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characterizations were performed on the samples of pristine Nior the output signal |ncreasmg from 10% to 90% of the peak
foam, pristine PDMS, Ni@GF and fteesing GF. The Raman output value, or vice vaa***%**1 The GF@PDMS based sensor
spectrum of Ni@GF (brown curve in Figure 1h) shows no D barghowed a relatively fast response time towards the variation of
indicating the high quality of GF framework. However, a small pressure. Considering the repeatable experimental results, one
band appears in the Raman spectrum of fstending GF after typical loadingunloading cycle in Figure 2b was picked out for
the etching of Ni foam, probably owing to therfnation of trace interpreting the relationship betweenhe applied pressure and
defects during the etching process. device current response. Upon loading, the device current will
increase rapidly to 90% of the peak current value in 0.8 s (Figure

a 2e). After holding the pressure for 10 s and then releasing, the
Vi) Craphens Mokes, e g Ponsas current will drop rapidly (in 0.2 $ywards a low current level.
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Figure 1 The fabrication of GF@PDMS based pressure sensors. f
Schematic fabrication process of GF@PDMS pressure sensos). $EM 2
images of (b) pristine Ni foam, (c) Ni@GF, (d)-ftamding GRfter the 33
etching of Ni foam, and (e) the cressection of agprepared GF@PDMS
Ju%ke}e]8 X A 0 EeW il ..uX ~(+ WZ}3}PE %o =50 50 T
electrode (left top), crossection of GF@PDMS material (left bottom) and Time/s Pressure/kPa
the as prepared GF@PDMS prasssensor (Right). (g) Schematic 3DFigure 2 Force sensing properties of GF@PDMS based pressure sensor.
stereostructure of GF@PDMS pressure sensor. (h) Raman spectra (@ Schematic illustration of GF@PDMS based pressure sensor in loading
pristine Ni foam, pristine PDMS, Ni@GF and freestanding GF after thed unloading states.d, represents the original thickness of the
etching of Ni foam. GF@PDMS sensor inloading stated; stands for the sensor thickness in
loading states,Ad is the sensor thickness deformation value between
To study the pressure detection properties, the GF@PDMgnloading and loading states. (b) Aging experiments of GF@PDMS based
sensor wa mechanically pressed by a step motor equipped with @ressure sensor at an applied pressure of 30 kPa 6@00Q cycles. The
force gauge (Figure2a) and controlled by a comput@ro- inset shows typical loadingnloading cycles of the sensor. (c) Device
grammed motor controller. The schematic illustration of this-setcurrent as the function of stepwise changed loading force on the sensor.
up is shown in Figure 2b. In this work, all the device electricahe inset shows apparatus setup. (d) Pressure applied on the sensor as
properties weee monitored with an electrical source meter at athe function of device dermation in loading and unloading states. (e)
fixed applied voltage 0.1 V. To make the pressure sensor suitalif@vice response times during the loading (0.8 s) and unloading (0.2 s)
for practical applications, it is necessary to ensure good materigkocesses. (fpecific value of device current in load and unload states
durability and high device stability. Therefore, a device aging,/1y) at different thickness deformation value (from %850 um) of the
processof 16000 loadingunloading cycles was performed at a sensor compressed by force gauderepresents the reatime device
pressure of 30 kPa (Figure 2c). Some typical loadgading current in loading state, anig is the device current in unloading state. (g)
cycles were magnified and shown in the inset of Figure 2c. It wa$e relationships of loading pressure il ratio (experimental results:
found that the sensor exhibited excellent durability toward agingblack square dots; fied data: red curve) and loading pressure vs. step
which ould be attributed to the good flexibility and stability of motor moving distance (blue triangle line). The red and yellow regions
PDMS. There are two purposes for this aging process: (i) to intr@present low and high pressure sensing zones, respectively.
duce more micrecracks in the carbon scaffold of GF to achieve
better sensibility for detecting low dynamic Fressure signals, such The interaction process of GF@PDMS based pressure sensor
as mechanical vibration and acoustic vibrat%rﬁu) to ensure the can be dividedrito three working stages in a single loading
longterm durability and signal repeatability of the conductive unloading cycle: (i) Low pressure interacting stage (blue area in
network in the GF@PDMS composite. Figure 2e). This stage would span from the initial contact between
To characterize the compressing and recovery behaviors tiie force gauge and the pressure sensor until the device current
the sensor, the device curréerwas monitored at different step increased ta90% of the peak output value. We suggest that the
U}S}E u}AJvP ]e3 v « (E}u iU TAU AU O fpréssuréisensitivity of ZGR@PRMS based sensor at low pressure
was held for 10 s) with the corresponding applied pressure inregion (<15 kPa) is determined by the conductivity variation of GF
creased from 0, 0.9, 3.0, 7.9 to 19 kPa, respectively (Figure 2sgaffold with temporallsconnected micrecracks under compres
Then, the compression was grgdooC & }A E (E}u $ive Stiesswhidhlis similar to a previous repdﬂ (i) High pres
with the corresponding pressure decreased from 19, 7.7, 2.8, Odlure interacting stage (red area in Figure 2e). This stage spans
to 0 kPa, as illustrated in Figure 2c. The relationship between tifeom 90% to 100% of the peak current value. The relatively long
step motor moving distance and the applied pressure is depictegaturate time could be ascribed to the gradual formation of more
in Figure 2d, indicatinthe good reversibility of GF@PDMS basedtondictive channels in GF scaffold and the shortening of conduc
sensor. tive pathway under pressu{é (iii) Pressure releasing stage
The response time is one of the most important parameterggreen area in Figure 2e). When the pressure is released, the cur
for pressure sensors, which can be defined as the time requireent will drop rapidly in 0.2 s from 90% to 10% of the peak outp

