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Abstract

Abstract

Flexible electronic skins (e-skins) have been widely applied in health monitoring, .
motion sensing and human-machine interfacing. Mechanical sensing is the key
function of human skin, and plays an important role in the design of e-skins.
" Mechanical sensors include strain sensors and pressure sensors, which aim at sensing
the deformation of objects, and the normal pressure applied on objects, respectively.
In recent years, a great process has been achieved in developing the mechanical
sensing system.with enhanced sensitivity, detection range, as well as the durability in
chronic use. Besides, the mechanical sensors have been widely applied in many
practical sensing contexts, and demonstrate superior performances. Moreover, the
minimization, intellectualization, improved wearable comfort and reduced cost of the
prepared mechanical sensors also pave the way for their commercialization.

Carbon nanomaterials, represented by carbon nanotubes (CNTs) and graphene,
have been widely adopted for the integration of flexible electronics, thanks to their
outstanding electrical conductivity and mechanical flexibility. In addition, various
techniques developed for the low-cost preparation of these carbon nanomaterials
enables the large-scale production of carbon nanomaterials based mechanical sensors.

In this thesis, strain sensors and pressure sensors with high sensitivity, large
detection range, as well as outstanding sensing durability and linearity have been
prepared through structural design and optimization of carbon nanomaterials, as well
as the patterning and decoration of the flexible substrates. Through Finite Element
Analysis (FEA) and the investigation of the morphological evolution with strain for
the conductive carbon-based film, we analyze the mechanism for the improved
mechanical sensing performance. At last, we studies the application of the optimized
mechanical sensors for the sensing of practical strains and pressures, which
demonstrated qualified performance and great potential in the design of

next-generation e-skins. The main results of this thesis are summarized as follows:



Abstract

(1) A CNT-graphene embroidered film has been synthesized by chemical vapor
deposition (CVD) growth of graphene using CNT network as the template. The
hybridized graphene dramatically reinforced the CNT network by improving the
rigidity of the network, which restrains the irreversible sliding during mechanical -
stretch and the buckle formation upon the release of strain. Besides, the resistance
change with strain becomes monotonic and linear for the hybrid film, which
‘overcomes the abnormal electrical response of CNT-based strain sensors.

(2) A cross-stacked CNT-graphene hybrid film is prepared through overstacking
two CNT arrays in a crossbar structure, followed by in situ CVD growth of graphene.
Graphene effecﬁvely welded the two CNT arrays and improves the stress transfer
efﬁciency between them. Thereafter, the hybrid film demonstrates a linear electrical
response to strain in both the alignment directions after transferred onto a flexible
substrate, with the sensitivity 5 and 10 times higher than the CNT film before
graphene hybridization, respectively.

(3) A multiscale hierarchical contact-based resistive pressure sensor is fabricated
by a surface patterning of the flexible substrate using natural lotus leaf as the template
followed by spray coating graphene inks. The surface hierarchy is provided by both
the intrinsic patterns on lotus leaf and the stacking of graphene flakes. The two
electrodes of the as-designed pressure sensor could contact stepwise, which avoids the
interlocking of patterns upon small pressures for the electrodes with single level
surface patterns. In this way, a linearity range till 25 kPa is achieved, with a sensitivity
of 1.2 kPa™ and a detection limit of 5 Pa.

Key Words: Carbon Nanotubes (CNTs), graphene, electronic skin (e-skin), strain,

pressure, sensor
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Figure 1.1 The schematic of skin structure, with the marking of the type and distribution of

mechanical receptor.
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Figure 1.3 The optical images of flexible devices conformally adhered onto the surface of skin (a)
and a heart (b).
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Figure 1.4 (a) The structural schematic of a pressure sensor with designed cracks. (b) The
strain-resistance curve of a pressure sensor with designed cracks.
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Figure 1.5 The structure and performance of resistive pressure sensor. (a) The schematic of a
pressure sensor with patterns of nanofiber arrays prepared by lithography. Inset: SEM image of
nanofiber array on PDMS surface. (b) The performance of a pressure sensor with the patterning of
nanofiber arrays. (c) PDMS patterned by silk template. Inset: The SEM image of silk patterned
PDMS surface. (d) The performance of silk patterned pressure sensor.
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Figure 1.6 (a) The structural schematic of a capacitive pressure sensor. (b) The performance of a
capacitive pressure sensor with micropyramid array patterned surface. (¢) The structural schematic
of a triboelectric pressure sensor. (d) The performance of a triboelectric ZnO pressure sensor.
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Figure 1.7 Strain sensors based on graphene film. (a) The schematic of the graphene spray coating
system. (b) The performances of strain sensors based on spray coated graphene inks with different
initial resistance. (c¢) The schematic of the preparation of graphene woven fabrics and the strain
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sensors. (d) The optical image of graphene woven fabrics. (¢) The strain sensing performance of

graphene woven fabrics.
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Figure 1.8 Graphene based pressure sensor. (a) The preparation of graphene based pressure sensor
with pyramid-like surface patterns. (b) The SEM image of patterned graphene/PDMS surface. (c)

