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Soft ionic liquid multi-point touch sensor

Jarred Fastier-Wooller, ©*2 Toan Dinh, €22° Van Thanh Dau (2
and Dzung Viet Dao &2

The development of electronic skin (e-skin) and soft tactile sensing has recently attracted great interest.
Here we report for the first time on a novel ionic liquid (IL) based soft pressure sensor with multi-point
touch detection capability using 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]*[BF4]7) as
a highly conductive sensing medium. The sensing mechanism is attributed to the repopulation of charge
cations and anions in aqueous solution under pressure. The sensor can detect two dimensional touching
positions with a sensitivity of —0.28% kPa~. Our sensor showed good stability and temperature
independence thanks to the incompressibility of IL in the range of touch pressure and the appropriate
signal measurement configuration. We successfully demonstrated the sensor's capability to detect multi-
point human touch with different pressure levels. Our simple design with smart structures and ease of
fabrication processes enable the development of a soft and low-cost sensor with multiple-point sensing

rsc.li/rsc-advances capabilities on a single chip.

Introduction

Soft sensors are used in various applications in robotics' and
as wearables.®® These sensors have the necessary properties
and even show benefits over other sensors in their flexibility,
stretchability, and sensitivity."®** Soft sensors possess the
ability to measure pressure on a surface that is soft and flexible
enough to mimic the dexterity and delicacy of human touch.****
Such sensors allow for a more advanced and versatile robot to
object interaction and even human to robot interaction.®

Human touch is not solely dependent on pressure sensi-
tivity; there is also thermal, pain, and visual feedback. These
senses are crucial to the interaction and manipulation of
objects. Though, before giving robots a sense of pain, it's
important to make sure there is enough information in terms of
touch. As processing power increases and more and more pro-
cessing dependant solutions are presented, such as image
processing,'”*® there is still a need for sensitive e-skins and soft
tactile sensors that are of simple design and remain low-cost for
easy fabrication, yet still allowing integration into more
complex systems.

It has been discussed and shown that in order to perform
dexterous manipulation of an object it is important to be able to
detect force/pressure and position to better control slippage or
sliding,*>***° or pressure distribution which has been given
much attention in e-skin technologies.”*** These solutions use
an area or matrix of interconnected or individually connected
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sensors to detect and map pressure areas. Many of these
sensing devices provide separate sensors, each capable of per-
forming a task such as temperature and pressure stacked
matrices.?®

This work presents a low-cost and simple fabrication process
for a soft and localised pressure distribution sensor. Fabrica-
tion is performed using well established and simple fabrication
methods whilst maintaining a simple yet effective structure.
Thus, we avoid as many IC and MEMS processes or materials
such as CNTs* as possible. The device consists of a processed
copper PCB (milled or etched), cut 3M tape (by hand or laser
cutter), and injected with 1-butyl-3-methylimidazolium tetra-
fluoroborate ([BMIM]'[BF,]") Ionic Liquid (IL). This IL is used
as a soft sensing medium due to its non-volatility, with benefits
such as low vapour pressure, low freezing point, and high flash
point. ILs are incompressible allowing them to maintain
a constant volume at a constant temperature in a closed
volume/chamber sensing device.?®

By using a low Young's modulus material as the surface of
the sensor, an array of electrodes has been positioned to allow
for differential position measurements to use in a similar
manner to conventional pressure measurements. Due to the
incompressible nature of the IL, the shift in weight or pressure
can be measured differentially and correlated to a percentage
change of the overall pressure measured. It also means the
device maintains its volume and does not deflate when used.
Such measurements can be used to aid in showing the shift in
weight during motion/manipulation of a hand or robot gripper.
However, the device is soft and capable of deforming against the
object it is in contact with, like that of the human fingertips. As
part of the sensor is under pressure, it will expand in the lower
pressure regions, increasing the difference between each
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section of the sensor. Thus, the device can indicate in which
section of the sensor is under the most pressure. While the
device is not under pressure it is possible to use it for temper-
ature measurements in the same way as our previously reported
work.”

