.0 mm, hardness: 70 HS (A/15), 48 dummy
devices, which included a rigid vinyl chloride plate (diameter:
10.0 mm, thickness: 3.0 mm), and NBR sheet (diameter: 10.0mm,
thickness: 2.0 mm), were attached to the bottom of a commercially
available shoe (removed outsole), using double-sided tape (Fig. 1). The
weight of the shoe with the sensor devices was approximately 350 gf
(including the amplifier board connected to the shin). Of the four sensor
devices, two were placed at fixed positions (i=3 and 51 in Fig. 1) for
each trial. The positions of the other two sensors were changed (25
sensor layouts), and GRF data from 50 local positions (i=1, 2, 4–50,
and 52 in Fig. 1) were collected. Thus, we acquired the three-dimen-
sional GRF distributions of 52 locations. Because of the low rate ca-
pacity of the sensors, an NBR block was affixed at the heel of the shoe
instead of the sensor devices.

2.2. Experimental Procedure

The study included five healthy young adult males. The mean
(± standard deviation) age, height, and body mass were

22.4 ± 0.9 years, 1.67 ± 0.01m, and 55.6 ± 3.1 kg, respectively.
The participants were informed of the protocol, and informed consent
was obtained from each participant prior to the experiment.

Participants wore the sensor shoe device on the right foot and wore
a shoe mounted with 52 dummy devices on the left foot. The sensor
amplifier board was fixed on the shank with a belt. Participants also
carried a tablet personal computer for data collection on their back.
They were instructed to walk straight for 30 steps at a self-selected
normal speed on a level resin floor for each sensor layout. Therefore, 25
trials were performed per participant. In each trial, the GRF data of the
right foot were obtained at a sampling frequency of 20 Hz, and the GRF
data for 10 steps during the steady state were used for analysis.

Apart from the above gait trials, one of the participants was in-
structed to walk on a force plate (MG2060; Anima, Tokyo, Japan)
placed at the center of a 5-m walkway, and GRFs obtained from the
shoe device were compared to those obtained from the force plate. The
participant was asked to walk at a self-selected normal speed, and 25
trials were performed with different sensor layouts to collect local GRF
data for 52 sensor positions. The participant walked five times for each
sensor layout condition.

2.3. Data Analysis

Heel contact (0% stance phase) and toe-off (100% stance phase) for
each right foot step were determined using the vertical GRF fzi for i=3
(fz3) and i=51 (fz51) with a threshold value of 2 N. GRF data were
resampled to 26 points data from 0% to 100% stance phase at a 4%
interval using Matlab (Mathworks, Natick, MA, USA). The local traction
coefficient ϕi for each sensor position was calculated using the fol-
lowing equations:

= =φ
f
f

i, 1–52i
hi

zi (1)

= + =f f f i, 1–52hi xi yi2 2 (2)

where fxi, and fyi are the GRFs in the transverse and longitudinal

Fig. 1. Shoe device mounted with miniature tri-axial force sensors. In this sensor layout, sensor devices were placed at positions i=3, 20, 24, and 51.
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directions of the shoe, respectively, and fhi is the resultant horizontal
GRF at each sensor position. Fig. 2 depicts the temporal profiles of local
GRF and traction coefficient when i=2. The maximum value of the
traction coefficient while the sensors experience contact with the floor
at each sensor position was determined as the local RCOF value
(RCOFi). To screen data where instability in RCOFi occurred due to a
small fzi, we used the ϕi data at fzi > 5 N in RCOFi determination. The
resultant traction coefficient ϕ was calculated using the following
equation:

=
∑

∑

=
=

=
=

φ
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52
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In the gait trials on the force plate, the sampling frequency of the
force plate was 500 Hz, and the collected GRF data (Fx, Fy, and Fz) were
low-pass filtered (10 Hz) with a fourth-ordered, zero-lag, Butterworth
filter and then resampled to obtain 26 points data from 0% to 100%
stance phase at a 4% interval using Matlab. The horizontal GRF (Fh) and
vertical GRF (Fz) from the force plate were compared with the resultant
horizontal and vertical GRFs (∑ =

= fi
i

1
52

hi and ∑ =
= fi

i
1
52

zi) obtained from the
sensor shoe device at each stance phase. Fh was calculated using the
following equation:

= +F F Fh x y2 2 (4)

3. Results

Fig. 3a shows the temporal profiles of the resultant horizontal and
vertical GRFs obtained from the sensor shoe device and those obtained
from the force plate. The temporal profiles of the resultant horizontal
and vertical GRFs obtained from the sensor shoe device were in good

agreement with those obtained from the force plate (Fig. 3a); however,
the resultant vertical GRFs obtained from the sensor shoe device in the
early stance phase, i.e., approximately 0–20% stance phase, were much
smaller than those obtained from the force plate, possibly because of
the lack of sensors at the heel of the sensor shoe. As shown in Fig. 3b,
the resultant GRFs obtained from the sensor shoe device and the force
plate were highly correlated with each other (r=0.954, p < .001 for
the horizontal GRF; r=0.948, p < .001 for the vertical GRF). The
slopes of the regression lines for the horizontal GRF and vertical GRF
are 0.957 and 1.036, respectively. Further, the root mean square errors
for the horizontal GRF and vertical GRF are 11.2 N and 57.5 N, re-
spectively. These results indicate a relatively good accuracy of GRF
measurement with the sensor shoe device.