The performance of graphene based pressure sensor®,
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Figure 1.9 Strain sensor based on CNT films. (a) The strain-resistance curve of CNT based strain
sensor. (b) The resistance change of CNT based strain sensor upon cyclic stretch of 50% strain. (c)
The stability of CNT based strain sensor. (d) The structural schematic (left) and SEM image (right)

of a CNT film upon tensile stretch and release.
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Figure 1.10 CNT applied for the preparation of pressure sensors. (a) The schematic of a pressure

sensor based on CNT-graphene hybrid film. (b) SEM image of patterned CNT-graphene/PDMS
film. (¢) The performance of the pressure sensor.
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Figure 2.1 The schematic of CNT growth system by CVD.
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The TEM image of CNT film before purification. (a) Low-magnification TEM image showing the
distribution of impurity particle amongst the film. (b) High-magnification TEM image showing
the nanostructure of the impurity particle.
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(a) The thermogravimetric (TG) curve of CNT film. (b) The magnified view of the TG curve in (a)

below 400°C, with the transformation temperature marked in the graph.
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Figure 2.4 The SEM image of CNT film before purification (a), after thermal annealing at 300°C
in air (b) and after soaking in HCI aqueous solution overnight (c).
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Figure 2.5 The optical image of CNT film before (left) and after (right) purification process. Scale

bar: 1 cm.
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Figure 2.6 The comparison of transmittance (a) and sheet resistance of CNT film before and after
the purification process.
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Figure 2.7 The schematic of monolayer graphene growth system by low pressure CVD.
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Figure 2.8 The optical image (a) and SEM image (b) of CVD derived graphene film. Scale bar in
(a): 20 pm. Scale bar in (b): 10 pm.
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Figure 2.9 The Raman spectrum of CVD derived monolayer graphene, with the marking of
characteristic peaks..
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Figure 3.1 Schematic illustration of the CVD synthesis of a CNT embroidered graphene (CeG)
film by using a CNT network as template.
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Figure 3.2 (a) SEM image of ultra-thin CNT network. (b) SEM image of CeG. Scale bar for ()
and (b): 1 pm. (c) Optical image of a phoenix tree leaf, which is a structural resemblance to CeG.
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Figure 3.3 Transmittance spectra of CNT and CeG films.
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Figure 3.4 Schematic illustration of the fabrication process of CeG based strain sensor.
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Figure 3.5 Morphological analysis of both CNT film and CeG film under cyclic tensile strain. (a)
SEM images of a CNT film before stretch (i), after cyclic stretch and release at a strain of 10% (ii),
after cyclic stretch and release at a strain of 20% (iii). (b) SEM images of a CeG film before
stretch (i), after cyclic stretch and release at a strain of 10% (ii), after cyclic stretch and release at a
strain of 20% (iii). Scale bar: 2 pm.
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Figure 3.6 Finite Element Analysis (FEA) to reveal the mechanism for graphene enhanced
mechanical properties of CNT network. (a) Schematic of an equilateral triangular CNT network
unit attached on a PDMS substrate, and the direction of the tensile strain is marked by the arrows.
(b,c) The spatial distribution of the maximum principal strain for the CNT network (b) and
CNT-graphene hybrid (c).
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Figure 3.7 Schematic illustration of the microstructural evolution of CNT network (a) and CeG (b)
under stretch and release.
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Figure 3.8 (a) Schematic of a layered CNT-graphene hybrid on PDMS substrate. (b) The SEM
image of a layered CNT-graphene hybrid. Scale bar: 2 pm.
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Figure 3.9 SEM images of CeG (a) and layered CNT-graphene hybrid (b) under tensile strain from
- 0% to 20%. Scale bar: 1 pm.
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Figure 3.10 SEM images at the graphene-rich side (a) and the CNT-rich side (b) of a layered
CNT-graphene hybrid after cyclic stretch and release at a strain of 20%. Scale bar: 2 um.
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Figure 3.11 Photo of a CeG based flexible pressure sensor.
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Figure 3.12 Resistance response of CNT film and CeG film during cyclic tensile stretch. (a)
Resistance recording of a CNT film and a CeG film under continuous triangular waves with
increasing peak strain from 1% to 10%. Five triangle wave tests were conducted for each peak
strain level. (b) The magnified view of a triangle wave test with the peak strain of 6%. (c) The
magnified view of a triangle wave test with the peak strain of 9%.

