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Abstract. Fingertip friction perception characteristics have not formed a clear and complete theory, owing to the
low repeatability and accuracy of related experiments. Given this, a novel experimental method is proposed based
on ridged surfaces for investigating the fingertip friction perception characteristics. In this method, based on the
Universal Mechanical Tester (UMT) TriboLab, the proposed experiment makes subjects touch ridged surfaces
under different ridge sizes and lubrication conditions, aiming to obtain fingertip friction and subject judgment.
Subsequently, the average friction force fluctuation degree and the tactile perception accuracy are calculated to
analyze the friction characteristics. For this, the relationship between friction and perception characteristics is
discussed further. The results show that the adhesive and the deformation friction forces, which mainly consist
of the total friction force under incomplete contact conditions, decrease due to the lubricating oil. However, the
adhesive friction force increases slightly as the ridge widens. In addition, when the ridge spacing is raised, the
deformation friction force increases and becomes the dominant component, while the adhesive friction force
is the opposite. While analyzing the friction characteristics, it is found that the tactile perception accuracy is
enhanced by raising the average friction force fluctuation. Moreover, the tactile perception accuracy can be
improved by changing the surface texture and lubrication conditions, due to the changes in fingertip friction
characteristics.

1 Introduction

In the process of tactile perception, the frictional vibration
between the skin and the contact surface gives mechanical
stimulation to the tactile receptor in the skin and converts it
into a neural potential signal to the cerebral cortex, which ul-
timately enables humans to make tactile feedback and judg-
ment (Jeremy et al., 2018). Therefore, frictional vibration is
the “exciter” of tactile sensation and plays a key role in the
process of tactile perception (Tang et al., 2020). Compared
with vision and hearing, people’s perception of touch is still
very limited because the factors affecting touch perception
are complex and changeable (Capace et al., 2021). In the
touch process, fingers will produce friction signals, vibra-
tion signals, skin deformation, and other variables to help the
body identify the details of the object (Logozzo et al., 2021).

Studying the generation of these variables in finger sliding
touch and their influence on tactile perception from the per-
spective of tribology is conducive to further understanding
the mechanism of tactile perception and improving human
cognition of their tactile system (Hou et al., 2021; Alam
et al., 2021; Bok et al., 2021). However, from the perspec-
tive of biomechanics, the skin of the finger has a complex
physiological structure and mechanical properties, and there
are many factors affecting the contact friction of the finger,
which leads to poor stability and reliability of the finger tri-
bological test.

The tactile texture of material is the sensory impression
formed on the surface of human skin contact material (John-
son and Hsiao, 1992). At present, the research on friction
tactile perception is mostly carried out for specific materials
such as sandpaper, fabric, and glass. The surface morphol-
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ogy characteristics of materials are mainly characterized by
surface roughness (Vastano et al., 2016). For example, to dis-
cuss the relationship between the sliding speed, the vibration
acceleration, and the effects of the stick–slip phenomenon
on perception, Zhou and Jin (2015) make subjects identify
the surface roughness by sliding their fingers on sandpaper.
By analyzing the tactile sensing vibration signals and friction
signals of 38 different types of materials, Tang et al. (2015)
extracted eight tactile sensing characterization parameters
in three categories: perceived fineness, perceived roughness,
and perceived smoothness. Chimata and Schwartz (2018) use
sandpaper with different grinding particle sizes to explore
how contact surface area reduction affects friction percep-
tion accuracy. However, the surface morphology of the ma-
terial is composed of the width, height, shape, and density
of the texture (Bergmann Tiest, 2010). Surface roughness is
a comprehensive characterization parameter of these texture
features, and it often appears that the surface roughness is the
same but the texture features are different.

Therefore, it is not enough to study the formation mecha-
nism of human tactile texture on the surface of the material.
It is necessary to refine the texture features of the material
surface and carry out systematic research on the influence
of texture feature parameters on tactile perception (Cesini et
al., 2018). Some scholars have carried out related research
on the influence of texture size features on tactile sensation.
and Saal (2015) make subjects perceive surface texture fea-
tures through friction, aiming to identify different types of
textures and eventually explaining why the actual roughness
of samples is different from the roughness perceived by sub-
jects. Liu and Zhang (2020) combine the mechanical friction
method and psychophysical research method to initially re-
veal the influence of texture height on friction perception. It
is found that skin friction perception mainly depends on the
lag and interlocking effects, which are directly related to skin
deformation. However, since only three male subjects partic-
ipated in the perception tests, the conclusions are not persua-
sive enough. Texture size is one of the important characteris-
tics of material surface morphology and an important charac-
teristic parameter affecting tactile sensation (So et al., 2020).
At present, there are few reports on the relationship between
texture size characteristics and tactile sensation. The accu-
racy of the test method remains to be further improved, and
there are few studies that combine the “feeling” of the skin
with the subjective “evaluation”.

