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/is paper introduces a new method of sensing pressure by using carbon nanotube yarns which are embedded in artificial skin,
based on the design of the mesh structure. With the sensing technology, a kind of mesh model has been established for pie-
zoresistive effect detection of carbon nanotube yarns in artificial skin. By analyzing the sensing characteristics of carbon nanotube
yarns, we can conclude that the artificial skin embedded with yarns in a mesh model could be used for sensing pressure. It may
cover the surface of the robot and has significant theoretical as well as practical value for intelligent robot research in the future.

1. Introduction

With the development of AI, intelligent robots have grad-
ually come into people’s lives. More and more advanced
technology requires the robots to possess the ability of
perception [1]. It is of vital importance to make artificial skin
have the function of perception. /e artificial skin [2], large
and soft, covering the robots, has the ability of data pro-
cessing. And it can sense the outer environment and the
relevant circuit on the basis of an embedded sensor array [3]
in the skin.

Nowadays, the carbon nanotube artificial skin is a kind
of material which is filled with a certain amount of carbon
nanotubes acting as a sensor array to sensing tactile [4].
When there is an impact on the skin material, robots can do
dynamic signal tests and analyses by using artificial skin and
then get the response to external impact signal and tactile
perception of the outside world.

/is kind of artificial skin sensor has the advantages of low
cost, simple structure, fast response, high sensitivity, and so on
[5]. It can be used in the robots to grab objects non-
destructively. And it would be of some theoretical and practical
significance for improving the intelligence of the robot [6].

In this work, we report a kind of artificial skin of carbon
nanotube lines/silicone polymer. It can feel the environment

by embedding the carbon nanotubes and relevant circuits in
artificial skin. /e paper has specifically introduced the
design method of artificial skin, signal processing, mesh
models, and get the state expression. We also explore the
relationship between quantity and resistivity, the relation-
ship between quality and resistivity of carbon nanotubes,
and piezoresistive effect under different qualities of the same
carbon nanotubes.

2. Materials and Methods

/e carbon nanotube lines have high toughness, good
pressure-sensitive properties, and excellent electrical and
thermal properties [7]. After combining with the silica gel,
the performance of the composite material can be greatly
improved which could be used to produce artificial skin
material of high quality. /e carbon nanotubes used in this
experiment are carbon nanotubes of NF800, NF1000, and
NF1200 which are produced by Beijing BOYU GAOKE new
material technology company.

/e kind of piezoresistive pressure sensors [8] has re-
cently attracted attention due to their facile interaction with
artificial skin and monitoring capabilities [9]. It has lots
of advantages, such as simplicity of design, fast response,
easy signal detection, scalability, and low-cost fabrication.
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In addition, the sensor array based on piezoresistivity can
detect not only the position signal but also the pressure
signal at the same time.

However, this method has some limitations, which
means it is di�cult to determine the speci�c location of the
impact or collision. In order to overcome this problem, we
designed the arti�cial skin of carbon nanotube [10] lines
based on mesh models. We put the carbon nanolines in
a crisscross shape, like a coordinate axis, and connect the
measuring instruments to the end of every nanolines. When
there is an impact on the mesh models, intersection points
can feel the pressure, leading to the current change of each
carbon nanolines at the points, and then the rate of resistivity
change is measured.

Now the material of arti�cial skin is mainly made from full
leather, rubber, silk, chitosan, collagen protein, and so on. For
real-time monitoring of the signal changes of the robot skin,
silica gel is insoluble in water or any solvent. Nontoxic,
tasteless, good chemical stability, high hardness, and the tensile
strength are similar to the real skin of the human body [11]. It
is easier to embed carbon nanotubes into it. So, we use silica gel
as the main material of arti�cial skin.

Combining the advantages of carbon nanotube lines
with lightweight, good mechanical properties and electrical
and chemical stability [12], we also designed carbon
nanotube lines/silicone polymer of the arti�cial skin tactile
sensor based on mesh models.

We embedded the carbon nanotube lines into the silica gel
polymer to form the mesh model, so this kind of arti�cial skin
could transfer the strain [13] source to the sensor network;
therefore, the skin can get the information promptly.

Piezoresistive mechanism, strain-responsive mecha-
nism, and disconnection mechanism [9] are included in this
kind of arti�cial skin.

�is piezoresistive e�ect refers to the energy change caused
by the silica gel under the in�uence of pressure, resulting in the
change of electrical resistivity.

Stretching of thin �lms leads the connected nano-
materials to reduce their overlapped area and electrical
connection and then increases the electrical resistance.

In summary, the advantages of carbon nanotubes are
high linearity and stretchability [9].

In order to measure the current changes of the carbon
nanolines, we used two main methods to detect this. We
considered the carbon nanolines as resistors by analogy and
reduced the errors as much as possible to ensure the
measured accuracy.