The temporal profiles of local GRFs (fxi, fyi, and fzi) for rear foot
(heel, i=2), midfoot (i=27), and forefoot (metatarsal head, i=43;
toe, i=49) in the gait trials on the resin floor are presented in Fig. 4.
The peak values of the vertical GRFs were higher at the rear foot (fz2)
and metatarsal head (fz43) than at the midfoot (fz27) and toe (fz49).
Additionally, fy2 and fy27 were negative, which indicates that these
forces acted as braking forces, while fy43 and fy49 were positive, which
indicates that these forces acted as propulsion forces. Moreover, fx2,
fx27, and fx49 were positive, which indicates that these forces were ap-
plied laterally, while fx43 were negative, which indicates that these
forces were applied medially. The temporal profiles of the local traction
coefficient (ϕi) for rear foot (heel, i=2), midfoot (i=27), and forefoot
(metatarsal head, i=43; toe, i=49) are presented in Fig. 5. We dis-
covered that the traction coefficients were higher at rear foot (ϕ2) and
toe (ϕ49) when compared with those at the midfoot (ϕ27) and meta-
tarsal heads (ϕ43). The traction coefficients at the midfoot (ϕ27) and
metatarsal head (ϕ43) were low and stable during the whole contact
period when compared with those at the rear foot (ϕ2) and toe (ϕ49).

Fig. 2. The temporal profile of the local ground reaction forces (fx2, fy2, and fz2) and local traction coefficient (ϕ2) at rear foot (i=2) for a single step in a single-
participant experiment.
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Fig. 6 shows the temporal profile of the resultant traction coefficient
(Fig. 6a), and the magnitude of the local traction coefficient and di-
rection of horizontal GRF, i.e., traction force, at each position in the
12% (i.e., shortly after weight acceptance), 52% (mid-stance), and 88%
(terminal stance, i.e., during toe-off) stance phases (Fig. 6b). Fig. 7
represents the mean local traction coefficient at each sensor position in

case of the 12%, 52%, and 88% stance phases. As shown in Fig. 6a, in
the 12% stance phase, i.e., weight acceptance phase, the direction of
horizontal GRFs was backward as a braking force in the entire contact
area (Fig. 6a). At this instant, the local traction coefficient was higher at
the lateral rear foot part (e.g., i=2, 3, 7, 11, and 15) than at any other
parts (Fig. 7a), and the horizontal GRFs at this area were backward and

Fig. 3. (a) Temporal profile and (b) corre-
lation of resultant ground reaction forces
obtained using the sensor shoe device and
the force plate. The GRF data from the force
plate and the sensor shoe device at each
stance phase (every 4% from 0% to 100%) is
averaged across all the trials. The solid and
dashed lines in (a) refer to the data obtained
using the sensor shoe device and the force
plate, respectively. The black and gray cir-
cles in (b) refer to the data obtained in the
horizontal and vertical directions, respec-
tively.

Fig. 4. Temporal profile of local ground reaction forces at the rear foot (i=2), midfoot (i=27), metatarsal head (i=43), and toe (i=49). The solid and dashed line
indicate the mean value and mean ± standard deviation across all the subjects.
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lateral. On the other hand, in the 52% stance phase (Fig. 6b), the
braking force and propulsion force were mixed in the contact area.
These forces canceled each other, and therefore, the resultant traction
coefficient at this instant was very low (0.018) as shown in Fig. 6a. In
the 88% stance phase (Fig. 6c), the propulsion force was mainly applied

at the metatarsal head and toe; however, the local traction coefficient in
the forward and lateral directions at the lateral metatarsal head part
and toe part (i=41, 45, 49, and 50) was larger than the at any other
part (Fig. 7c).

Fig. 8 shows the mean local RCOF value at each sensor position. It is

Fig. 5. The temporal profile of the local traction coefficient at the rear foot (i=2), midfoot (i=27), metatarsal head (i=43), and toe (i=49). The solid and dashed
lines indicate the mean and mean ± standard deviation values for all the subjects, respectively.

Fig. 6. (a) Temporal profile of the resultant traction coefficient and (b) the magnitude of the local traction coefficient and direction of the horizontal GRF at each
stance phase. The data at each stance phase is averaged across all subjects. The length of the arrow in (b) indicates the magnitude of the local traction coefficient at
each position. Red and blue arrows correspond to braking and propulsion, respectively. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 7. Mean local traction coefficient values at each sensor position at each sensor position at 12% (loading response), 52% (mid-stance), and 88% (terminal stance)
stance phase. Error bars indicate standard deviation among the five participants.