Even though the above studies have clarified the friction
perception characteristics of fingertip skin from experimental
and theoretical aspects, due to the random texture of touched
samples and the imperfection of the test method, the fingertip
exploration actions are easily interfered with by human fac-
tors; thus the reliability and repeatability of the experimen-
tal results are so low. In view of these problems, this study
proposes a test method for fingertip friction perception char-
acteristics on ridged surfaces. Firstly, flat plates with ridges
are used as touch samples to explore the influence of texture

size on friction perception by controlling the size and distri-
bution of ridges. Then, based on the Universal Mechanical
Tester (UMT) TriboLab, the finger fixture and test process
are designed to minimize the interference of human factors.
In addition, the subject’s judgments on the ridge number are
employed to calculate the tactile perception accuracy. Sub-
sequently, the friction characteristics of the fingertip and the
relationship between friction characteristics and tactile per-
ception accuracy are analyzed through experimental and the-
oretical results.

2 Experimental details

2.1 Experimental apparatus

In this study, the experimental system is built based on the
UMT TriboLab testing machine, as shown in Fig. 1a, which
can ensure that the subjects perceive the samples under con-
stant load and speed. As shown in Fig. 1d, the samples are
resin plates with rectangular cross-section ridges evenly dis-
tributed on the surface. The surface roughness, Ra, of sam-
ples is about 0.04 µm after grinding and polishing. Table 1
exhibits the sample information. The ridge width ω in group
W is twice that in group N. The fixture shown in Fig. 1c is de-
signed to fix the right-handed index finger and further keep
an angle of 30◦ between the finger and the sample surface,
making the joint connect the distal knuckle and the second
knuckle of the finger between the two pre-tightening bolts.
The lower surface of the fingertip should be close to the lower
surface of the through hole. And the pre-tightening bolts on
both sides of the fixture can move up and down in the adjust-
ment groove to limit the warping of the fingertip. The exper-
imental process is that the fingertip is loaded by the suspen-
sion movement controlled by the upper computer, and the
sample on the loading platform is driven by the linear mo-
tion module to move away from the subject along the linear
guide rail. The three-dimensional force sensor (DFM-1.0) in
Fig. 1a with the measurement range of 10N is used to mea-
sure the friction force and pressure of the contact surface,
which will be recorded through the computer data acquisi-
tion system. In the end, the number of ridges with a rectan-
gular cross-section (Fig. 1b) will be reported by the subjects
and further used as the tactile perception result. The finger
and the three-dimensional force sensor are rigidly connected
through the finger fixture. The upper computer software con-
trols the test suspension to move down so that the finger is
under pressure. So, the force sensor can feedback the pres-
sure and friction of the finger to the upper computer software.

2.2 Experimental scheme

Human fingers are composed of nails, dermis, subcutaneous
tissue, finger bone, and epidermis. Due to the complex and
changeable physiological structure of fingers, the perception
ability is closely related to the age, gender, and occupation of
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Figure 1. Experimental process.

Table 1. Geometric information of samples to be perceived.

Project Content

Sample group sample W N

A1 B1 C1 D1 A2 B2 C2 D2

Ridge width and height (ω×D) 1.6 mm× 1.6 mm 0.8 mm× 1.6 mm

Ridge spacing (λ) 4 mm 5 mm 6 mm 7 mm 4 mm 5 mm 6 mm 7 mm

Number of ridges 13 10 8 7 13 10 8 7

Sample size (l×w×h) 100 mm× 35 mm× 2 mm

the subjects (Li and Zhan, 2015). Regarding the influence of
individual differences on the experimental results, 12 healthy
graduate students aged 24–26 years (6 males and 6 females)
are selected as the subjects in this study, and their right-hand
index fingers are used as the research objects. Due to the

influence of fingertip radius on friction characteristics, the
study proposes a method to estimate the undeformed finger-
tip radius. As shown in Fig. 2, point A and point B of the
fingertip are found, and the fingertip section passing through
these two points is compared to a circle. The circumference is

https://doi.org/10.5194/ms-14-463-2023 Mech. Sci., 14, 463–477, 2023



466 L. Wang et al.: An experimental study on finger friction perception

Table 2. Basic information about the subject’s finger.

Figure 2. Schematic diagram of deformed fingertip radius.

measured, and the radius is calculated as the radius of the un-
deformed fingertip. Table 2 shows the distal fingertip radius
of 12 undeformed fingers. Moreover, the experiment requires
an undamaged fingertip surface and consistent environment
humidity. According to the previous research results, the skin
surface topological structure can cause individual differences
in tactile perception, which will not be discussed in detail
in this study. Because the ridge size of the samples is much
larger than the fingerprint size, the texture of the contact sur-
face will not mesh with each other. In addition, during rela-
tive sliding between the fingertip skin and the sample surface,
the skin surface morphology is different from that without
deformation. Hence, it is difficult to monitor the skin surface
morphology in real time during sliding. It is also difficult to
use the topological structure of the fingertip skin as a single
experimental variable to obtain the change rule of the corre-
sponding experimental results. However, the influence of fin-
gertip skin surface morphology on tactile perception is real
and unavoidable, which will be considered in further study.