1 -8- Load/Unload
= k1=0.0862 160

= k2=0.0024

Distance/um

o

720 www.cjc.wiley-vch.de © 2Q@0SIOC, CAS, Shanghai, & WN/EM Verlag GmbH & Co. KGaA, Weinheim  Chin. J. Cher2020, 38, 719E724



Flexible BroacRange Pressure Sensors for Precise Vibrational Signal Detection Chin. J. Chem.

value. This is understandable if considering the working frequendy Figure 2g)

(50 Hz) of step motor, which is adequate to move to the urdload Table 2 demonstrates the characteristics comparison of re
ing position without affecting the device response time. In thisently reported pressure sensors ar@F@PDMS based broad
process, the rapid drop of device current is due to theoreery of  range sensor. It was found that the sensor in this work exhibits the
micro-cracks and the disconnection of temporal conductivebroad range sensibility and high stétyil

channels after the release of elastic PDMS matrix from compress

ing stress. Table2 The comparison of characteristics pressure sensors of recently
To verify the assumption that there are lgwessure and reported

high—pressure sensjtive zones in this sensor, a semiesleyice DRkPa SkPa®  DUkPa RTs LT%cycle Ref.

thlgknes]:% deformatlfon vallues fgrol;nD 5(350h:mr,] wlh?l)c(:)hkrssultsn a 1 0v10 .82 0.001 0036 6000 4]

series of pressure from low ( a) to high ( a), were em, ovid 55 0005 000 5000 [24]

ployed to study the developing trend of sensor performaHéé®
!Detalled data was shown in Table 1. To study howptessure 4 02v59 151 0.0002 0.04 v (8]
influences the device performance, the peak valuek/af as the

function of different loading pressures were depicted in Figure 2g v 0111 0.02 0ls 10000 [25]
(black square dots). With the increase of loading pressure, thé Oov9 2.5 0.015 0.02 v [5]
peak value of /1, will also increase, but not always grow linearly. 6 0.05v130  0.062 0.01 0.2s 16000 TW

The fitted data (red curve in Figure 2g) of the experimental resultsote: DR: detection range; S: sensitivity; MDL: detection limit; RF: R
can be expressed as an amnelsponent Equation (1): sponse time; LTS: losigrm stability, TW:this work.

