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Study on the Design of Piezoresistive Sensors Based on Carbon Nano Smart Composites

Sung Yong Kim

Department of Mechanical & Design Engineering, The Graduate School,
Pukyong National University

Abstract

A strain sensor based on nano carbon composite can be designed its piezoresistive
characteristic by various factors such as type of the nano carbon isotope, content weight
percent (wt%) of the nano carbon filler, the geometric sensor pattern, and so on.
However, the piezoresistivity design for the sensor still mainly depends on trial and
error approaches due to not only lack of fabrication information but also uncertainties of
the nano composites mainly comes from fabrication process as well. Thus, from
engineering view point, the piezoresistivity design strategy is urgently required for
sensors applications.

In this study, a piezoresistive characteristics for sensor fabrication was studied based
on piezoresistivity models in physics. Sensitivity characteristics of strain sensor were
studied through the fabrication variables as described above. The sensors made of
MWCNT (multi-walled carbon nanotube) / epoxy composites were prepared by varying
wt% and nano filler types. After that, their piezoresistive sensing characteristics were
experimentally studied. From this investigation, piezoresistive sensitivity was proportional
to length and thickness of the sensors, and the sensitivity was inversely proportional to
width of the sensors. As the sensor thickness increases, it could improve the
piezoresistivity but it might deteriorate the actual deformation of the installed target
material.

For applications of the piezoresistive sensors, following nano carbon composite sensors
were developed and their piezoresistive characteristics were studied as well. Strain and
torque sensors based on MWCNT/epoxy were fabricated and their sensing performances
such as sensitivity, signal stability and linearity were proved as equivalent compared
with conventional foil strain gauges. Pressure sensors based on MWCNT/epoxy were
fabricated by using a bulk type and a 3D printed cantilever type. The cantilever type
pressure sensor could measure up to 16,500kPa, which was about 200% higher pressure
range than the bulk type. Novel impact paint sensors were developed MWCNT,
exfoliated graphite nano-platelets (xGnP), and a hybrid type of the two nano-carbon
fillers and they were sprayed onto a carbon fiber reinforced plastic (CFRP) panel for
lab testing. In ball drop impact test, the MWCNT-xGnP-based hybrid sensor showed the
best characteristics in impact energy sensing within the range 0.07-1.0J. The
piezoresistive mechanism due to structural dimension variations of nano carbon isotopes
for sensor design was also investigated by means of the piezoresistive model. From this
study, the piezoresistivity of nano-carbon sensor was significantly dominated the
electrical contact variation of the electrical fillers in a matrix.

Key Words: Piezoresistivity mechanism, Sensor design, Carbon nanotube, Graphene,
Fabrication technique
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Fig. II-1 Structures of (a) SWCNT(Single-walled Carbon Nanotube), (b) DWCNT(Double
-walled Carbon Nanotube), and (¢) MWCNT(Multi-walled Carbon Nanotube). [97]
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: the basic building block for other carbon allotropes

Il -3 Graphene

Fig.

graphite (3D), fullerene (0D), and CNT (1D). [108]
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Fig. I1-7 Percolation precess in conductive composites. [84]
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Fig. -8 Electrical conductivity of conductive composites as a function
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Fig. -1 Composites fabrication process using carbon nano materials and its application
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Fig. IV-1 Hub-spoke type joint torque sensor body modeling using ANSYS.
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A: Static Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
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Fig. IV-2 FE(Finite Element) analysis to install MWCNT strain sensor electrodes.
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Fig. IV-3 Experiment setup for piezoresistive characteristics of

the strain sensor electrodes.
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Fig. IV-4 Characteristics of the MWCNT/epoxy electrode and strain gauge

with respect to strain variation under tension and compression.
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Fig. IV-5 Experimental setup for torque measurement.
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Fig. IV-6 Voltage outputs of the MWCNT/epoxy electrode and the foil strain gauge under

torque variation.
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Fig. IV-7 The pipe plug type pressure cap sensor based on the MWCNT/epoxy nano