As shown in Fig. 1e, the experiment adopts the unidirec-
tional sliding mode and the normal constant loading mode
of the UMT TriboLab testing machine, whose subsystems
including the driving device, environmental controller, pro-
gramming test system, real-time monitoring, and control sys-
tem are monitored and controlled by its PC software. Static
loading is the first stage of the experiment: the upper com-
puter controls the test suspension to apply the normal load to
the contact surface. At the same time, the installation force
sensor on the test suspension is used to measure pressure.
When the pressure reaches the set target load, the sample is
driven to move uniformly for 15 s at the speed of 4 mms−1.
The pressure and friction are measured in real time and are
fed back to the upper computer. When the sample slides
to the set target stroke, it stops sliding, and the suspension
moves up. The subjects report and record the ridge number
of the sample.

This study aims to explore the relationship between fric-
tion characteristics and tactile perception through experimen-
tal research methods. The experiment is designed with nor-
mal load, lubrication condition, ridge width, and height of
the sample as variables. Through investigation, it is found
that there are many kinds of media to change the contact
state of fingertip skin, such as detergent, hand cream, and
lubricating oil, and they all change the lubrication state by
smearing quantitative media on the fingertip skin. The lubri-
cation condition is changed by smearing different amounts of
lubricating oil on the fingertip surface. The lubricant used is
the advanced antiwear hydraulic oil L-AN32 with properties
shown in Table 3. For the laboratory, this lubricating oil is
easy to obtain, and it will not change the chemical character-
istics of the skin.
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Table 3. Lubricant properties.

Physical parameters Value

Density ρ (kgm−3) 850
Thermal conductivity k (W(m◦C)−1) 0.1–0.4
Kinematic viscosity ν (10−6 m2 s−1) 28.8–35.2
Specific heat capacity c (J (kg◦C)−1) 2231
Pr 1797

The fixtures and internal fillers can strictly control the de-
formation and movement of the fingertip; however, there is
still human interference. This paper considers that the biggest
reason is that the human tissue connected to the fingertips
such as the arm is not fixed. Referring to the literature (Car-
penter, 2018; Johnson and Greenwood, 1985), the subjects
were fully trained in the experimental preparation stage to
maintain a fixed posture of 15 s in the real experimental pro-
cess. After the formal test, the human interference degree
was analyzed according to the pressure data collected by the
sensor, and the effectiveness of the experiment was further
judged. The unqualified data are eliminated, and the sub-
jects are required to retest. Three groups of different data
(the same experiment repeated three times) from 12 different
subjects are selected to reduce the experimental error. Fur-
thermore, subjects are trained repeatedly in the pretest stage.
Each subject was asked to cut their nails so short as not to
touch the sample before the formal experiment. Then the sub-
jects are asked to sit in a constant environment to maintain
calm, and their fingertip skin is wiped with alcohol (Carpen-
ter, 2018). Each subject repeated three experiments under the
same experimental conditions with an interval of 15 min. The
friction force of the contact surface is collected, and the judg-
ment on the ridge number of the sample is recorded. Sub-
jects are required to carry the eye mask and randomly touch
the sample to avoid the interference of external factors (Zhou
and Mo, 2018). The tactile perception accuracy in this study
is a probability, which was not derived from one subject but
from the statistical results of all subjects. Whether the proba-
bility is credible depends on whether the number of subjects
is sufficient. By investigating the literature on subjects’ par-
ticipation in finger friction tests, it found that there is no rel-
evant standard for selecting the number of subjects (Xue et
al., 2018). Considering the existing conditions of the labora-
tory and the research situation, we decided on the number of
subjects.

2.3 Data processing method

The perception results of subjects are divided into two types.
The result that the ridge number perceived by subjects is con-
sistent with the actual ridge number of the sample is called a
correct judgment result. Otherwise, it is called a wrong judg-
ment result. Since one experiment of one subject corresponds

to one judgment result, and one experiment will be repeated
three times, there are 36 judgment results for the 12 subjects.
In this study, the number of correct judgment results is de-
noted as N , and the total number of judgment results is de-
noted as N0. The calculation formula of the subject tactile
perception accuracy r is as follows:

r = 1−
N −N0

N
=
N0

N
. (1)

As shown, the subject tactile perception accuracy r will
be higher when the number of correct judgment results N is
closer to the total number of judgment results N0.