3 0.007v50 t1.01 0.007 0.01 5000 [7]

y =—0.93exp (— %) — 0.64 exp (— %XT) +2.52 1) The sensitivity of GF@PDMS based pressure sensor at low
’ ' pressure is mainly attributed to the presstir@uced formation of

where y represents the peak value dfl,, andx represents the conductive channels through the connection of micracks in
loading pressure. Moreover, the step motor moving distance alsthe GF scaffold, as illustrated in Figure 3a. The presence of-micro
exhibits a similar variation tendency related to the loading prescracks in the pristine GF scaffold and the cressction of
sure, as indicated by the blue triangle line in Figure 2g. The-phy§IF@PDMS composite is confirmed by SEM characterizations (Fig
cal meaning of this amlexponental growth phenomenon indi ures 3b and 3c). As we proposed above, the micracks can
cates two kinds of sensing modes of the sensor: theposgsure temporarily connect together under low pressure to form more
sensing mode (red shaded part in Figure 2g) and the-igs  conductive channelsgreatly increasing the device conductivity.
sure sensing mode (yellow shaded part in Figure 2g). It was fouldhen the pressure is released, the high elasticity of PDMS matrix
that the peak value of/l, increased rapidly when pressure-in will make these conductive channels disconnected again. At high
creased from 0 to 15 kPa (low pressure zone). This could be g@sessurezone, the amount of conductive channels will be further
cribed to the formation of many temporal interlinks among theincrease by conpression (but with lower growth rate), and
micro-cracks in GF scaffold under low pressure to generate abugradually approach a saturated level.
dant conductive channef&**?® |n this sensing region, device
sensitivity is around 0.062 kPgblue line in Figure 2g). While in
the high-pressure zone (15 to 130 kPa), the peak valud/df a

gradually increased along the loading pressure and approached DQ Load DQ
saturation value of bout 2.52, as shown in Equation (2): —

X . C—
limy 0y = lim,pey (—0.93 exp (= 2) = 0.64 exp (- =) + 2.52) = R

2.52 (2) ARG
. o R,
The gradual increase of the peak valug df; in high pressure 25 A
zone should be attributed to the formation of better connectionsg © : ek
among micrecracks at high pressure and the shortening of-cur 10 .'v_ -
rent transport distance under compression, which both further | B
decreased the device resistance. This analysis orrespond e
ence with the abovenentioned assumption for interpreting the -10*?7
three working stages in a single loadimgloading cycle. In this g ol =L * 7K
sensing region, device sensitivity is around 0.0024 KBlack line = ‘= st 50

Table 1 The functioning parameters of GR@MS pressure sensor e
pressed by force gauge. -20
Ad/pum PressurégkPa ForcéN On/Off ratio

Figure 3 Functioning mechanism and-gitu Raman characterizations of

1 50 3 1.6 L4 GF@PDMS based pressure sensor. (a) Schematic illustration of the con
2 100 6.75 3.6 1.67 nection and disconnection of mimcracks in GF scaffold upon loading and

3 150 11.32 6.0 19 unloading cycles. (b) SEM image of a ma@axk in GF scaffold. (c) SEM

4 200 25.45 135 2 image of the crossection of GF@PDMS composite with micracks in

5 250 53.29 28.3 2.16 GF scaffold. (&) Insitu Raman mappings of the cresaction of

6 300 88.37 46.9 2.26 GF@PDM8omposite under the pressure of (d) 0 kPa, (e) 0.9 kPa, (f) 6 kPa,
7 350 1303 69.2 2.35 (9) 25 kPa, (h) 50 kPa and (i) 0 kPa, respectively.