Fig. 8. Mean local required coefficient of friction (RCOFi) values at each sensor position. Error bars indicate standard deviation among the five participants. There are
no RCOFi data for the sensor positions 21, 24, and 25 (midfoot part) because the fzi values at those sensor locations were less than the threshold value (5 N).
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obvious that the local RCOF values vary depending on the location of
the sole. It is obvious that the local RCOF values vary depending on the
location of the sole. The mean local RCOF values at 10 local positions
were> 0.4, and those at the lateral rear foot (i=2 and 3), and toe
(i=49) were>0.6.

4. Discussion

This study investigated the distributions of RCOF values in the
contact area during straight walking, using a sensor shoe device. The
obtained results denote that shortly after weight acceptance (e.g., the
12% stance phase), the local traction coefficient at the lateral real foot
area is larger than the local traction coefficient experienced in the other
areas when the resultant RCOF is large and whole slip is likely to occur.
It is noteworthy that the local traction forces (horizontal GRFs) ex-
perienced at this area can be applied in the lateral backward direction.
Thus, this area is likely to slip locally in the medial forward direction,
and the friction loss in this region can propagate local slips to other
tread block regions and result in total shoe slip. Additionally, during
toe-off (e.g., the 88% stance phase), when the resultant RCOF is also
large, the local traction coefficient at the head of the lateral metatarsal
is still large; further, the local traction force at this area can be applied
both in the forward and lateral directions. Thus, this area is likely to slip
in the medial backward direction, which can propagate local slips to
other tread block regions and lead to total shoe slip in the medial
backward direction. However, at the mid-stance (e.g., the 52% stance
phase), the resultant RCOF is small because of the local traction forces
acting as propulsion and braking forces. Therefore, the local slip could
occur in several directions, leading to the prevention of large global
slips at the mid-stance phase. These results indicate why total shoe slip
is likely to occur shortly after weight acceptance and during push off
and not at mid-stance.

We found that the local RCOF values at almost the entire shoe–floor
contact area were higher than the mean RCOF value (0.18) calculated
using the resultant local GRFs obtained from Eq. (3). The results also
indicated that the local RCOF values at 10 points mainly in the rear
foot, metatarsal head, and toe area were larger than 0.4, which is be-
lieved to be preferable value to prevent global slip of the foot during
walking [15–17]. However, global traction coefficient is not simply the
sum of the local traction coefficient as shown in the following equation.
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Therefore, the local traction coefficient is not directly related to the
overall slip risk, and the friction coefficient does not need to be in-
creased to the level shown in Fig. 8 to prevent global slipping. The local
friction requirement relates to the local slip of an individual tread block
of shoe sole. The increase in friction at an individual tread block results
in increased overall friction in the shoe–floor interface. Therefore, the
information of the distribution of friction requirement and the direction
of the applied horizontal GRF will indicate where and in which direc-
tion the high slip-resistant tread blocks or grooves should be arranged.
This information would also help in selecting the material for the shoe
outsole. The distribution of local RCOF values at each sensor position
can be a source of information about which part of the sole is likely to
experience local slip. The local slips provide sliding wear of the tread
blocks of the shoe sole. Therefore, the distribution of the local RCOF
values denoted in Fig. 8 indicates that the rear foot and toe regions are
likely to be worn because those regions experiences frequent local slips.
This information can be utilized in the design to improve the wear re-
sistance of the shoe sole.

We also investigated the direction of horizontal GRFs at each lo-
cation in the contact area and found that the direction differed de-
pending on the location. As shown in Fig. 6, horizontal GRFs were
backward and lateral in the outer side of the heel in the early stance

phase, which would be associated with external foot rotation at heel
contact [18]. The direction can likely be affected by individual differ-
ences, sex differences, aging, and other such factors. When designing
high slip-resistant outsoles for shoes, it is important to consider the
direction of horizontal GRFs.

The present study had some limitations. We assessed straight
walking in only five young adult males. Further studies are needed to
investigate the generalizability of these results when considering fe-
males, elderly individuals, and impaired individuals, using a sensor
shoe device. The lack of GRF data at the heel because of low sensor
capacity limited the results of this study. Thus, miniature tri-axial force
sensors with higher capacities should be developed to measure local
GRF and local RCOF distributions in the entire shoe sole area.

5. Conclusion

In the current study, we developed a shoe mounted with miniature
tri-axial force sensors and investigated the local RCOF at 52 local po-
sitions in the region of the shoe sole. Using a sensor shoe device, we
determined the distribution of friction requirement and the direction of
applied horizontal GRF during straight walking. The experimental re-
sults denote that shortly after weight acceptance and during toe-off at
which the resultant RCOF is large and at which total shoe slip is likely
to occur, the direction of traction force in which the traction coefficient
is large is relatively uniform; thus, the resultant traction coefficient is
large at these instances. However, at mid-stance, where the resultant
RCOF is small and when total slip is not likely to occur, the directions of
traction force in the contact area are different, resulting in the reduc-
tion of the resultant traction coefficient at that stance phase. The results
also indicated that local RCOF values at most locations were higher
than the RCOF values calculated from the resultant local GRFs (0.18).
The local RCOF values at the lateral rear foot and toe were observed to
be>0.6, which was higher than those at the other sole region. Our
results will contribute to the development of slip-resistant shoe sole
patterns.
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