Due to the ridges on the sample surface, the fingertip skin
passes through repeated cycles of peak–valley–peak succes-
sively, which makes its deformation fluctuate periodically.
The deformation will be captured by mechanoreceptors in-
side the fingertip and converted into the action potential,
which is then transmitted to the cerebral cortex through the
nervous system (Ayane et al., 2021). In this way, subjects
can perceive the number of ridges. Hence, the skin defor-
mation fluctuation of the fingertip is regarded as the main
factor affecting the subject tactile perception accuracy r in
this study. Additionally, skin deformation has a significant
effect on the friction characteristics of fingertip skin. In this
study, the adhesive friction component plays a leading role
in the total friction force, whose value is proportional to the
contact area. The contact area is related to skin deformation.
Figure 3 shows the typical curve of the total friction force
changing with time when the fingertip slides on the sample
surface. It can be seen that the curve has obvious periodic
variation. The focus of this study is to compare the difference
of experimental data under different factors, so the data of a
single experiment were intercepted. At the beginning of the
experiment, the fingertip is located in the part of the sample
front that does not involve ridge texture. Suddenly touching
or leaving the ridge will lead to irregular fluctuations in the
experimental data. To solve this problem, this study removed
the experimental data from the initial period. At the end of
each experiment, the fingertips stayed in the ridge texture
area of the sample, so the data in the middle and late stages
of the experiment were retained.

Because the sample surface itself has irregular fine tex-
tures caused by the production process, the curve in Fig. 3 has
a small amplitude and high-frequency irregular fluctuations.
Li and Zhan (2015) take the difference between the maxi-
mum and minimum values of the total friction force curve as
the friction force fluctuation degree. Since it is too difficult to
avoid the interference caused by the uncontrollable small ac-
tivities of the fingertip, the method proposed in Li and Zhan
(2015) is not accurate enough. To solve the problem, an im-
proved data processing method is developed in this investi-
gation. This method first calculates the peak-to-peak value
of the total friction force in five relatively uniform periods of
the curve obtained from each experiment and then calculates
the average value of the previous result to obtain the friction
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Figure 3. Variation of fingertip friction force.

force fluctuation degree FXM1:

FXM1 =
1
5

[(
FX1−FX1′

)
+
(
FX2−FX2′

)
+
(
FX3−FX3′

)
+
(
FX4−FX4′

)
+
(
FX5−FX5′

)]
. (2)

The improved method increases the data coverage of cal-
culating the friction force fluctuation degree, which can help
avoid the contingency of experimental results. Since one ex-
periment was repeated three times, the calculated result of
the first test, namely the friction force fluctuation degree, was
recorded as FXM1. The calculated results of the second and
third tests are denoted as F ′XM1 and F ′′XM1. The average fric-
tion force fluctuation degree FXM2 is as follows:

FXM2 =
1
3

(
FXM1+F

′

XM1+F
′′

XM1
)
. (3)

3 Theoretical analysis of fingertip skin friction

According to Tomlinson and Lewis (2013), when the finger
skin slides across the rectangular section ridge, the friction
force Ff is mainly composed of the adhesive friction force
component Fa, the plow friction force component Fp, and
the lagged friction force component Fh. The formula is as
follows:

Ff = Fa+Fp+Fh. (4)

The plow friction force component Fp is defined as the lo-
cal force required by the skin to deform and displace in a
recoverable manner when the fingertip moves on the ridge.
The generation of the Fp requires energy to drive skin defor-
mation. The viscoelasticity causes the fingertip to recover to

the original shape after sliding across the ridge, which makes
energy return from skin deformation. However, the energy
returned is less than the energy required for the initial skin
deformation. The energy difference causes the lag friction
force component Fh; that is, Fh is produced from Fp. Tom-
linson and Lewis (2013) consider that the sum of the lag fric-
tion force component Fh and the plow friction force com-
ponent Fp is the deformation friction force component Fd,
shown by the following formula:

Fd = Fp+Fh. (5)

Tomlinson and Lewis (2013) show that the plow friction
force component Fp is proportional to the fingertip skin de-
formation. Benoit et al. (2021) find that the lag friction force
component Fh is positively correlated with the fingertip skin
deformation, and the change in Fh is always less than that
in Fp, so the deformation friction force component Fd is pos-
itively correlated with the fingertip skin deformation.

The adhesive friction force component Fa is the main ac-
tive component of the total friction force, which is defined as
the force to shear the adhesion of the contact interface since
the adhesion will hinder one object from sliding on another.
According to Inoue and Okamoto (2020), the formula is as
follows:

Fa = τ0 · S, (6)

where τ0 is the inherent shear strength of the contact inter-
face, and S is the actual contact area.

Equation (6) shows that the adhesive friction force compo-
nent Fa is positively correlated with the actual contact area S.

Johnson and Greenwood (1985) proposed a formula for
calculating the contact ratio of a half-space elastomer in con-
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Table 4. List of experimental conditions.

Experimental conditions Parameter settings

Normal load (N ) 0.5, 1.0, 1.5, 2.0
Samples Group W (A1, B1, C1, D1)
Number of the judgment results in each group N0 144
Lubrication state No oil

tact with a rigid wavy surface:

λ

λ+ω
=

2
π

sin−1

(
P

P ∗

)1/2

, (7)

where ω is the width of the ridge, λ is the spacing between
ridges, p is the actual contact stress, and p∗ is the nominal
contact stress.

