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Abstra 1s paper, we present the design and manufacturing of a highly sensitive

capacitj soft pressure sensor for wearable electronics applications. Towards this aim,

M

we evaluated two types of soft conductive fabrics (knitted and woven), as well as two types of
sacrificial m (sugar granules and salt crystals) to create micropores within the dielectric

itive sensor, and assessed the combined effects on the sensor’s overall

performance.”We found that a combination of the conductive knit electrode and higher
dielectric pRrosity (generated using the larger sugar granules) yielded higher sensitivity (121 x

104 kPH greater compressibility and the formation of air gaps between silicone
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elastomer and conductive knit electrode among the other design considerations in this study. As

a practical demonstration, we embedded the capacitive sensor into a textile glove for grasp

motion m*ltormg during activities of daily living.

Keywordst ure sensor; conductive fabric; micro-porous dielectric layer; capacitive
sensor)ll

The devel f flexible and soft pressure sensors is gaining attention due to applications in

SCrI

wearable el€€trdfic devices, [1-9] soft robotics, [19-16] and human-machine interactive systems. [17-

20] Applications daily use for wearable systems (such as tactile perception and object

U

manipulatj ire pressures that range from lkpa to 100kpa pressure. (211 Thus, to have

I

sufficient coverage over the anticipated tactile pressure range, it is essential to have

highly senSiti sors capable of measuring pressures in excess of 100 kPa. In order to fulfill

a

this ai pes of sensing technologies have been explored that utilize capacitive, [22-26]

piezoresistive 1 or piezoelectric [3233] sensing modalities. Among these approaches, parallel

M

plate ensing technology is popular due to signal repeatability, temperature

insensitivigy and relative simplicity of design and construction. 3435 In this approach, when an

£

external for pplied to the soft pressure sensor, the dielectric layer thickness of the sensor

varies whi

Q.

to a change in the capacitance of the sensor. However, due to relatively small

changes i e capacitance of parallel plate sensors under loading, achievable sensitivities are

£

typically very lowg(21] Therefore, most studies focus on the modification of the dielectric layer to

{

increase s . In this context, efforts towards increased sensitivity can be grouped into

U

two main es: surface modification of the elastomer layers, and the creation of micro-

pores e dielectric layer. In the first approach, topographical features [36-401 (such as

A
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nanoscale pyramids, micro-structured line patterns, or micron-scale circular pillars) are created
on the elastomer surface via surface micromachining methods (such as photolithography and
moldinMn It should be noted here that, even though high sensitivity can be achieved
using sur @ romachining, the working range is typically limited to <10 kPa that is
undesif@blé @@ ost wearable applications. The latter approach focuses on the creation of a
porous di yer [41-44] and a recent trend is to use solid particle leaching [44-48] to create
micro porgs withih the silicone elastomer. As commercially available sugar cubes and silicone

elastomersfiea used, manufacturing is quick, simple, and low-cost. It has been shown that

SET

increased sensitivity over the tactile pressure range was achieved using this method due to the

reduced stiffn f the dielectric material as well as increased effective dielectric constant due

J

to the pre air gaps within the micro-porous structure. Capacitance values are typically

f

on the or veral femtofarads due to the dielectric layer thickness (height of the sugar

cube templat around 10 mm), but a higher baseline capacitance is needed for sufficient

a

signal- he presence of parasitic capacitances within the readout circuitry in these

systems. Be rbon-based materials, [46] conductive thin films [48] are generally employed to

M

construct electrode layers and are used in combination with the modified dielectric layer for the

formation@f the soft sensor. However, to integrate these sensors into the system for the

[

creation o ble electronic devices, the sensors themselves must be flexible, robust and

O

have mech secure electrical connections within the sensor body. In addition, the sensor

must havella robust conductive network within the electrode layer that retains its properties

I

over the amticipaied loading range. Finally, the sensors must be easily integrated into the

{

wearable ithout deterioration of the sensor's intrinsic properties. Thus, we took into

U

account a nsiderations for the proposed sensor design. Given these requirements,

A
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conductive textile structures are good candidates to meet the aforementioned challenges, as

shown in some previous works.

T

In this wo emonstrate fast and easy fabrication of a flexible capacitive pressure sensor
made wit e fabric electrodes and a micro-structured silicone dielectric layer for
I

wearable SCtronic applications. We achieved the thin dielectric layer (less than 1mm thick) by
mixing soli@ sd@gificial particles with silicone elastomer and pouring the mixture into 3-D
printed mDs thin dielectric layer leads to a higher baseline capacitance, thereby making
the senso réfrobust to parasitic capacitance in the readout circuitry and increasing the
signal-to- 0. While the micro-structured dielectric enhances sensitivity, the conductive
fabric ele;nsure a secure conductive network and enable the creation of robust and
flexible elgtrical connections through heat pressing and adhesive film technology. This is
importantm life applications where flexible, low profile, and secure connections are

required.