Materials and devices

IL is used as an electrically conductive sensing medium for our
device to facilitate soft sensing capability. In an aqueous ionic
solution, the ions carry charge between electrodes. The effective
ionic conductance of the IL is expressed by

gL = ,UJ’ZZF, (1)

where F is Faraday constant, z is valence of ion charges, n is
concentration of IL, and u the mobility of the ions. It can be
seen that as the mobility of the ions increases the conductivity
will increase.

Using the ionic conductivity from eqn (1), the effective
resistance (real component of impedance Z) between two elec-
trodes in IL can be approximated as

s
Re= Thow @

where [ is a constant length of electrode, s is a constant distance
between electrodes, and £/ is the effective height of the IL
volume as shown in Fig. 1(b) and (c).

The effects of temperature can be described by the relation
between temperature and viscosity, where an increase in
temperature will cause a change viscosity.**** These changes
can be related to the change in effective resistance through
diffusivity (D), as an increase in diffusivity allows for the ions to
propagate quicker,*

p='al. ®)
ey
where kg - Boltzmann constant, T' - absolute temperature, ¢ -
coefficient of proportionality, and 7 - viscosity.

From eqn (2) and (3), we can show that a change in height (&)
under an applied pressure (P) or a change in ion mobility (u)
due to varying ambient temperature (7),

R, o [h(P)W(T)] ", (4)

representing height as a function of pressure, and ion mobility
as a function of temperature. From this formula we can see that
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Fig. 1 (a) Chemical structure of [BMIM]*[BF,4]~, (b) sensor at rest, (c)
sensor under external applied pressure.
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as the pressure increases, or temperature decreases, the effec-
tive resistance will increase.

To select an IL, the physical properties and merits were
evaluated on the cost and safety of the IL, where the most
expensive ILs were the most inert and safe to handle. A trade-off
for a low-cost solution that remained safe to handle if basic PPE
and appropriate disposal were used. We purchased =98% assay
1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]'[BF,]")
from Sigma Aldrich. The chemical structures of [BMIM][BF4]~
is shown in Fig. 1(a). The main benefits and perks in handling
centre around the ILs non-volatility and low vapour pressure of
<0.125 x 10> hPa. A low freezing point of 202 K and high flash
point of 561 K are well suited for the range of measurements
expected in our application ranging from 290 K to 360 K, well
within the safe limits of the material. Electrical conductivity was
measured to be 0.95 S m~" which lies between the conductivity
range of this IL reported in literature (0.173 S m ' and 0.35 S
m~'* and 5.77 S m~' (ref. 34)). This indicates a range of
excellent electrical properties for us to propose the design and
implementation of a simple sensor structure.

We have shown how the deformation and displacement of
a volume of electrically conductive IL covering a set of elec-
trodes is capable of changing the effective resistivity or, in terms
of the device, the output impedance/voltage. As the length and
distance between electrodes is a design constant, the working
principle of the proposed device is based mostly on the defor-
mation of the IL volumes effective height around the electrodes.
As the movement of IL is pushed towards one side or another,
the impedance between these electrode pairs change dynami-
cally. It can be seen in Fig. 1(c) when pressure is applied to one
side of the device, the deformation is reciprocated across the
other areas of the device, causing an increase in impedance in
the area under pressure and a decrease in those not. The
increase in impedance is attributed to the repopulation of
charge cation and anion in aqueous solution under pressure.