Menga et al. (2014) showed that Eq. (7) is also applicable
to viscoelastic materials and modified it:

P =
N

πa2 (8)

P ∗ = πE∗
D

2(λ+ω)
(9)

a =

√
3RFN

4E∗
, (10)

where a is the contact radius between the finger pad and the
contact surface, FN is the applied load, R is the radius of the
undeformed fingertip, D is the height of the ridge, and E∗ is
the effective Young’s modulus. N is the number of ridge fea-
tures of finger contact, and its calculation formula is as fol-
lows:

N =
2a
λ+ω

. (11)

According to Fagiani and Barbieri (2016), the value of E∗

is calculated by the following formula:

1
E∗
=

1− v2
f

Ef
+

1− v2
s

Es
, (12)

where vf is Poisson’s ratio of fingertip skin, Ef is Young’s
modulus of fingertip skin, vs is Poisson’s ratio of the contact
surface, and Es is Young’s modulus of the contact surface.

The contact state between the fingertip and the sample
surface should be evaluated first (Johnson and Greenwood,
1985). Define x the ratio of the actual contact stress p to the
nominal contact stress p∗. When x < 1, the contact state is
called partial contact. When x ≥ 1, the contact state is called
complete contact. The formula is as follows:

x = p/p∗ = 4 3

√
2
9

1
π2

1
3√
E∗

3
√
FN

1
3√

R2

λ+ω

D
. (13)

Owing to the multilayer skin tissues of fingertip skin, the
elastic modulus and Poisson’s ratio of each layer are signif-
icantly different (Fagiani and Barbieri, 2016). In particular,
the stratum corneum outermost on the skin surface is much
harder than the inner shin layers (Messaoud et al., 2016),
which will influence the skin material parameters in Eq. (12).
Liang and Boppart (2010) successfully measured Young’s
modulus of the inner epidermis through dynamic optical co-
herence elastography. It can be assumed that Young’s modu-
lus of the epidermis is 101.2 KPa, and Poisson’s ratio is 0.5.

In this study, the fingertip size of subjects and the ridge
size of samples are selected to ensure that the x in Eq. (12)
is always less than 1, for which the contact state is always
partial contact. According to Carpenter (2018), the formula
of the actual contact area S under the partial contact state is
as follows:

S =
3

√
3FNR

4E∗

(
3

√
3FNR

4E∗
π +

2λ
λ+ω

− 2

)
. (14)

From Eq. (14) it can be seen that under the partial contact
state, the adhesive friction component Fa increases with the
increase in the fingertip radius, the normal load applied to
the fingertip, and the ridge width of the sample, and it will
decrease with the increase in the ridge spacing of sample.

4 Results and discussions

4.1 Effect of normal load on friction characteristics

In this study, the friction characteristics of fingertip skin re-
fer to the average friction force fluctuation degree between
the fingertip skin and the sample surface. There is no uni-
form standard for the selection of normal force in the finger
friction test. Based on the range of normal force obtained
from literature research (Xue et al., 2018), combined with
the range of test equipment, the level of the normal force is
selected. This section presents the experimental cases based
on samples of group W under normal loads of 0.5, 1.0, 1.5,
and 2.0N . The experimental conditions are shown in Table 4.

For the effect of normal load on friction force, the results
of different subjects touching different samples are consis-
tent, such as the results of sample A1 touched by subject 1
shown in Fig. 4. The curves of the friction force vs. time
have obvious periodicity with significantly different periodic
fluctuation degrees. The calculated FXM2 is shown in Fig. 5.
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Figure 4. Variation of friction force under different normal loads.

Figure 5. Comparison of average friction force fluctuation degree
of subject 1 under different normal loads.

It can be seen that the friction force fluctuation degree in-
creases when the normal load increases, and the results of
other subjects shown in Fig. 6 also follow the same trend.
There are also consistent results when subjects touch sam-
ples B1, C1, and D1, respectively. The interference of hu-
man factors can only be minimized in the design of the test
but cannot be eliminated. In addition, the difference in sub-
jects will inevitably affect the test results. The phenomenon
of curve crossing in Fig. 6 is caused by these two influencing
factors. The focus of this study is to find commonalities in
the results of each subject, so the analysis of the friction per-
ception characteristics is based on the results of all subjects
without discussing the differences between the subjects’ re-
sults. However, the influence of subject difference on tactile
perception is important and extremely complex, which will
be considered in further study.

Experimental results are compared with the analytical re-
sults. The actual contact area S of sample A1 touched by sub-

Figure 6. Comparison of average friction force fluctuation degree
of other subjects under different normal loads.