composite.
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Fig. IV-8 Experimental setup for pressure sensing characteristics.
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Fig. IV-9 Output voltage response of MWCNT/epoxy composites without
load(zero dritft test).
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Fig. IV-11 Schematic illustration of carbon nano composites piezoresistivity

mechanism.
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IV-10 Experiment of the pressure sensor voltage output and its resistance change
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Fig. IV-12 Schematic diagram of 3D printed cantilever type pressure sensor

based on nano carbon composite.
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Fig. IV-13 The pressure sensor design by using CATIA(outer diameter: 14.5mm, height
9mm : (a) the sensor body; (b) the top side with the cantilever; (c) the bottom side with
2 electrode holes; (d) cantilever sensor electrode filled with nano carbon composite
(black) in the ABS sensor body (white); (e) the sensor body plugged in the piper end

cap; and (c) the sensor installation on a pressure standard jig on the calibrator.
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Fig. IV-14 Schematic illustration for the signal processing of the 3D

printed pressure sensor based on nano carbon composite.
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Fig. IV-15 Output voltage response of 3D printed cantilever electrode

without load(zero drift test).
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oL ™ 3D printed cantilever electrode type
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Fig. IV-16 Experiment of the 3D printed cantilever electrode type and bulk

electrode type pressure sensor voltage outputs under static pressure.
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Fig. IV-17 Morphology of the multi-walled carbon nanotube (MWCNT)/exfoliated
graphite nano-platelets (xGnP)/polystyrene (PS) hybrid type smart paint sensor.

37FA] 8ol ZutE FHJAE  AlAQl MWCNT/epoxy, xGnP/Polystyrene,
MWCNT/xGnP/Polystyrene® U= A A2t 4& &3 Axsdv. @&
U de ZAAES dFA e EFH2HAY Ze ZEHe A AN
3wt%e] BlEE EE ST =
mofo]l=5 Abgste] &3

]
AOWZ 30E-7F FAbo] AAjE iy, BAke galo o Bo Yol gujS FikA

NF FRIE HMPTENE wE B

ok
o}

@ O
o
g
B
dlo
£
Mo
N
~N
o)
=
8
2
1
>
o
ol
£

-

Ao zHM Aol AA vz 2dsk & F5 W2 (spraying method)S &3

A ope Fadell ZalF A

_‘d
_O|L
2
[
=
[m
M
[JO
[m
ri;
>
of\

o
2
_[_‘N_,
_O|L

e
)
gh

AbE HQIE AN 2 &l A3l oE e dE7] 58 olgste] AFIAA
ok AlA e H7INSE AST7IE Y] g8 AN & Edel dAds aAstal
olg & A FAIE AME3te] A et AR FA 2
o, AM olg WAE fste] A A FEAIE A&t ddet o
T} Fig. IV-172 MWCNT/xGnP/PS A4 A1E9] FE-SEM &< o|u|x|o|t}. &
2 Us 3HES 182 Y Yo ddstA EAATIE AL wlg

dolth. ©A v Y7t & FAEA o et P ol dA

_47_



o] A WEtv= 8 2F(hot spot)¥} W o] FEx = Qla dEAo] U

EhA] @ = 23Hcold spot)o] AA A Sl A7 S AfATIE A

HE zHst7] wzolth. ¢ a-HAA E S glxo] AEE MWCNT/xGnP/PS
Ao Ay FXe Y 5FA A2 3AS T3 AdsiA $31EA &2

HAsA BaEe A e @ 5

_48_



l bending
A5-AR

Laser sensor

(MXEI0A, HBM)
{IL-300 KEYENCE)

Signal Processing

Fig. IV-18 Experimental setup of the piezoresistivity model of the sensors.
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Fig. IV-19 Normalized resistance change due to strain of

the nanocarbon-based strain sensors.

