
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

12
:5

3:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A porous PDMS p
aDepartment of Bio and Brain Engineering,

Technology (KAIST), 291 Daehak-ro, Yuseon

E-mail: nanosys@kaist.ac.kr
bDepartment of R&D, SK Hynix, 2091, G

Gyeonggi-do 17336, Republic of Korea

† Electronic supplementary informa
10.1039/d1na00180a

Cite this: Nanoscale Adv., 2021, 3,
4843

Received 10th March 2021
Accepted 12th July 2021

DOI: 10.1039/d1na00180a

rsc.li/nanoscale-advances

© 2021 The Author(s). Published by
ulsewave sensor with haircell
structures for water vapor transmission rate and
signal-to-noise ratio enhancement†

Minho Seok,a Sunghyun Yoon,b Mookyum Kima and Young-Ho Cho *a

We present a porous polydimethylsiloxane (PDMS) pulsewave sensor with haircell structures that improves

both water vapor transmission rate (WVTR) and signal-to-noise ratio (SNR). The conventional planar PDMS

pulsewave sensors have the problems of low WVTR and low SNR for real-time and long-term pulsewave

monitoring. In order to improve WVTR, we fabricated a porous PDMS layer with the thickness of 40 mm

and high porosity of 45% by crystallizing and dissolving citric acid powders in PDMS. On the porous

PDMS layer, we form haircell structures to increase the skin contact area, thus enhancing SNR. The

porous PDMS pulsewave sensor with haircell structures achieved an enhanced WVTR of 486.17 g�1 d�1

m�2 and an SNR of 22.89, respectively, 72% and 757% higher than those of the conventional PDMS

pulsewave sensors without haircell structures. Furthermore, the enhanced WVTR is 13% higher than the

human skin sweat rate of 432 g�1 d�1 m�2. The present pulsewave sensor shows strong potential for

applications in real-time and long-term pulsewave monitoring with the lower skin irritation and the

enhanced SNR.
Introduction

Recently, skin attachable sensors1–19 for measuring human
radial artery pulse have gained signicant interest due to their
increasing demand for cardiovascular disease detection,9–11

physical activity monitoring,12–14 mental stress level evalua-
tion,15 etc. Polydimethylsiloxane (PDMS) is widely used for the
skin attachable pulsewave sensors because of its high exibility,
non-toxicity, non-ammability, and biocompatibility. However,
conventional PDMS pulsewave sensors have two critical prob-
lems: (i) low water vapor transmission rate (WVTR) in the level
of 382 g�1 d�1 m�2, less than the skin sweat rate20 of 432 g�1 d�1

m�2, which induces side effects such as skin rash and itchi-
ness21 for long-term skin attachment; (ii) the low signal-to-noise
ratio (SNR) in the level of 2.67 caused by the insufficient contact
between planar PDMS and non-at skin with ne topology.
Therefore, for radial artery pulse measurement in daily life, the
WVTR and SNR of the conventional PDMS pulsewave sensors
needs to be improved.

Typical attempts for WVTR enhancement have been made to
increase the porosity of PDMS using three different pore
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forming materials: citric acid powders,22 ethanol and deionized
(DI) water,23 and polystyrene beads.24 Previous porous PDMS
fabrication methods, however, have problems for use in skin-
attachable sensors: (1) the porous PDMS22 layer using the cit-
ric acid powders are useful only for thick-lm applications
($10 000 mm) since the large citric acid powders (70–400 mm)
extensively bounced off from the substrate at the faster spin
(>1000 RPM) required for the thinner layer (Fig. S1†). Conse-
quently, the porous PDMS layer using citric acid powders have
a low WVTR in the level of 129 g�1 d�1 m�2; (2) the porous
PDMS layer23 using ethanol and DI water result in thinner
thickness ($400 mm) with the higher WVTR of 495 g�1 d�1 m�2,
but having the maximum porosity limitation (#40%); (3) the
porous PDMS layer24 using the polystyrene beads achieve a high
WVTR of 530 g�1 d�1 m�2 with a thin thickness ($250 mm) and
a high porosity ($40%). However, the cost of the polystyrene
beads is still expensive (300$/20 g).

In this study, we propose a novel porous PDMS layer for high
WVTR, where the pores are formed by the crystallization and
dissolution of citric acid in PDMS. The porous PDMS layer,
having a thin thickness of 40 mm and a high porosity of 45%,
achieve a high WVTR of 596 g�1 d�1 m�2, which is a 38% higher
than the human skin sweat rate. Moreover, the cost of citric acid
(3$/20 g) is much cheaper (1% of cost) than polystyrene beads.