N}S§ W d\d _represents the thickness deformation value of the sensor,

ANIE _ pE ccpE _ 3V (JE §Z Al e Ve (} & To studyhe@ miegoStructure variation of the elastic GF@PDMS
imposed by force gauge. On/Off ratio is the specific value of device curreabmposite under loading pressure,-situ Raman spectroscopy

in load and unload states. The radius of the sefsaround 13 mm characterizatbns were carried out through the mapping of peak
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intensities at a fixed Raman shift of 1580 t3:,rrcorresponding to 7.6
the G band of graphend®**?®?”! The Raman signals were <ol
lected at the same area of GF@PDMS composite compressed b
glass slideunder different loading pressures (Figarddv 3i). In
the unloading state, the measured Raman signals of G bamd w
weak throughout the mapping area, indigag that the PDMS
matrix coated on GF scaffold covered up the Raman signails (F
ure 3d). At low pessures (0.9 kPa andkPa), stronger G band
signals would appear within the mapping area, but still not ven
apparent (Figurse3e, 3f). This might bévecausethe low pressure
(<15 kPa) merely influens¢he connection of micrecracks in the
composite, b8} ev[§ Z VP SZ u}E%Z}o}PC
material much. When the loading pressure was increased to 2 7.2

[ Heartbeat vibration

p '
Cowurnd
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Current/mA

e Symphony vibration 76

Current/mA

et

kPa, much stronger G band signals appeared at different sites 5 5000 390 20 410
the mapping area (Figure 3g). By further increasing the loadir.y Time/s Time/s
pressure to 50 k&, the strong G band signals will be expanded tdrigure 4 Vibrational signal detection enabled by GF@PDMS based pres
larger areas (Figure 3h). This indicates that the high compressigHre sensor. (a) Optical image of the setup for the detection of subtle
ratio under high pressure would shorten the distance betweeryibration generated by an iPhone X. (b) Aging experiments of GF@PDMS
the PDMSconcealed GF scaffold and the composite surface, thu&sed pressure sensor aynamic pressure (around 10 Pa) for around
the G band sigria can be emerged over a large area. This Su@OOO seconds. The inset shows typical iPhonebxational signals de
gests that the shortening of current pathway plays a key role ofgcted by the sensorc(ve) Repeated vibrational signals proyideq by the
the gradually increased device conductivity induced by thé&e!l phone: (c) Heartbeat, (d) S.0.S. and (e) Symphony vibration modes
stronger stress at high pressure region (Figure 2i). After unloadirfl§tected by GF@PDMS sensor.

the pressure, thes peak intensity of Raman mapping will restore cal vibration signals. As a typical physiological signalatioest

o a low level gomparaplg to the original syate (Figure 31). This | al signals produced by human throats are critically important for
because the high elasticity of PDMS matrix can help the Cempﬂumancomputer communication and speech recognition. It is

S'te{ité‘rgotr%&ig{i'gr:nﬁlf ngg:rllogﬁ scédld and elastic PDMS highly desirable to develop lowost and higkperformance porta
ble sensors for the redime detection of personal acotisal sig

matrix offers the possibility for precisely sensing the IO""dingnals. We demonstrate that the GF@PDMS sensor attached on

g;s:srlglg;s Igo?fh%Zmes}cgﬁ?fg:geégiccgﬁ%(f;nﬁ?nfg\t,i dh:‘SS at:ﬁwman throat can be applied for detecting individual pronuncia
: 1P tion through throat vibration (as inset in Figure 5a). For example,

integrated conductive framework for rapid chargransfer, which . - .
is the reason for the high conductivity of GF@PDMS that is sever,alvZ vPol+Z % @E}vuv ] S1tv }( 1(( & v viu &