The inherent ictural properties of conductive fabrics also cause the forming of air gaps
betwe ctric and electrode layer which act as an additional dielectric layer for
increased §nsitivity. It is important to understand effect of different textile types, i.e., knitted

and woven, :ensing mechanism of the proposed sensor in order to the tailor needs of end

applicatio e also explore the effects of different conductive fabrics (knitted vs. woven)
on the Ensitivity of the soft pressure sensor and employed two different materials
(sugar grapules apd salt crystals) to create micro-pores within the silicone elastomer dielectric
layer to nd how pores size also affects sensor performance. We found that a
combinati e conductive knit electrode and higher porosity (generated using sugar
granules)dgi d higher sensitivity. It should be noted here that, in previous studies, sensors

This article is protected by copyright. All rights reserved.
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manufactured via solid particle leaching methods saturated around 100 kPa as the working
range is solely determined by the compressibility of the microporous dielectric layer. However,
in our cas,tﬁnsor remains sensitive when pressures up to 1 MPa are applied. This level of
working ré @ directly enabled by the integration of the knit electrode that is compressed
graduallyy WAdE™Ehe applied pressure due to the higher stiffness compared to microporous
silicone el " [49] As a practical demonstration in the realm of wearable robotics, the sensor

was integr@ted ingb a glove to measure grip pressure during object manipulation.

cr

To understan@ the effects of different textiles and microstructural morphologies on sensor

S

performanée roduced four different types of the pressure sensing structures with equal

dielectric

U

icknesses (960 pum). Initially, unstructured (without micropores) dielectric

layers weng produced and either conductive knit or conductive woven fabrics were laminated

A

onto the ic layer to form the soft capacitance-based pressure sensor. These

d

embodime itated our understanding of the effect of different textiles on the sensing
proper the pressure sensor. Thereafter, knit fabrics (which demonstrated higher

sensiti ere laminated onto the micro-porous dielectric layers (mpdl) created with either

M

sugar granules or salt crystals in which we observed effect of micro pore size on sensitivity of

the pI‘ESS\LOF. It should be noted here that manufacturing of the capacitive sensors

without @ pwed same fabrication method, with the exception of micropore creation
within the er. The manufacturing process of the capacitance-based soft pressure sensor
with t iseshown in Figure 1. The process can be divided into three main steps: (1)

manufaMhe micro porous silicone elastomer as a dielectric layer by integrating sugar
granules or salt ;rystals, (2) laminating of the conductive fabrics onto the micro-porous

dielectric laye d (3) the creation of robust and compliant electrical connections. Figure 1a

This article is protected by copyright. All rights reserved.
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illustrates the complete manufacturing process of the structured soft pressure sensor and
subsequent sensor design. Ecoflex 30 silicone elastomer and sugar granules or salt crystals were
mixed iM)f 4:1 by weight. We chose this mixing ratio because, above this ratio, the
resulting had a tendency to crack during separation from the 3D-printed mold.
Thereaffe @@ 8dlution was poured into a 3-D printed mold and oven-cured at 70 °C for 2
hours. By g the cured solution in an ultrasonic washing tank for 2 hours at 80 9C, the
granules dissolved, leaving behind micropores within the silicone elastomers and creating an
open-cell wmone structure. [50] After ultrasonication, conductive fabrics were laminated
onto both sides of the dielectric layer using a thin film applicator with ecoflex 30 as an adhesion

layer. The sampléywas cured in the oven at 70 °C for 2 hours, after which, individual sensors

U

were cut sample using laser technology and electrical connections were attached.

11

Using adh e and a heat press to laminate conductive yarns onto the surface attained
robust andico @ int electrical connections. Figure 1b and Figurelc show an actual image of the
soft se nductive knit electrodes as well as working mechanism of the sensor. Figures

1d and 1le e SEM images of the sensor and mpdl. The amount of the porosity of the

Vi

structure varied depending on the material used and the overall porosity of the mpdl found to

be 44% 4Bd 30% samples produced with sugar and salt granules, respectively (Section

[

1,Supporti mation).