MWCNT/epoxy, xGnP/PS, MWCNT/xGnP/PS A4 W&ES 7ls o] ulg}
AAol 7hal A= ~EFQd w2 Ao ¥WsE Fig V-199] YeER e
= Y552 MWCNT/xGnP/PS A4 A &e] w®isloln 9= YH-2 xGnP/PS,

Z

i

MWCNT/epoxy A4 A&e] wistolt}, o5 A9 e+ 72t 2.7, 61, 375
ojty. T1RollA &2l & 4 9lko] F

AUAE QA FEoh g B AL HA T F Ak

_50_



V-3-t}. 33 iz A4 A9

V-3-th-(1). 2@ 32 74 L 9

Ruler Data Acquisition
Bearing Ball

CFRP

Af Profile

Wheatstone-

bridge box Amplifier & Filter
(N4297, San-ei) (N5901, San-ei)

Fig. IV-20 Schematic diagram of the experiment setup for ball drop impact sensing of

the smart paint sensors.
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Fig. IV-21 Output voltages of the smart paint sensors due to

impact energy change.
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Fig. IV-22 Output voltages of the MWCNT/xGnP/PS grid sensor due to changes of

impact energy.
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Fig. IV-23 Output voltages of the MWCNT/xGnP/PS grid sensor due to changes of

impact location.
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Fig. IV-24 Schematic illustration of the piezoresistive mechanism of 1-, 2-, and

multi-dimensional nanocarbon composites under tensile and compressive stresses.
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Fig. IV-25 Effect of contact conditions for piezoresistive mechanisms of nanocarbon

allotropes with different dimensional forms.
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Fig. V-2 Experimental setup for carbon nano-based sensor

sensitivity characteristics.
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Fig. V-5 Sensitivity change according to 0.35wt% sensor length
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Fig. V-6 Sensitivity change according to 0.35wt% sensor length
(width 10mm, thickness 1.2mm fixed).
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Fig. V-7 Sensitivity change according to 0.35wt% sensor length (width
12mm, thickness 1.2mm fixed).
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Fig. V-8 Sensitivity change according to 0.5wt% sensor length (width
8mm, thickness 1.2mm fixed).
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Fig. V-11 Schematic diagram of carbon nano tube sensor unit chain.
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Table V-1 MWCNT/epoxy sensor resistance by sensor shape

T=1.2 L=30 | L=40 | L=50 | L=30 | L=40 | L=50 | L=30 | L=40 | L=50
(mm) W=8 | W=8 | W=8 [ W=10 | W=10 | W=10 | W=12 | W=12 | W=12

Sample 1
11.20 | 1547 | 19.08 | 947 | 11.37 | 1433 | 697 | 9.14 | 11.31
(k<)
Sample 2
*Q) 11.45 | 15.64 | 19.43 | 8.63 | 10.89 | 14.10 | 6.92 | 9.64 | 12.28

Table. V-1914 = < Sl AxE Alxe] Aoldl ul#s|A A e Ado]
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Fig. V-13 Sensitivity change according to 0.5wt% sensor thickness
(width 10mm, length 40mm fixed).
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Fig. V-14 Structural analysis of cantilever with sensor using ANSYS-FEM
(length 40mm, width 10mm, thickness 0.6mm).
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Fig. V-15 Structural analysis of cantilever with sensor using ANSYS-FEM
(length 40mm, width 10mm, thickness 1.2mm).
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Fig. V-16 Structural analysis of cantilever with sensor using ANSYS-FEM
(length 40mm, width 10mm, thickness 2.4mm).
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Fig. V-17 Structural analysis of cantilever with sensor using ANSYS-FEM
(length 40mm, width 10mm, thickness 3.6mm).
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Table V-2 Strain generated at sensor attachment point of based material according to

sensor thickness

Theory | t=0.6mm | t= 12mm | t = 24mm | t = 3.6mm

Micro-strain | 1944 pe 1893 pe 1523 e 1200 pe 678 ue

2000

—m— 40x10x0.6 sample 1
1500  —®— 40x10x1.2 sample 1

—A— 40x10x1.2 sample 2 s "
1000 | —v—40x10x2.4 sample 1 » ”1‘.// -
—<— 40x10x2.4 sample 2 ' -