36



BZE ETHBBERBRIKE NN RS

300
— B
200
% 100-
0
0 10 30 40

20
Strain (%)
3. 13 BREKE- A BIEE & ReRUE 5 B B RE S Sh R N RN R

Figure 3.13 Relative resistance change versus unidirectional strain for CeG.
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Figure 3.14 Demonstration of the motion sensing application of CeG. (a) The photos of the
unbending/bending state of a finger, with the strain sensor adhered on the finger joint. (b) The
resistance recording during five bending-releasing process using CeG and CNT network based

strain sensor, respectively.
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Figure 3.15 (a) A three-channel CeG strain sensor attached to the dorsal side of the index finger. (b)
Resistance changes of the CeG devices at Position 1-3 during five finger bending-unbending

cycles.
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Figure 4.1 The strain-resistance change curve of CNT film under uniaxial tensile stretch (Each

step of resistance change is marked in the graph).
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Figure 4.2 The SEM image of CNT film with increased strain upon tensile stretch.
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Figure 4.3 The schematic of structural change for random CNT network (a) and cross-stacked
CNT arrays (b) upon tensile stretch, with the description of resistance change mechanisms.
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Figure 4.4 The schematic of the preparation process for cross-stacked CNT-graphene film.
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Figure 4.5 (a) SEM image of a cross-stacked CNT film on Cu grid. (b,c) The SEM images of
cross-stacked CNT/graphene hybrid film on Cu grid from the view of the top (b) and bottom (c).
The alignment direction of different CNT layers is marked by arrows. Scale bar: 2 um.
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Figure 4.6 (a) The optical image showing a freestanding cross-stacked CNT/graphene film on
water. Inset: a cross-stacked CNT/graphene film conformally contacted onto the rough surface of a
leaf. (b) The photograph of a cross-stacked CNT film and a cross-stacked CNT/graphene film wet
transferred onto a hollowed-out frame (left), with the magnified view of CNT fibration for the
cross-stacked CNT film (right).
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Figure 4.7 The SEM image of cross-stacked CNT film after cyclic stretch with 10% strain when
the stretching direction is parallel to the top (a) and bottom (b) CNT array. Scale bar: 2 pm.
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Figure 4.8 The resistance recordings of the cross-stacked CNT film during cyclic stretch with a
strain of 10%, with representative 5 consecutive cycles.
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Figure 4.9 The SEM images of cross-stacked CNT film (a) and cross-stacked CNT/graphene film
(b) upon tensile stretch with a strain of 10%, with stretching direction parallel to the bottom CNT
array. Scale bar: 2 pum.
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Figure 4.10 The SEM images of cross-stacked CNT/graphene film after cyclic stretch with 10%
strain. (a) The stretching direction is parallel to the upper layer CNT. (b) The stretching directjon
is parallel to the bottom layer CNT.
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Figure 4.11 FEA modeling to simulate the deformation behavior of CNT network. (a)
Representative model of PDMS supported square CNT networks, with the stretching direction
marked by arrows, which is set to be parallel to the bottom layer. (b,c) The distribution of Mises
stress amongst the square CNT network before (b) and after (c) graphene hybridization. (d)
Original model to reveal the influence of bottom layer on the upper layer in torsional deformations.
Displacement distributions of cross-stacked CNT network and cross-stacked CNT/graphene
hybrid upon a tensile stretch of the bottom layer with a strain of 10% are shown in () and (f),
respectively.
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Figure 4.12 The strain sensing performance of cross-stacked CNT-graphene film. (a) The
electromechanical response of cross-stacked CNT-graphene film upon cyclic stretch with a strain
of 10%. (b) The durability test of cross-stacked CNT/graphene based strain sensor, by cyclic
stretching for 100 times with a strain of 10%.
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Figure 4.13 The resistance recording of PDMS supported cross-stacked CNT film and
cross-stacked CNT-graphene film under unidirectional stretch. The dashed line indicates the
critical value for non-linear electromechanical response, which is ~28% for CNT film and ~23%