Physical deformation of the surface area of the sensor under
an applied pressure is the main contributing factor in the
change of impedance between electrodes (shown in Fig. 1 and
2). By using thick walled (2.5 mm) soft polymer on the perimeter
of the sensor it's possible to maintain a soft/rubbery sensor that
is less sensitive to compression and expansion in the sides than
the surface area. Due to the low Young's modulus of the soft
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Fig. 2 (a) Sensor design with electrode positioning and proposed
measurement circuit configuration. Sensing areas coloured and out-
lined in red. Grey area is an introduced impedance for voltage
measurement and demonstration. (b) Frequency response of adjacent
configuration.
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polymer, the surface area of the sensor is very soft and elastic in
nature, where compression in one part of the sensor will
provide expansion in the other areas. This effect has been used
to design a sensor that is capable of showing a difference in
pressures between four sensing areas of the one device. By
reducing the initial height (depth of the IL layer) the sensitivity
of the device will increase. However, an IL layer that is too
shallow will result in a shortening range and undesirable line-
arity, as the membrane will no longer deform after making
contact with the electrodes on the bottom layer of the device. An
increase in initial height will reduce sensitivity and increase the
range. However, a larger IL volume can cause sensor bloating, as
it is a sealed device filled with an incompressible liquid.

To perform simple and symmetrical voltage measurements
and demonstration using the device, an alternate measurement
method was presented (Fig. 2(a)) based on conventional 4-point
measurement methods. The device is offset with an internal
voltage for direct measurements with an oscilloscope or
microcontroller without requiring additional circuitry and
configured in a manner to provide symmetrical readings when
the device is not under pressure. This offset voltage is intro-
duced when we power the device via V; (far left and right elec-
trodes in Fig. 2(a)) which is represented by the grey shaded
rectangles that are outlined in black. We have performed
measurements in this manner to utilise the convenience of the
sensor and circuit (as seen in Fig. 6). Due to the very soft and
malleable nature of the surface of the sensor, minor asymmetry
can be seen between the V, & V¢ side and the Vi & V, side of the
device. Frequency of the excitation voltage applied to the sensor
shows a high impact on the output magnitude of the device and
minor effects on the symmetry. Low frequency measurements
show that it is indeed unsuitable to use DC measurements on
an ionic solution, with peak symmetry and high response
shown at around 500 kHz (Fig. 2(b)).

For testing purposes, a deformable rectangular channel of IL
with a height, width, and length of 0.5 mm X 7.0 mm x
14.0 mm respectively, is fabricated on a PCB board. However, it
may be possible to adhere the sensor to different surface
profiles if fabrication and positioning of the electrodes is not an
issue. It should be noted that the surface area for adhesion with
the tape used in our work requires a smooth surface to ensure
no leakage occurs.

Fabrication

Copper PCB was fabricated using a router (LPKF ProtoMat S42).
The resulting PCB was rough and required gentle sanding (3M
734 P240) before use. Sheets of 0.5 mm thick tape (3M VHB
acrylic foam tape) were measured and cut using a scalpel
(Duratool D00298). Connecting wires were soldered before and
after cleaning the copper PCB with a citric acid solution and
acetone. The first layer, a hollow rectangular cut-out of tape is
affixed to the surface of the cleaned PCB, followed by a solid
rectangular layer of tape. IL ((BMIM]'[BF,]") was injected into
the cavity by pressing a 0.3 mm needle (BD Microlance 3)
through the second layer into the cavity at an angle to avoid the
underside of the second layer from unintentionally sticking to
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the surface of the PCB. The needle and syringe are repeatedly
used to ensure the sensor is filled with the IL solution and all air
bubbles are removed. Due to the fine point of the needle used,
these holes do not leak the viscous IL substance as long as the
sensor isn't put under unnecessary internal or external pressure
before the third layer is applied. Upon removal of the needle
from the second layer, it was observed that the tape adheres to
itself effectively sealing the perforation, this is shown in
Fig. 3(f). Finally, holes in the second layer of the sensor are
sealed with a third layer of tape. The protective layers on the
tape were not removed prior to assembly. This process is further
detailed and can be seen in Fig. 3.