�e methods of circuit connection are di�erent and also
can make the result of measurement di�er greatly. To reduce
the deviation, we can use three wires or four wires method.
Using three wires or four wires to measure the circuit, it is
necessary to connect wires with the root of the carbon
nanolines; otherwise, there will be deviations.

In the three wires method, one end of the root of the
resistor is connected with a lead wire, and the other end is
connected with two lead wires, hence called the three wires
system. �e connection method is shown in Figure 1, and
this method can eliminate the in�uence of lead resistance.

In the four wires method, two wires are connected with
both ends of the resistance root. �e connection mode is
shown in Figure 2, and this method can completely eliminate
the in�uence of lead resistance.

2.1. Carbon Nanotube Yarn Embedded Method. First of all,
wemade the carbon nanotube line a cross to form a �at mesh
structure, as is shown in Figures 3 and 4, and each row and
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Figure 1: �e three wires method.
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Figure 2: �e four wires method.

Figure 3: Flat mesh macrostructure of the carbon nanotube line.

Figure 4: Flat mesh microstructure of the carbon nanotube line.
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column are spaced. �e smaller the spacing, the greater the
density of the mesh, and hence, the sensitivity of perception
of outside environment is higher. Secondly, we put this mesh
structure into a mold whose bottom is square and the side is
rectangular with some holes and then poured the liquid silica
gel into it, and �nally it was solidi�ed at about 56 seconds at
high temperature of 150–160°C.

�e thickness of arti�cial skin is 1.7mm, and the length
of the side is 2.4 cm. We used four kinds of carbon nanotube
lines to embed in the silica gel [14] arti�cial skin, and the
length of each line is 2.4 cm (same as the length of the side of
arti�cial skin). So we got 4 groups of di�erent samples. �e
number of carbon nanotube lines of each group is di�erent.
�ey are 3× 3, 4× 5, 6× 6, 8× 8, and 10×10. �e parameters
of the samples are shown in Table 1.

2.2. Signal Processing of Arti�cial Skin. As is shown in
Figure 5, the two ends of each carbon nanotube in the ar-
ti�cial skin are connected with the stitches [15]. When the
interface [16] was connected to an analog-to-digital con-
verter, the current [17] would continuously change from
analog signal to digital signal, and then access MCU. MCU
can identify the current digital signal after conversion and
analyze the resistance change rate of each carbon nanotube
line. Based on the analysis of the state of each carbon
nanotube in the grid, we established the perception model
and then calculated the coordinate location of the arti�cial
skin when the external impact or collision occurs.

2.3. PerceptionModel of Arti�cial Skin. According to the �at
mesh structure of carbon nanotube lines (shown in Figure 3)
and the design of the algorithm, the state expression of the
�at mesh structure we de�ned is as follows:

L X �
x

Y
� y, T � t, R′ �

ΔR
R0

( ), (1)

where L represents one of the carbon nanotube lines in the
mesh structure and x/Y is the number of carbon nanotube
lines of the horizontal plane from left to right or vertically

from bottom to top which starts from 0. �e parameter T
stands for time and R′ stands for the moment that line L gets
force or stress wave. �e change of resistance rate can re�ect
the �uctuation degree of the stress on the arti�cial skin. �e
expression of the mesh structure’s intersection point can be
extended by the following content:

P X � x, Y � y, T � t, Rx′ �
ΔRx
Rx0

, Ry′ �
ΔRy
Ry0

( ). (2)

whereP represents a node in themesh structure and parameters
Rx′ and Ry′ , respectively, represent X and Y in the direction of
stress or stress wave of the carbon nanotube line in themoment.
�e sequence number ofx andy is the occurrence of the carbon
nanotube line resistance change rate.

For this perceptual model, we can visualize the whole grid
and create an intuitive map for outputting a picture which is
similar to the infrared imaging. �e color of the carbon
nanotube line which is not deformed is black. R′ changes
ranging from zero to in�nite. Using the shades of color to
represent the variation range ofR′, we can directly �nd the fault
point or area where the position of the coordinates should be,
and the darker place is near the location of the stress [18] source.

3. Results and Discussion

Figure 6 shows the curve that represents the relation between
the carbon nanotube lines and the silica gel skin’s resistivity

Table 1: Parameter con�guration of the samples.