o
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atic diagram of the fabrication process of the capacitive based soft pressure

image of the sensor and general working principle under force loading. (c)
sensor in which bendability of the sensor is shown. (d) Cross-sectional view

red via SEM. (e) SEM image of the mpd]

e electrical response of the sensors to applied pressure, we developed an
p to collect synchronized mechanical and electrical data, using a mechanical
4A, Instron, USA) and a capacitance meter (Model 3000, GLK Instruments,

pporting Information). A vertical load of up to the 22.5 N (corresponding to

100 kPa)®was applied in a direction normal to the sensor surface. Sensors used for

characterization

9

total sensor

A

ere 15 mm x 15 mm in total area with a dielectric thickness of 960 um and

esses of 1960 pm and 1185 pm for knit and woven electrodes, respectively.
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Initially, to understand the standalone effect of conductive textile type (knitted vs. woven) on
the sensitivity of the proposed sensors, we tested sensors constructed from conductive textiles
and an#uctured (without micro pores) silicone dielectric layer. Figure 2a shows the
electrical @ of the two types of sensor under applied pressure level of 100 kPa and we
calculaf@d HpFESSWEe sensitivities for each type of the sensor. The sensitivity (S) of pressure
sensor car&:lated as $S=A[1C/Cy/P where P represents the applied pressure, and AC and Cy
represent €he chalige in capacitance and baseline capacitance, respectively. As seen Figure 2a,

while the nstructed with a woven electrode has a pressure sensitivity of 7 x 10-4 kPa-1,

SC

the sensor with a knit electrode layer has a pressure sensitivity of 23 x 10-4 kPa-1. Since the same

J

dielectric layer thickness was used, the difference between the pressure sensitivities stems

from the i roperties of the textile structures. In general, knitted fabrics are bulkier and

!

their surfa as smooth as woven fabrics. As seen in Figure 2b, there is a space between

ds of the knitted structure, and loops within these wales create connections

ot
=
(¢
Q
&
Q
o
o
a

betwe ales through the sinker loops which are located in back plane of the knitted

structure. T en the surface of the knitted fabric is laminated onto the silicone elastomer,

W

these spaces naturally form air gaps between the silicone elastomer and the conductive surface

of the fabfic (Figure 2b, Figure S2 supporting information). These air gaps add a second

8

dielectricl he sensors with knit electrodes, thereby increasing sensitivity.

O

On the oth , the woven fabric (1x1 plain weave) has a relatively flat surface (as can be

n

seen fr and 3D intensity images in Figure 2b and Figure S3 supporting information).

t

Thus, no air gap between the electrode and the fabric layer. 3D intensity images

were captured by using laser confocal microscope to quantify the height variation over the

e

fabric surface. deepest region of the sample is marked as zero, and the height profile of the

A
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rest of the structure is marked accordingly. Given these preliminary results, the knitted fabric
electrode was chosen to construct proposed sensor with the micro-porous dielectric layer due
to its hig%‘m&vity. The combination of the conductive knit fabric with the micro-porous
dielectric @ ther yielded higher sensitivity when compared to the non-porous one. As
explain®@d iAMgaElier works in this area, [46-48] the capacitance change resulting from applied
pressure i& based on the change in dielectric thickness for solid elastomeric dielectric

layers, andias such, thickness change in the mpdl is higher compared to solid elastomer thereby

C

yielding nsitivity (Figure S4, supporting information). Moreover, sensitivity also

S

increases due to the gradual closure of the micro pores under the applied pressure that

increases @tive dielectric constant due to the displacement of air (Equations 1 and 2
below). C

The capacd'm the sensor (Csensor) can be described by the following parameters: electrode
area (A), € thickness (d), dielectric permittivity of vacuum (&), and permittivity of the

dielectri Equation 1 describes the change-in-capacitance due to variations in dielectric

layer t

A

A
Csensor = &&r — (1)
In additio@ielectric thickness change, variations in the effective relative permittivity of
the dielec e) under the pressure loading also contributes to a change in capacitance:

n

Sez(%micone- Ssilicone) (2)

where, Eai:€silicone=2.8. Since the volume of the air gaps will reduce under the pressure

loadin ncrease overall, thereby increasing sensitivity.
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In our case, the use of knit conductive fabric with the mpdl further boosts the capacitance
change due to the closing of the air gap between the elastomeric layer and conductive fabric
which imn Figure 2c. Figure 2d shows the electrical response of the proposed sensors
constructe gleither sugar granules or salt crystals. Measured sensitivities were 121 x 104
kPa-! foH t1#8i§@Asers with sugar-generated micro-pores, and 45 x 10-4 kPa-1 for the sensors with
salt-gener&ro-pores. As the sugar granules generated higher porosity, we observe a
direct corgelatiogy between the degree of the porosity and sensor performance as higher
porosity | creased effective compliance of the dielectric layer. Moreover, we also tested

still below

the sensors up to the 1MPa pressure level and we observed that output of the sensor signal was
$ration point. However, senstivity values of the sensors reduced at this level

(Figure S5 ing information).

al
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t crystal) with the knit electrodes.

omechanical characterization, we chose the sensor constructed using a

combi the conductive knit electrode and the micro-pores that generated using sugar

A
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granules due to its higher sensitivity. We used the same experimental set up that was used

during the preliminary investigations for the characterization of the pressure sensor (described

{

in Figure $1, Supporting Information).