A typical study for SNR improvement includes the methods
to increase the skin contact area using additional surface
structures, such as surface grooves,25 on at layers. Compared to
the at surface, the grooved surface increases the skin contact
Nanoscale Adv., 2021, 3, 4843–4850 | 4843
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area ratio from 11% to 58% and the SNR from 2.67 (at surface)
to 14.02 (grooved surface).

Here, we propose haircell structures on the porous PDMS
surface for further SNR enhancement. We perform the theo-
retical analysis and experimental verication on the haircell
Fig. 1 Porous PDMS pulsewave sensors with haircell structures: (a) a mag
(b) SEM images of the porous PDMS layers with the different haircell hei

Fig. 2 The characteristics of the porous PDMS layers with the haircell stru
from the conventional PDMS layers and the porous PDMS layers having an
layers without and with the haircell heights of 50 and 100 mm; (c) SEM and
heights of (i) 0 mm (flat), (ii) 50 mm and (iii) 100 mm, respectively contacte

4844 | Nanoscale Adv., 2021, 3, 4843–4850
structure design, achieving the higher SNR with the increased
skin contact area compared to the previous studies.

Therefore, we demonstrate a porous PDMS pulsewave sensor
with haircell structures, achieving a high WVTR of 486 g�1 d�1
nified optical microscopy image of the electrode on the dielectric layer;
ghts of (i) 0 mm (flat), (ii) 50 mm and (iii) 100 mm.

ctures: (a) the water vapor transmission rates, estimated andmeasured
identical thickness of 40 mm; (b) skin contact area of the porous PDMS
optical microscope images of the porous PDMS layers with the haircell
d to the artificial skin.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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m�2 with a high SNR of 22.89, for applications in skin-trouble
free pulsewave monitoring in daily life.
Results and discussion
Fabrication of the porous PDMS pulsewave sensor with
haircell structures

The porous PDMS pulsewave sensor with haircell structures
(Fig. 1a) is composed of a capacitive pulsewave sensor layer for
radial artery pulse measurement and haircell structures on the
porous PDMS layer for increasing the skin contact area. The
capacitive pulsewave sensor layer was fabricated by the evapo-
ration of top and bottom gold/chromium (Au/Cr) electrodes on
polyimide (PI) inter layers, spin-coated on a 70 mm-thick porous
PDMS dielectric layer. The PI inter layers, having the high
stiffness of 4.1 GPa, were used to prevent electrode crack. The
porous PDMS layer with haircell structures were fabricated
using a SU-8 photoresist as molds. The porous PDMS pulsewave
Fig. 3 Water vapor transmission rates and relative output voltage of the
the water vapor transmission rates, measured from the prototypes A,
measured from the prototypes A, B, C by circuit during pressure loading

© 2021 The Author(s). Published by the Royal Society of Chemistry
sensor with haircell structures was nally obtained by the
assembly of the pulsewave sensor layer and the porous PDMS
layer with haircell structures (see Method, Fig. S2 and S3†).
Fig. 1b shows the three different prototypes of porous PDMS
pulsewave sensors, respectively having the haircell heights of
0 (at), 50, and 100 mm for conducting WVTR and SNR tests.

Finding a proper weight ratio of citric acid powders to PDMS,
having uniform pore size and porosity, is crucial for WVTR
enhancement. We compared a weight ratio that showed the
minimum coefficient of variance (CV) value of the pore size and
porosity among the porous PDMS layers with different weight
ratios of 0.5 : 1, 1 : 1, 1.5 : 1, and 2 : 1. Among them, the weight
ratio of 0.5 : 1 resulted in the minimum CV of the pore size and
porosity, where the mean pore size and porosity were 21.08 mm
and 45%, respectively (Table S1†). Hence, we determined the
weight ratio of 0.5 : 1 for the porous PDMS layer. For better
WVTR, the thinner porous PDMS layer is recommended. We
decided the thickness of the porous PDMS layer to be as thin as
prototypes A–F, described in Results and discussion: (a) comparison of
B, C and the prototypes D, E, F (b1–b3). The relative output voltage,
and unloading cycles.