Figure 7. Comparison of actual contact area under four groups of
different normal loads of subject 1.

ject 1 under different normal loads is shown in Fig. 7. The
larger the normal load, the larger the actual contact area S
and, further, the larger adhesive friction force component Fa.
The analytical results of other subjects shown in Fig. 8 are
consistent with Fig. 7. The analytical results of other sam-
ples also have consistency with those of sample A1.

The relationship between friction characteristics and sub-
ject tactile perception accuracy is investigated by analyzing
the judgment results corresponding to the average friction
force fluctuation degree. To avoid the contingency caused by
a single sample and single subject, 12 subjects touch four
samples A1, B1, C1, and D1, which have different ridge
spacing. Since the experiment is repeated three times under
the same conditions, each sample is judged 18 times by all
subjects, and there will be 144 judgment results in the four
samples. The subject tactile perception accuracy correspond-
ing to the average friction force fluctuation degree FXM2 in
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Table 5. Perception results under different normal loads.

Project Numerical value

Normal load (N ) 0.5 1.0 1.5 2.0
FXM2 of sample A1 (N ) 0.25776 0.31608 0.4275 0.51442
FXM2 of sample B1 (N ) 0.27454 0.37544 0.46596 0.5391
FXM2 of sample C1 (N ) 0.30904 0.4206 0.48776 0.63052
FXM2 of sample D1 (N ) 0.68698 0.88958 1.17644 1.42538
Correct judgment number N 96 102 117 125
Perception accuracy r 0.6666 0.7083 0.8125 0.8680

Figure 8. Comparison of actual contact area under four groups of
different normal loads of other subjects.

each group is shown in Table 5. The subject tactile percep-
tion accuracy r increases when the normal load increases.
Moreover, it can be seen that the greater the average friction
force fluctuation degree FXM2, the higher the subject’s tactile
perception accuracy r .

The fingertip skin will produce different mechanical defor-
mation when touching the ridge surface under different nor-
mal loads. According to the previous research results (Liang
and Boppart, 2010), the contact force is positively correlated
with mechanical deformation. Combined with the analyti-
cal results, the adhesive friction force component Fa, which
plays a leading role in the total friction force, will increase
by enhancing the normal load. In addition, the deformation
friction force component Fd will also be raised because it is
positively correlated with mechanical deformation. The in-
crease in the two components will eventually lead to an in-
crease in the average friction force fluctuation degree FXM2.
Furthermore, the subject tactile perception accuracy r will be
improved.

Figure 9. Variation of friction force of different ridge width.

4.2 Effect of ridge size on friction characteristics

4.2.1 Effect of ridge width

This section uses two experimental cases which select sam-
ples of groups W and N with different ridge widths of 0.8 and
1.6 mm, to study the effect of ridge width on friction charac-
teristics. The experimental conditions are shown in Table 6.
Two groups of samples are divided into four pairs, respec-
tively, A1 and A2, B1 and B2, C1 and C2, and D1 and D2, to
avoid contingency.

The curves of friction force vs. time in Fig. 9 for sam-
ples A1 and A2 touched by subject 1 under the normal load
of 2N . They have different fluctuation degrees due to dif-
ferent ridge widths, which is consistent with other pairs of
samples and other subjects. Based on the experimental data
of subject 1, the FXM2 values shown in Fig. 10 of all samples
are further calculated. Since the ridge width of the W group is
twice that of the N group, the comparison result reveals that
the average friction force fluctuation degree is larger when
the ridge width is larger, and this phenomenon still exists
when extended to all subjects as shown in Fig. 11.

Compare with the analytical results to explore the causes
of the phenomenon. The actual contact area S of samples A1
and A2 touched by subject 1 under the normal load of 2N
is calculated and shown in Fig. 12. Actual contact area S
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Table 6. List of experimental conditions.

Experimental conditions Parameter settings

Normal load (N ) 2.0
Samples Group W (A1, B1, C1, D1) Group N (A2, B2, C2, D2)
Width of the ridge (mm) 1.6 0.8
Number of test judgment results in each group N0 144
Lubrication state No oil

Figure 10. Comparison of average friction force fluctuation degree
between two groups of different ridge width tests of subject 1.

Figure 11. Comparison of average friction force fluctuation degree
between two groups of different ridge width tests of other subjects.

of group W is slightly higher than that of group N, which
means that the adhesive friction component Fa of group W
is slightly higher than that of group N. The results shown in
Fig. 13 of other subjects have consistent variation.

As shown in Table 7, the subject tactile perception accu-
racy r is calculated to study its relationship with the average
friction force fluctuation degree FXM2. It can be seen that the

Figure 12. Comparison of actual contact area between two groups
of different ridge width tests of subject 1.

Figure 13. Comparison of actual contact area between two groups
of different ridge width tests of other subjects.

subject tactile perception accuracy r of group W (A1, B1,
C1, and D1) is a little higher than that of group N (A2, B2,
C2, and D2), which has consistence variation with average
friction force fluctuation degree FXM2.