500  —P»— 40x10x3.6 sample 1
—o— 40x10x3.6 sample 2

Normalized Resistance [Rn]

0
-500 |-
oo
-1000 T om
|
|
-1500
-2000 | | | | | | | |

-2000 -1500 -1000 -500 0 500 1000 1500 2000
ANSYS - Real micro strain [ue]

Fig. V-18 Changes in 0.35wt% sensor resistance to strain generated in based material
obtained by ANSYS-FEM.
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Fig. V-20 Sensitivity change according to 0.35wt% sensor width
(length 30mm, thickness 1.2mm fixed).
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Fig. V-21 Sensitivity change according to 0.35wt% sensor width
(length 40mm, thickness 1.2mm fixed).
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Fig.  V-22 Sensitivity change according to 0.35wt% sensor width
(length 50mm, thickness 1.2mm fixed).
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Fig. V-23 Sensitivity change according to 0.5wt% sensor width
(length 30mm, thickness 1.2mm fixed).
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Fig. V-24 Sensitivity change according to 0.5wt% sensor width
(length 40mm, thickness 1.2mm fixed).
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Fig. V-25 Sensitivity change according to 0.5wt% sensor width
(length 50mm, thickness 1.2mm fixed).
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A: Static Structural
Equivalent Elastic Strain

Type: Equivalent Elastic Strain
Unit: mrm/mrmn
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Fig. V-26 Structural analysis of cantilever with sensor using ANSYS-FEM (length
40mm, width 12mm, thickness 1.2mm).
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Fig. V-27 Structural analysis of cantilever with sensor using ANSYS-FEM (length
40mm, width 10mm, thickness 1.2mm).
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A: Static Structural
Equivalent Elastic Strain

Type: Equivalent Elastic Strain
Unit: rarn/rmm

Tirme: 1
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Fig. V-28 Structural analysis of cantilever with sensor using ANSYS-FEM (length
40mm, width 8mm, thickness 1.2mm).

Table V-3 Strain due to sensor thickness generated in sensor and cantilever

Sensor shape
i) 40x8x 12 | 40x10x 12 |40x 12x 1.2
mm
LCxWxT) | LCxWxT) | LxWxT
Strain
Cantilever 1783 e 1739 e 1701 e
Strain sensor (CNT composite) 6127 e 6002 pe 5890 e
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Table V-4 Maximum and minimum strain according to sensor shape

Relative Relative Relative
LxWxT Maximum Minimum maximum | sensitivity sensitivity
(mm) strain (&) strain ([€) strain ranking ranking
ranking (0.35wt%) (0.5wt%)
30 x 8§ x 1.2 6226.8 1102.7 6 5* 4
30 x 10 x 1.2 6104 1087.8 8 8 8
30x 12 x 1.2 5989.7 1075.7 9 9 9
40 x 8 x 1.2 6379.2 1095.2 3 3 2%
40 x 10 x 1.2 6264.8 1082.7 9 5" 6
40 x 12 x 1.2 6159.1 1071.1 7 % 7
50 x 8§ x 12 6528.1 1084.8 1 1 1
50 x 10 x 1.2 6422.9 1073.6 2 2 2%
50x 12 x 1.2 6326.6 1064.8 4 4 5
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Table V-5 Comparison of sensor width to length ratio and strain

) Relative
LxWxT L Relative « Maximum ]

a=— maximum

(mm) w ranking strain (p€) . .

strain ranking

30x 8 x 1.2 3.75 6 6226.8 6
30 x 10 x 1.2 3 8 6104 8
30 x 12 x 1.2 2.5 9 5989.7 9
40 x 8 x 1.2 5 2% 6379.2 3
40 x 10 x 1.2 4 3 6264.8 5
40 x 12 x 1.2 3.33 7 6159.1 7
50 x 8 x 1.2 6.25 1 6528.1 1
50 x 10 x 1.2 5 2% 6422.9 2
50 x 12 x 1.2 4.16 4 6326.6 4
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