Nanoscale Adv., 2021, 3, 4843–4850 | 4845
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40 mm for successful detachment from the substrate. WVTR of
the 40 mm-thick porous PDMS layer, thicker than the mean pore
size of 21 mm, was measured to be 596.06 g�1 d�1 m�2, which
was greater than the human skin sweat rate (432 g�1 d�1 m�2) as
well as WVTR (382.45 g�1 d�1 m�2) of the conventional PDMS
layer. Fig. 2a shows that the experimental value of WVTR is well
in agreement with the theoretical value of WVTR (WP-PDMS),
expressed as

WP-PDMS ¼ pWpore + (1 � p)WPDMS (1)

where p is the porosity of the porous PDMS layer, andWpore and
WPDMS are the WVTR of the pore and 40 mm-thick conventional
PDMS layer, respectively.

We conducted the skin attachment test (Table S2†) using the
fabricated porous PDMS layer and the conventional PDMS layer
to compare their skin trouble effect. Both layers were attached
to the right forearm of one subject for 7 days. The conventional
PDMS layer induced irritant contact dermatitis characterized by
skin redness and itchiness. The porous PDMS layer showed no
skin trouble, demonstrating its suitability for long-term and
daily use.

We formed the haircell structures on the porous PDMS layer
in order to increase the skin contact area effective to high SNR.
The haircell diameter was determined as 30 mm, considering
the average pore diameter of 21 mm. The haircell height should
be greater than the average skin roughness26 of 27 mm and
smaller than the buckling height (h) of 120 mm at the radial
artery pulse (P):

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E � p3 � r

210 � 104 � P

r
(2)

where E and r are the elastic modulus and radius of the haircell,
respectively. In order to decide the haircell height, we measured
the contact area of three different haircell structures (height:
0 (at), 50, 100 mm) with an articial skin27 (Fig. S4†). Out of
Fig. 4 Voltage response of prototypes A, B, C described in Results and di
pressure pulse of 20 kPa for 3 seconds; (b) output voltage change of proto
the stability of prototype C.

4846 | Nanoscale Adv., 2021, 3, 4843–4850
them, we chose the 100 mm-high haircell structures, resulting in
the largest contact area (A) of 12.79 mm2 (Fig. 2b):

A ¼ AtotalPcontracted haircells (3)

where Atotal is the sum of individual haircell area and Pcontacted
haircells is the ratio of the number of contacted haircells to the
number of total haircells. We conrmed that the 100 mm-high
haircell structures were in conformal contact (Fig. 2c) with the
articial skin. The inter-haircell gap of 100 mm-high haircell
structures was determined to be 90 mm, which was at least equal
to the lateral diffraction (d ¼ 90 mm from eqn (4)) of buckled
haircells for preventing the overlap between haircells.

d ¼ e

�
sec

�
p

2

ffiffiffiffiffiffiffi
P

Pcr

r �
� 1

�
(4)

where e is eccentricity (half of diameter, 15 mm), P is the radial
artery pulse pressure, and Pcr is the critical buckling pressure (6
kPa).

The porous PDMS pulsewave sensor with haircell structures
has the overall dimension of 2 cm � 2 cm � 210 mm, including
the haircell structures having the diameter of 30 mm, the height
of 100 mm, and the inter-haircell gap of 90 mm.
Water vapor transmission rate test

We verify the effect of the porous structures and haircell
structures onWVTR improvement using an experimental set-up
of Fig. S5.† In order to demonstrate the effect of the porous
structures onWVTR enhancement, we prepared prototypes A, B,
C, which were the porous PDMS pulsewave sensors having
haircell heights of 0 (at), 50, and 100 mm. Prototypes D, E, F,
which were the PDMS pulsewave sensors having haircell heights
of 0 (at), 50, 100 mm, were also prepared to observe the haircell
structure inuence. WVTR of prototypes A, D and D, F was
compared to determine the porous structures and haircell
structures effect, respectively. Prototype A showed 56% higher
scussion: (a) normalized output voltages of prototypes A, B and C at the
type C under loading and unloading of 5 kPa at 1 Hz for 3 days, showing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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WVTR (440.84 g�1 d�1 m�2) than prototype D (Fig. 3a), showing
the effects of porous structures on WVTR. Prototype F indicated
8% higher WVTR (305.30 g�1 d�1 m�2) than prototype D,
demonstrating the inuence of haircell structures on WVTR.
We demonstrate that both porous structures and haircell
structures inuence WVTR enhancement, but the porous
structures are the primary factor for enhanced WVTR.
Furthermore, prototype C, including both porous structures
and haircell structures, displayed the highest WVTR of
486.17 g�1 d�1 m�2 among other prototypes, and it is 13%
higher than the human skin sweat rate.
Performance characterization