Larger ridge width of the sample surface will lead to
smaller mechanical deformation of the fingertip skin, which
is an important factor influencing the friction characteris-
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Table 7. Perception results with different ridge width.

Project Numerical value

Sample name A1 B1 C1 D1 A2 B2 C2 D2
Ridge width (mm) 1.6 0.8
FXM2 of the sample (N ) 0.51442 0.5391 0.63052 0.86306 0.33072 0.32926 0.33928 0.4669
Correct judgment number N0 131 124
Perception accuracy r 0.9097 0.8611

tics. Smaller skin deformation leads to smaller deformation
friction Fd, but as shown in Figs. 12 and 13, a larger ridge
width increases the real contact area S. Adhesive friction Fa
is proportional to the real contact area S. Hence, the analyt-
ical results illustrate that the adhesive friction force compo-
nent Fa increases when subjects touch samples with larger
ridge widths. Adhesive friction plays a leading role in total
friction. As a result, the average friction force fluctuation de-
gree increases, which eventually enhances the subject’s tac-
tile perception accuracy r . The influence of ridge width on
deformation friction force is complex. According to the liter-
ature, increasing the ridge width within a certain range will
lead to an increase in the friction perception ability of the
fingertip, and the friction perception ability of the fingertip
will decrease after exceeding the certain range. This study
focuses on the discussion of the influence of ridge width on
fingertip friction perception ability within a certain range. As
shown in Fig. 10, even if the two groups of ridge width pa-
rameters designed in this study are doubled, the change in ad-
hesive friction is still not obvious. With comprehensive con-
sideration, the design of such two groups of ridge width tests
is reasonable. In future research, the amount of data will be
increased to break through this range to further explore the
influence of ridge width on friction perception.

4.2.2 Effect of ridge spacing

In addition to the ridge width of the sample, the effect of
ridge spacing on friction characteristics is also researched us-
ing samples of group W with different ridge spacing of 4.8,
5.8, 6.8, and 7.8 mm. The experimental conditions are shown
in Table 8.

Figure 14 shows the curves of friction force vs. time for
samples of group W touched by subject 1 under the normal
load of 2N . It can be seen that four different ridge widths cor-
respond to four different fluctuation degrees, which is con-
sistent with the results of other subjects. Figure 10 shows the
average friction force fluctuation degree FXM2 correspond-
ing to the curves, from which it can be easily found that the
average friction force fluctuation degree increases with the
increase in the ridge spacing. The results shown in Fig. 15 of
other subjects also indicate this phenomenon.

Meanwhile, the actual contact area S for samples of
group W touched by subject 1 under the normal load of 2N is
shown in Fig. 12. The difference in the actual contact area S

Figure 14. Variation of friction force with the different ridge spac-
ing.

Figure 15. Comparison of the average friction force fluctuation de-
gree of other subjects under different ridge spacing.

between four different ridge spacing is not obvious. How-
ever, specific to the numerical results, it can be found that the
actual contact area S decreases with the increase in the ridge
spacing, which is also revealed in the calculation results of
other subjects, as shown in Fig. 16.
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Table 8. List of experimental conditions.

Experimental conditions Parameter settings

Normal load (N ) 2.0
Samples (group W) A1 B1 C1 D1
Spacing of ridges (mm) 4.8 5.8 6.8 7.8
Number of test judgment results in each group N0 36
Lubrication state No oil

Table 9. Perception results with the different ridge spacing.

Project Numerical value

Ridge spacing(mm) 4.8 5.8 6.8 7.8
FXM2 of the sample (N ) 0.51442 0.5391 0.63052 1.42538
Correct judgment number N0 23 28 32 36
Perception accuracy r 0.6388 0.7500 0.9166 1

Figure 16. Comparison of the actual contact area of other subjects
under different ridge spacing.

The subject tactile perception accuracy r corresponding to
the experiments is calculated and shown in Table 9. Compar-
ing the data in the table, it can be concluded that the larger
average friction force fluctuation degree FXM2 will improve
the subject tactile perception accuracy r .

There is no doubt that larger ridge spacing of samples can
cause larger mechanical deformations of the fingertip skin
within a certain range. However, according to the analytical
results, the adhesive friction force component Fa decreases
with the increase in ridge spacing. At this time, the deforma-
tion friction force component Fd increases with the increase
in ridge spacing and plays a leading role instead of the adhe-
sive friction force component Fa. Thus, the average friction
force fluctuation degree is raised and eventually leads to an
increase in the subject tactile perception accuracy r .

4.3 Effect of lubrication state on friction characteristics

The lubrication state of the contact surface is an essential fac-
tor in exploring the friction perception characteristics, which
is the motivation for this section to study the effect of the
lubrication state on the friction characteristics for samples
of group W. The experimental conditions are shown in Ta-
ble 10. The experimental conditions are shown in Table 10.
It is necessary to add that the difference in lubrication state
is whether the quantitative lubricating oil is smeared on the
fingertips.