The effica sing modality as a wearable sensor is dictated by its resolution, drift, and

|
bandwidtlfgproperties. To determine the resolution, we measured the noise in the sensor

response hemaximum pressure level of 100 kPa. All measurements were obtained while

G

maintainin sing bandwidth of 50 Hz. The resolution corresponds to a 95% confidence

interval afound thle measured value. We found the absolute resolution value to be 0.86 kPa of

S

full scale 2, Supporting Information). To observe the drift under static loading, 25, 50

and 100 k

U

sure levels were applied to the capacitive sensor at a loading rate of 0.05 mm

per secondiand held for 10 seconds at these pressure levels, as shown in Figure 3a. The drift of

N

the capaci ues of the pressure sensor were measured to be 0.05%, 0.15% and 0.1% for

d

pressure leviel 5,50 and 100 kPa respectively and these values can be considered negligible
for the applications. The response time of the sensor was calculated as the time span

betwe chanical stimulation and the point in time when the sensor signal rose three

M

standard deviations above the base signal at a loading speed of 24 mm/s. The sensor’s delay

1

was foun ms (Figure 3b). Given that the frequency of body motion is usually below 10

Hz, our ca @ sensor could be considered a suitable candidate for sensing body motions. We

tested the of the pressure sensors in terms of pressure sensitivity by performing

3

repeat nloading cyclic test (100 cycle) (Figure 3c). We found that sensitivity of the

[

sensors y 2,7% and 8.4% for the pressure levels 50 kPa and 100 kPa respectively. We

observe that, for pressure values up to the operating range of 100 kPa, the sensitivity of the

]

sensor decre initially but stabilizes to a steady-state value after some cyclic

2
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loading/unloading period. This could be explained as follows. The sensor we are proposing
consists of a microporous dielectric layer and conductive fabric electrodes, and the deformation
of both Wunder applied pressure leads to a change in electrical response of the sensor.
While the @ ion of the microporous dielectric layer is reversible, [6] the total deformation
of the téxtiléaterial is equal to sum of the elastic deformation (reversible after pressure is
removed) htic deformation (permanent) under the applied load. 8511 However, after 40
cycles, thefplasticleformation of the textile electrodes remains stable, and as such, the electrical
output of e or becomes stable (Figure 3c). Possible future approaches to increase the

increasin

stability of the proposed sensor are to increase elastic properties of the fabric electrodes by
gﬁeric yarn (lycra) content within the fabric structure or implementation of the

conditionig before the practical use. We also evaluated the hysteresis of the proposed

sensor up Pa pressure. Relative change-in-capacitance values were logged during the
loading (inkr pressure) and unloading (decreasing pressure) and the maximum hysteresis
error r was found to be 4.5% (Figure S6, Supporting Information). In previous
studies, [4647] rs that have micropores within their structure showed negligible hysteresis

and this has been attributed to the reversible closure/opening behavior of micropores within
the silicor! elastomer. However, the sensor we present in this paper showed slightly higher
hysteresis ompared to previously reported sensors with micropores. It is possible that
the fabrica thodology or the textile material properties may have contributed to this but

further ing€stigation is required. (8]

This article is protected by copyright. All rights reserved.
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Figure 3. m:itance change as a function of time for sensors subjected to step deformation
, P

at 25 kPa

the pressujivity under cyclic test.

To demonge potential for the sensor to be used in wearable application, the proposed
sensor wmted into a textile structure to create a smart tactile glove as seen Figure 4a.
The sensor was embedded into the thumb of the glove by applying thin layer of fabric glue
(Loctite, VinE, ric & Plastic Adhesive) to distinguish objects with different weights during a
graspi jects were instructed to grasp objects with thumb and index finger for a

specified aiiount of time, and the electrical signal of the sensor was recorded. Plastic cups with

nd 100 kPa pressure levels. (b) Response time of the sensor. (c) Stability of

different weights of water (18 grams, 151 grams and 293 grams) were grasped and released

the capacitd or during the three scenarios. Change in capacitance value is found to be the

three time each experiment. Figure 4b shows each capacitance change ratio (4C/Cy) of

N

highes ubject grasps heaviest object. The result shows that the soft sensor can be

t

utilized toSense the fingertip pressure level during the grasp action and we anticipate that this

kind of th sor can be used where the robotic control is needed.