The sensor performance, including sensitivity, response time,
linearity and hysteresis, was measured from prototypes A–C. All
the sensor performances were measured by connecting to the
Fig. 5 Measurement of the radial artery pulsewave with prototypes A, B, C
the prototypes at the radial artery pulse pressure of 5 kPa (b1–b3). The ou
C, where the dashed baselines indicate the noise levels without the rad
output voltage change for the pulse pressure over the standard deviatio

© 2021 The Author(s). Published by the Royal Society of Chemistry
circuit (Fig. S6†). The sensitivity of each prototype was
measured in the narrow range of 0.02–0.04 kPa�1 (Fig. 3(b1–
b3)). The response time of each prototype also showed a similar
range of 0.43–0.50 s (Fig. 4a), but prototype C had the slowest
response time of 0.50 s. The slow response time of prototype C
is because of more elastic deformation on the haircell (eqn (5))
occurs as the haircell height increases, resulting in the longer
elastic recovery time28 (Fig. S7†).

DL ¼ L0P

E
(5)

where DL, L0, and E are the deformation, initial height, and
elastic modulus of the haircell, respectively, and P is the normal
pressure applied to the haircell. Prototype C showed the highest
linearity of 98% and the lowest hysteresis of 7.56%, respectively.
Although prototype C has slow response time, it has high line-
arity and low hysteresis compared to the other prototypes. We
described in Results and discussion: (a) the output voltage changes of
tput voltage changes and signal-to-noise ratios of the prototypes A, B,
ial artery pulse. The signal-to-noise ratio was defined as the average
n of the baseline.

Nanoscale Adv., 2021, 3, 4843–4850 | 4847
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found prototype C as the best design for measuring the radial
artery pulse. In addition, we performed the stability test under
250 000 cycles loading and unloading at 5 kPa pressure for 3
days. Since prototype C showed stable output voltage change
(Fig. 4b), it is conrmed that prototype C has good stability.
Human experiment for the measurement of the radial artery
pulse

We applied prototypes A, B, and C to the human experiment for
measuring the output voltage and SNR (eqn (6)) under the radial
artery pulse (Fig. S8†).

SNR ¼ avgðDVmaxÞ
sbaseline

(6)

where avg(DVmax) is the average of the output voltage change
caused by the radial artery pulse and sbaseline is the standard
deviation of the baseline noise level without the radial artery
pulse. Prototype C indicated the higher output voltage (Fig. 5a)
of 0.058 V and SNR (Fig. 5(b1–b3)) of 22.89 than other proto-
types. We found that the haircell structures were effective to
SNR enhancement. In order to determine the effect of haircell
structures on SNR improvement, we theoretically estimated the
capacitance change (DC) of prototype A and C upon the radial
artery pulse (P):

DC ¼ 303r
Aelec

Dt
(7)

Dt ¼ P� R� t0

E � Aelec

(8)

where 30 and 3r are the absolute permittivity and the dielectric
constant of porous PDMS, respectively, Aelec is the area of the
electrode, t1 and t0 are the thickness of the porous PDMS
dielectric layer with and without the radial artery pulse,
respectively, and R is the ratio of the skin contact area to the
bottom surface area of the prototype. The capacitance change
increased when the pulse pressure was well transferred to the
dielectric layer of the prototypes, and the transferred pulse
pressure was proportional to the skin contact area of the
prototypes. The results of the previous contact area test were
used in theoretical estimation. Prototype C had 129% larger
contact area than that of prototype A, resulting in improved
pulse pressure transfer to the dielectric layer compared to
prototype A. Prototype C presented 100% higher capacitance
change than prototype A, which was well in agreement with the
ratio of the SNR increase (93%). Therefore, we verify that
prototype C having the haircell structures can improve the SNR
by increasing the contact area with the skin, compared to
prototype A having no haircell structures.
Conclusions