for CNT/graphene film.
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Figure 4.14 The sound sensing performance of cross-stacked CNT-graphene based strain sensor. (a)
The measured sound pressure level (SPL, dB) of a standard A1 tone (55Hz) with different sound
volumes (controlled stepwise by a mobilephone, from 0 to 12). (b) The resistance recording during
the repeated broadcast of a song clip, with the sound volume dropping 1 unit each time. Inset: The
photo of a cross-stacked CNT/graphene based strain sensor adhered on the loudspeaker of a
soundbox.
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Figure 4.15 The application of cross-stacked CNT-graphene based strain sensor in motion sensing.
(a) The resistance recording of a cross-stacked CNT/graphene strain sensor during the bending of
a finger with different degrees. (b) The resistance recording during five consecutive
bending-unfolding processes of the finger.
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Figure 4.16 The application of cross-stacked CNT/graphene film for muitichannel touch sensing.
(2) The photo of a 3x3 panel of cross-stacked CNT/graphene film. (b) The schematic of the 3x3
touch panel, including the position of electrodes and the representative touch position, indicated
by colored arrows. (c,d) The electrical response of the touch panel when a point press is applied,
with the correspondence of colors in (b).
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Figure 5.1 The SEM image of a lotus leaf surface. Scale bar: 20 pum.
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The processing flow of the multiscale hierarchical pressure sensor.
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Figure 5.3 (a) The Raman spectrum of spray coated graphene film. (b) Top: AFM image of
graphene flakes on SiO,/Si substrate. Bottom: The height profile of the graphene flakes.
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Figure 5.4 The surface morphology of a multiscale hierarchical flexible electrode. (a) SEM image
of a patterned graphene/PDMS. Scale bar: 50 um. Inset: Photograph of the patterned
graphene/PDMS. Scale bar: 5 mm. (b) SEM image of a single papilla on the graphene/PDMS
surface. Scale bar: 5 pm.
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Figure 5.5 (a) The height distribution profile of a hierarchical graphene/PDMS film. (b) Magnified
view of a single papilla (corresponding to the position within the white blank in (a)). Scale bar: 5
pm.
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Figure 5.6 Pressure sensing performance of patterned graphene/PDMS pressure-sensor devices. (a,
b) Real-time current response of a pressure-sensor device with an initial resistance of 480 kQ. (c)
the relationship between applied pressure and current change of the device from 0.2 to 30 kPa.
Inset: Schematic of contact between two hierarchical graphene/PDMS films.
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Table 5.1 The comparison of linearity range between as-prepared graphene-PDMS pressure sensor
and other reported contact-based pressure sensors.
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Figure 5.7 (a) Stability test (1000 cycles) of the hierarchical PDMS/graphene pressure sensor

Al

under pressure of 1, 5, and 10 kPa. (b) Magnified view of the dashed box in (a).
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Figure 5.8 Response of a pressure-sensor device, with an initial resistance of 480 ke, to a pressure
of 5 Pa. Inset: An image showing a 100 mg mass placed on the pressure-sensor device of ~2 cm’
in area. Scale bar: 1 cm.
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Figure 5.9 (a) Sensitivity of devices with different initial resistances. (b,c) Morphological
comparison between pressure-sensor devices with initial resistance of 480 kQ (b) and 18 kQ (c).
Scale bar: 5 pm.
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Figure 5.10 Performance comparison between a patterned and a planar pressure-sensor device.
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(a,b) Schematic illustrations for the contact of the smooth (a) and hierarchical (b) structure,
respectively in FEA modeling. (c) Bottom-up (left) and cross-sectional (right) view of the
microdome patterned hemisphere, with the marking of characteristic lengths.
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Figure 5.12 Contact pressure distribution with increased applied pressure for the smooth (a) and

(b)

Hierarchical

hierarchical (b) structure in FEA modeling.
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Figure 5.13 Change of contact area of the smooth and hierarchical structures in response to the
applied pressure.
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Figure 5.14 The application of the hierarchical pressure sensor in health monitoring. (a)
Photograph of a pressure-sensor device attached on the wrist. (b) Real-time recording of wrist
pulses before and after exercise. (c) Magnified view of a single pulse.
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Figure 5.15 The application of the hierarchical pressure sensor in sound recognition. (a) Response
of a pressure sensor to acoustic vibration by different words. Inset: Photograph of the pressure
sensor attached onto a load speaker. (b) Response of the pressure sensor to repeated phrase
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“pressure sensor”.

B T RN R, BATRFAGRGEERNEE, WET -4
REEMEDERER (B 5.16). BAVEE LRSS — MRS IR E 1T &
BRe AEEARET, Bl ERSREMmES, aTeIgmERER, AmERLE=
RE BB LR R « AV IR M 20T LATE KV Bl P B 5 o A4 Sk s Bt
IR AR, Fx T RN E S EW. sot, FIRBENEMEA
& SRR AT AR IR AN R G L B IR
(b)

(©) (d)

& 5. 16 BT EHERARRERE LED WEEHEREE. LED
a-d Fi7R.
Figure 5.16 Visual detection of the applied pressure by linking a light emitting diode (LED) with

REREEMTLSRTF

the pressure sensor. The brightness of LED with the increased applied pressure is demonstrated in
a-d.
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Figure 5.17 (a) Photograph of a flexible pressure sensor array. Scale bar: 5 mm. (b) The schematic
of the sensor array.
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Figure 5.18 The pressure mapping demonstration of the pressure sensor array. (a) Response of the
pressure sensor array to a square (top) and a round (bottom) metal block. (b) The distribution of

the maximum electrical response for the pressure sensor array as the number “7” was written on it.
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