J

A
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Figure 4. (a) An image shows the sensing glove with its components. (b) Graphics shows the

change in spacitance values when the subject grasps the different amount weights.

In summar hly sensitive soft pressure sensor based on conductive fabrics and mpdl is

E-E

propos different type of conductive fabrics (knitted and woven) were evaluated as

L

electro re laminated onto a non-porous dielectric layer in order to observe effect of

fabric structure the sensitivity of the proposed sensor. Thereafter, knitted fabrics (which

Ul

were observe ave higher sensitivity) were combined with mpdl in order to create a highly

A
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sensitive pressure sensor. Mpdl is prepared using a solid particle leaching method using sugar
granules and salt crystals. The combination of the conductive knit electrode and higher porosity
(generaMugar granules) yielded the highest sensitivity (121 x 10-4 kPa'1). Using of
conductiveé @ ectrode can also be combined with other approaches to build flexible
capacitifte lSEASOEE with a variety of attributes and performance specifications. Finally, we
demonstr*application of the soft pressure sensor for the detection of grasping force via

the integr@tion off the sensor into the textile glove. Such sensors could also be used in soft

C

wearable pplication for control purposes.

S

Experime tion

U

Manufacturing of non-structured dielectric layer: To fabricate the silicone elastomer, Ecoflex 30

q

(from Smo@th-On) Part A and Part B were mixed in a ratio of 1:1 by weight with a centrifugal

planetary RE-310, Thinky Mixer USA) for 60 seconds. Thereafter, the liquid silicone

d

mixture (2.5'g s subsequently poured into the 3D-printed molds. The mixture was degassed

at -30 psi inutes before curing in the oven at 70 °C for 2 hours.

\Y

Manufacturing of micro porous dielectric layer: To fabricate the micro porous silicone dielectric

layer, silig@ne elastomer was prepared as described in the section of manufacturing of non-

[

structured di ric layer. Thereafter, prepared silicone solution was mixed with solid particles

O

(either sal es or salt crystal) in a ratio of 4:1 by weight. Thereafter, the solution was

poured ingp 3-D printed molds and oven-cured at 70 °C for 2 hours. By immersing the cured

£

solution iy an ul@rasonic washing tank for 2 hours at 80 °C, the granules dissolved, leaving

{

behind mi within the silicone elastomers.

U

A
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Lamination of the conductive textiles onto dielectric layer to create sensor mat: lamination layer is
cast from prepared silicone material using an automatic film applicator (4340, Elcometer Inc.,
USA) seO with an adjustable Baker film applicator (3530/3, Elcometer Inc.) set to a
height of m Thereafter, conductive textile is placed on to this layer and pressed with a

roller t@ cfSWEeSecure adhesion. This process is repeated for other electrode as well. Whole

system is ho oC for 2 hours.

Cutting of 1

C

al sensors and electrical connections: Sensors cut to designed size from the

prepared magi.e 815 mm x 15 mm by a laser (VLS 6.60, Universal Laser Systems, USA) at 100 W

S

power an eed setting. Micro coaxial cable (50MCX-37, Molex Temp-Flex) is used for

U

electrical ons. Core and sheath wires are attached using thermal seam tape with iron at

150 °C pre§sed for 10 s.

A

Surface chra ation of conductive fabrics: Surface characteristics of the conductive fabrics

d

were 0 ng SEM for high resolution images and laser scanning digital microscope

(Olympus LE S$4100) for the height information of the samples.

\¥;

Electromechanical characterization of capacitive sensors: Sensors were dynamically tested in the

tensile tes machine and capacitance was measured during testing with a capacitance meter

1

(Model 3 K instruments CA, USA). Load, extension and capacitance data was

0O

synchronou gged via a common [/0 interface, (bNC-2111, national Instruments Corp.)

Auth
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The designgaidgmaufacturing of a highly sensitive capacitive-based soft pressure sensor for wearable
electronics;pplications is presented. Towards this aim, two types of soft conductive fabrics (knitted

and wover® 11 as two types of sacrificial particles (sugar granules and salt crystals) are
evaluated. J#*is luded that a combination of the conductive knit electrode and higher dielectric
layer poro rated using sugar granules) yielded higher sensitivity for the proposed sensor

construction.w
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