This study presents a porous PDMS pulsewave sensor with
haircell structures for high WVTR and high SNR. In order to
improve WVTR, we developed a noble porous PDMS layer in
thin thickness (40 mm) and high porosity (45%) by the crystal-
lization and dissolution of citric acid powders in PDMS. On the
4848 | Nanoscale Adv., 2021, 3, 4843–4850
noble porous PDMS layer, we formed haircell structures with
the diameter of 30 mm, height of 100 mm and inter-haircell gap
of 90 mm to increase effective skin contact area, thus enhancing
SNR. The present pulsewave sensor shows the improved WVTR
of 486.17 g�1 d�1 m�2 and the SNR of 22.89, which are 72% and
757% greater than those of conventional PDMS pulsewave
sensors without haircell structures, respectively. Moreover, the
improved WVTR is 13% higher than the human skin sweat rate
(432 g�1 d�1 m�2). The present pulsewave sensor is suitable for
long-term pulsewave monitoring in daily-life without skin
trouble.

Method
Fabrication of the haircell structure mold

A SU-8 negative photoresist (SU-8 2050, Micro Chem) was used
as the haircell structure mold. A 100 mm-thick SU-8 2050 was
spin-coated on the silicon wafer (Si wafer) and so baked at 65/
95 �C for 5/30 min. The so baked SU-8 was exposed by UV
energy with 64mJ cm�2 and post baked at 65/95 �C for 5/10min.
The post baked SU-8 was sonicated in a SU-8 developer (Micro
Chem) for 5 min to obtain the haircell structure mold.

Fabrication of the PDMS with crystalized citric acid powders

Polydimethyl siloxane (PDMS, Sylgard 184, Dow Corning) was
stirred with toluene (Signa Aldrich), citric acid monohydrate
(Sigma Aldrich), and ethanol (99.9% absolute, Oci) at 100 rpm
and room temperature for 30 min on hotplate (Wisestir, Wised).
Toluene and ethanol were evaporated from the mixture while
stirring at 100 rpm and 150 �C for 3 h 52 min in order to crys-
tallize the citric acid powders in PDMS. The detailed fabrication
method is indicated in our previous research.29

Fabrication of the porous PDMS layer with haircell structures

The porous PDMS layer with haircell structures was fabricated
by a well-known polymer molding technique. In order to facile
demold the porous PDMS layer with haircell structures from the
mold, trichloro(1H,1H,2H,2H-peruorooctyl)silane (Sigma
Aldrich) was vaporized on themold under vacuum condition for
50 min. Subsequently, the PDMS with crystallized citric acid
powders and a curing agent were mixed in a weight ratio of
15 : 1 and spin-coated on the silane treated mold for the
thickness of 40 mm, followed by solidication at 100 �C for 1 h.
The citric acid powder in PDMS was dissolved in ethanol for
1 min 30 s to form the porous PDMS layer with haircell struc-
tures on the mold.

Fabrication of the pulsewave sensor layer

The pulsewave sensor was composed of a bottom electrode,
a porous PDMS dielectric layer, and a top electrode. 100/10 nm-
thick Au/Cr was evaporated and patterned on the silane-treated
Si wafer for the bottom electrode. Subsequently, a 1.5 mm-thick
polyimide (PI) layer was spin-coated and patterned on the
bottom electrode. In order to increase the adhesion of the PI
layer surface, the PI layer was treated with (3-mercaptopropyl)
trimethoxysilane (MPTMS, Sigma Aldrich) and (3-glycidyloxy-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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propyl) trimethoxysilane (GPTMS, Sigma Aldrich). The mixture
of PDMS with crystallized citric acid powders and curing agent
(weight ratio: 15 : 1) was spin-coated on the silane-treated PI
layer for the thickness of 70 mm and cured at 100 �C for 1 h. The
citric acid powders were dissolved in ethanol to obtain the
porous PDMS dielectric layer on the PI layer. Then, a 1.5 mm-
thick PI layer was spin-coated and patterned on an oxidized Si
wafer for the top electrode. On the PI layer, 10/100 nm-thick Cr/
Au was evaporated and patterned. The top electrode with the PI
layer was released from the substrate using a polyvinyl alcohol
tape (PVA tape, Water soluble wave solder tape 5414, 3M).
Released top electrode with the PI layer was aligned and
assembled with the porous PDMS dielectric layer with the
bottom electrode using a custom-made zig to obtain the pul-
sewave sensor layer. We nally aligned and assembled the
pulsewave sensor layer to the porous PDMS layer with haircell
structures in order to complete the porous PDMS pulsewave
sensor with haircell structures.
Human experiment

The human experiment was approved by KAIST Institutional
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guidelines and regulations of the KAIST IRB, ID number
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