7.2

. ; SvVv_e %@E} p ]*8lvPulezZ o HEE vS % E}(]
girtierni;tferrir,;? 7?1'32‘92%] hl\'/?:rzrogzmg;e gn?N;;g%%le:gﬁg%m:ﬁ d throat vibrational signals of three repeatedly pronounced rum
: * P E+ ~"}v _U ASZE _ v A(]JA e SBDESAE }E

disconnection of micreracks in GF scaffolddititates the drastic

and rapid variation of conductive channels under different pres
sures. For the PDMS matrix, it serves as a support skeleton for t
protection of GF and retaining conductive channels from high
stress. Moreover, the PDMS matrix offdrigh elasticity for the 72345678970, [ e e

rapid and full recovery from pressing. This is especially importai a
for the sensor to resist the high pressure.
Besidesstatic pressure, the GF@PDMS based pressure sens n

showing similar current profiles within repeated cycles.sTihdi
ates the high reproducibility of GF@PDMS sensor for the detec
n of individual physiology vibrational signals. To further prove

can also precisely detect subtle dynamic vibrational and acoustic
signals. Vibration is periodic or random mechanical oscillatio
occurring around an equilibrium point. The vibration signals o d Five Eloctrapic skin  Chemistry
industrial machinery are vital indicators of the machinery health
For the sensing of vibration, higierformance sensors with fast

response, high accuracy and excellent reproducibility are re

Electronic skin

-

rrent/mA

=]
(@]

Nanotechnolog

quired.[zg] To explore the 1[])otential of practical applications in in 5 Rowey Intelligent

dustry and in daily |ifé3:0'3 we demonstrate that the GF@PDMS g Nanotechnology Chemistry i Rowey Intelligent
sensor can be used to detect the different vibration modes of ce
phone. The sensor was placed on a cell phone (Figure 4a)to ¢
tect the longterm stability in dynamic lovpressure zone (Fige
4b). It was found thatthe device exhibits high stability as in
high-pressure zone. To further characterize device reproductivity ;5 20 30 10 20 30 10 20 30
the cell phone was set at vibration mode, and three different vi Timel/s

bration modes (Heartbeat, S.0.S., and Symphony) weresotfos  Figue 5 Physiology vibrational signal detected by the GF@PDMS sensor.
demonstration, as shown in Figuresv4e. It was found that the (a) vibrational signals of English pronuticin of different numbers (from

change of vibration modes would generate different device-cura}y &} A3 v_eX dZ ]Jve § «Z}Ae }%3&] o0 Ju P-« }( 8Z -
rent profiles of the sensor (Figures ¥de), and the repeating tion of physiology vibrational signals generated by human throat.dp

cycles of these vibration modes can be clearly identifié Aigh  Typical threerepeated throat vibrational signals of English pronunciation

reproducibility of the periodic vibrations detected by the sensoro( ~ « ~}v _U ~ « "§ZE _ v ~ « ~A(JA X ~«-dZ A] E
indicated its good sensitivity and consistency, which are the pris v. W ~dZ o 3$&}v] =«I]v v v}3 Zv}o}PCDeA « A o}
mary consideration factors for commercial applications. % E3U VS }( Z ul*SEC ]v Z}hA) Typloas toeskPeatsd _ ~ (

Considering the sensitivity of GF@PDMS sensor in low prabroat vibrational signals of English pronunciation of (f) electronic skin; (g)
sure zone, it is also promising to use it for monitoring physieloginanotechnology; (h) Chemistry; (i) Rowey Intelligent.
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the excellent reproducibility of GF@PDMS sensor, the vibrationdkadingTalents ofScience andlechnologylnnovation andentre-
signals of a sentence was detec W ~dZ o S@E}vy] pténeurshig (ZXL2019229), Suzhou Industry Technologicat Inn
technology was developed in thBepartment of Chemistry in vation Projects (SYG201808jd National Natural Science Fauw
ZYA C /vE 00]P VEX_ tZ v %] | }uS Vv % datigzoEChing [NSFC) (6%3R7082).

four phrases: electronic skin (Figure 5f), nanotechnology (Figure

5g), Chemistry (Figure 5h), Roweyelligent (Figure 5i), it was References
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