Figure 17 shows the friction force of sample A1 touched
by subject 1 with two different lubrication states. Other sam-
ples are consistent with this phenomenon; that is, the friction
force without oil lubrication fluctuates more with time. The
average friction force fluctuation degree FXM2 is calculated
as shown in Fig. 18, and the results without oil lubrication
are indeed larger. The experimental results of other subjects
are also consistent, as shown in Fig. 19.

The fluidity of lubricating oil can fill the unevenness
between contact surfaces through free flow, to reduce the
roughness between contact surfaces and achieve the effect of
reducing friction. Equation (14) does not directly and quanti-
tatively study the effect of the lubrication state on the actual
contact area S. This study does not carry out a theoretical
analysis of this problem but focuses on whether the change
of lubrication state can influence the friction perception char-
acteristics of the subjects. Table 11 shows the result that the
addition of lubricating oil reduces the subject tactile percep-
tion accuracy r . More importantly, it can be seen that the
lower the average friction force fluctuation degree FXM2, the
lower the subject’s tactile perception accuracy r .

Although the effect of the lubrication state on the actual
contact area is not quantitatively calculated, according to
the experience, we know that the addition of lubricating oil
medium will reduce the direct contact area between the sam-
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Table 10. List of experimental conditions.

Experimental conditions Parameter settings

Normal load (N ) 2.0
Experimental samples Group W (A1, B1, C1, D1)
Number of test judgment results in each group N0 144
Lubrication state Oil No oil

Table 11. Perception results with different lubrication state.

Project Numerical value

Lubrication state Oil No oil
Sample name A1 B1 C1 D1 A1 B1 C1 D1
FXM2 of the sample (N ) 0.51442 0.5391 0.63052 1.42538 0.41494 0.46296 0.48836 1.00784
Correct judgment number N 127 135
Perception accuracy r 0.8819 0.9375

Figure 17. Variation of friction force with different lubrication
states.

Figure 18. Comparison of average friction force fluctuation degree
of subject 1 under different lubrication states.

Figure 19. Comparison of the average friction force fluctuation de-
gree of other subjects under different lubrication states.

ple surface and the fingertip skin, which will further cause
the adhesive friction force component Fa to decrease. Mean-
while, according to research (Zhou and Mo, 2018), the addi-
tion of a lubricating oil medium will reduce the mechanical
deformation of the skin, so that the deformation friction force
component Fd will also decrease. Given this, adding a lubri-
cating oil medium will reduce the average friction force fluc-
tuation degree FXM2, resulting in lower subject tactile per-
ception accuracy r .

https://doi.org/10.5194/ms-14-463-2023 Mech. Sci., 14, 463–477, 2023



476 L. Wang et al.: An experimental study on finger friction perception

5 Conclusion

In this paper, a novel experimental method to investigate fin-
gertip friction perception characteristics is proposed. To im-
prove the accuracy and repeatability of the experiment, many
detailed processing methods are embodied in experiments
and data processing. The ridged surface is selected as the
deterministic texture to avoid the influence of texture ran-
domness. The interference of human factors could be limited
to a lesser extent by selecting the linear module of the UMT
TriboLab testing machine and the self-made finger fixture.
The data processing method proposed could avoid the con-
tingency caused by single data. This study explored the fric-
tion perception characteristics by discussing the relationship
between friction force and tactile perception accuracy, which
could provide theoretical support for the research and devel-
opment of humanoid robot bionic skin. However, due to the
limitations of experimental conditions and the researchers’
level, this study does not discuss the influence of fingertip
skin surface morphology on fingertip friction characteristics.
Next, research work will be carried out around this issue.
Combined with the analytical methods, the friction charac-
teristics of fingertip skin and its relationship with the subject
tactile perception accuracy are discussed under different in-
fluencing factors. The conclusions are now given.

In the partial contact state of fingertip skin with ridged
surfaces, the friction force consists of two components. One
is the adhesive friction force component, and the theoretical
analysis of the test shows that it will be increased by raising
the normal load and the ridge width of samples and will be
slightly reduced by decreasing the ridge spacing of samples.
Another is the deformation friction force component, which
is closely related to the deformation of fingertip skin.

The test results show that the average friction force fluc-
tuation degree increases with increasing normal load, sample
ridge width, and sample spacing. Additionally, the addition
of a lubricating oil medium leads to a decrease in the average
friction force fluctuation degree.

The test shows that the subject tactile perception accuracy
can be improved by increasing the normal load, the ridge
width, and the spacing of samples and can be reduced by
adding the lubricating oil. It also shows that the average fric-
tion force fluctuation degree can be changed by controlling
the normal load, the texture size, and the contact medium.
Furthermore, we hypothesize that the subject tactile percep-
tion accuracy can be improved by increasing the average fric-
tion force fluctuation degree.
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