Sample
number

Number of
carbon nanotube

line

Density of
carbon nanotube

line

Diameter of
carbon nanotube

line

Strength of
carbon nanotube

line

Elongation
at break Conductivity

Pipe
diameter
(nm)

Aspect
ratio

G1 CNTL1 0.3 g/cm3 12 µm 300MPa 1.5∼2% 5×104 S/m 20–30 300–500
G2 CNTL2 0.5 g/cm3 12 µm 800MPa 2∼3.5% 5.3×104 S/m 20–30 300–500
G3 CNTL3 0.8 g/cm3 12 µm 1000MPa 2∼3.5% 6×104 S/m 20–30 300–500
G4 CNTL4 1.0 g/cm3 12 µm 1200MPa 2.5∼3.5% 7.1× 104 S/m 20–30 300–500

Wire

Epoxy resin
Wire

Carbon
nanotube line

Figure 5: Interface with stitches of the carbon nanotube line.
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Figure 6: Relationship between quantity and resistivity of a single
arti�cial skin sample.
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[19] of arti�cial skin samples of G1, G2, G3, and G4 groups.
It can be seen from the �gure that the resistivity of the four
kinds of nanolines decreases with the increase of the number
of carbon nanotube lines. �e increase of the number of
carbon nanotube lines has signi�cantly improved the elec-
trical conductivity of arti�cial skin. Meanwhile, for all ar-
ti�cial skin samples, when the number of carbon nanotube
lines is same, their resistivity would decrease because the
density increases. For example, in Figure 6, when the number
of carbon nanotube lines is 6, the density of the G1 sample is
0.3 g/cm3 and the G4 sample is 1.0 g/cm3. So, the resistivity of
the G1 sample is the highest and that of the G4 sample is the
lowest.

We can �gure out the quality of each carbon nanotube
line from Table 1, which shows the density of the carbon
nanotube line and the diameter of the carbon nanotube line.
As the 4 kinds of carbon nanotube lines we used are at the
same length of 2.4 cm, the carbon nanotubes are evenly
distributed [20] in the silica gel. So, the more the number of
carbon nanotube lines, the heavier the quality of carbon
nanotubes.We used G2’s quality of the carbon nanotube line
as benchmarks. G2’s qualities of carbon nanotube lines are
0.048 g (3× 3), 0.064 g (4× 5), 0.080 g (6× 6), and 0.112 g
(10×10). And then, according to the above benchmarks, we
found the relationship between the same quality and re-
sistivity of di�erent carbon nanotubes.

As is shown in Figure 7, when the single sample is �lled
with less carbon nanotube lines, the resistivity is signi�cantly
high. With the increasing number of carbon nanotube lines,
all the nanotube lines are overlapped and formed conductive
grids, and the conductive ability comes from these grids, so
the resistivity drops to a minimum. As a result of the dif-
ferent density of the four samples, G4 has the lowest re-
sistivity, for it has the highest density of carbon nanotubes.
On the contrary, G1 has the highest resistivity because of the
lowest density of carbon nanotubes.

�e key to make the superior pressure-sensitive devices
is the pressure-resistance characteristics.�e experiment has
tested the relation between the pressure F and the resistance

relative change R/R0 (R is the resistance after being stressed,
and R0 is the original resistance) in di�erent qualities
(0.048 g (3× 3), 0.064 g (4× 5), 0.080 g (6× 6), and 0.112 g
(10×10)) of the same sample of G2. �e result is shown in
Figure 8.

Looking at Figure 8, we can �nd out that when the
pressure [21] is �xed, a single skin sample �lled with 3× 3
carbon nanotube lines (0.048 g carbon nanotubes) has small
variations in resistance as a result of this number of carbon
nanotube lines, the spacing between lines is larger, grid
density of conductive network is smaller, and the decrease
of resistance is limited. With the increasing number of
nanolines, conductive mesh’s density would increase; thus,
the conductive path increases gradually, and the resistance
steadily decreases. With the further increase of pressure, the
number of conducting channels reaches the limit, the re-
sistance’s change tends to be stable, and the sensitivity would
decrease.

4. Conclusion

�is paper is focused on carbon nanotubes/silica gel com-
posites for arti�cial skin. �e experiment explored the re-
lationship between quantity and resistivity, the relationship
between quality and resistivity of carbon nanotubes, and
pressure-resistance characteristics under di�erent qualities
of the same carbon nanotubes. �e experiment shows that
the higher the number of carbon nanotube lines, the lower
the electrical resistivity of the skin, and the skin resistivity
decreases with the increase of the density of carbon nano-
tubes. Under the lower �lling quality, the electrical resistivity
of the skin is higher. With the increase of the �lling quality,
the electrical resistance of the skin decreases gradually and
�nally tends to be stable.�e piezoresistive [22] properties of
the skin is mainly a�ected by the number of carbon
nanotube lines; the higher the number of �lling, the greater
the density of the conductive grid, and the greater the change
of resistance; the resistance change tends to be stable when
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the number of conductive channels reaches the limit.
/erefore, the artificial skin material can be covered on the
surface of the robot, sensing the external environment and
processing the data according to the sensor array.
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