Results and discussion

The fabricated sensor is shown as an inset in Fig. 4. To calibrate
the sensor, pressure was applied to the surface area over each
sensing area of the device using a 4 mm x 5 mm piece of
acrylic. The force applied to the sensor was measured accurately
and simply using a scale (OHAUS Pioneer PA4102) supporting
the sensor. An LCR Meter (U1733C) was used to perform
precision impedance measurements of the output of each
section of the sensor (positions V,, Vg, V¢, and Vy, as seen in
Fig. 2(a)).

It can be seen from Fig. 4(a) that, when a pressure is applied
to section A, the local volume of IL is decreasing causing a large
increase in impedance of this section, while the opposing sides
B and D show slightly decreased impedances. Output from
section C shows a minor increase in impedance as it is close to
the area of applied pressure. Similarly, in Fig. 4(b), the most
changed signal is B, followed by the opposing sides A and C,
where D is the least effected. This convention can also be seen
in Fig. 4(c) and (d). These agree well with the design analysis
presented, showing a strong correlation between the change in
pressure and output of the device as presented in Fig. 1 and eqn
(4), where R. o [A(P)]"". Small differences between measure-
ments can be seen in Fig. 4 due to the position of the applied
pressure not being the same between each sensing area.
However, the device has clearly shown an excellent ability to
distinguish between each pressure sensitive area.

Voltage measurements were performed by exiting the device
using a signal generator (Keysight Technologies MSOX3104A)

@ copper ®)
IL injection,
(d)

alr extraction

A IL
1 tape i

Fig. 3 Cross section of fabrication and assembly process. (a) PCB
preparation, (b) copper etching/milling of electrodes, (c) adhe5|on of
0.5 mm hollow cut tape, (d) bonding of 0.5 mm solid cut tape, (e)
channel injected with IL, (f) bonding of final 0.5 mm tape layer.
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Fig. 4 Relative changes of output impedances when each quadrant of
the device is subject to pressure. (a), (b), (c), and (d) Represent the
device outputs when quadrant A, B, C, or D respectively is under an
applied pressure.

supplying 5 Vpp @ 500 kHz and voltage measurements were
taken using a four channel oscilloscope (Rigol DG1022). Peak-
peak voltages for each section of the device were recorded
alongside the applied weight/force data. The relative changes of
output voltages (Vy, Vs, Vg, and V).

Using this measurement method, we propose a dynamic
reference calculated by the total measured value over all four
sensing areas (Vi) relative to each individual value at the
same time as measurement. By using a dynamic reference
point, it is possible to theoretically diminish the temperature
effect on the output of the device. Thus, instead of using
a reference voltage from calibration, a ratio is calculated at the
time of each measurement. The device consists of a single
chamber where, as long as contact with varying temperatures is
distributed evenly across the surface of the device, the internal
temperature will change at a near-consistent rate through the
IL. This change in temperature should evenly and equally affect
each of the four sections of the one device. Therefore, at any
time, as long as Vi is referenced at the same time at each
measurement,

Vo(l1 + aAT)
Vtotal(l + (XAT) ’

(5)

where Vo is the sum of all four sensing elements (Ve) at V,, Vg,
Ve, and Vp, will result in a ratio that is independent of
temperature effects. This will also make the measurements to
be insensitive to the overall change in voltage of the device
caused by pressures applied directly perpendicular to the
surface of the whole sensing area.

The desired output of the device is mathematically shown to
be temperature independent. However, the presented device
uses an IL that has reported high temperature/viscosity rela-
tion**** and thus a high Temperature Coefficient of Impedance
(TCZ).** In our previous shown that
[BMIM][BF,]” IL is capable of a very high TCZ of up to
—17 300 ppm K '.** The main contributing factor to these
measurements was determined to be the ILs diffusivity in

work we have
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relation to viscosity and temperature. Similarly, when our
current device is under a known pressure/load (e.g. no load), it is
possible to use one (or all) cells of the device to make ambient
temperature measurements. Once the system is under load,
these measurements become unreliable due to the acting
pressure and temperature on the device. We hypothesise that
the change in viscosity may also have an impact on the sensi-
tivity of the device to pressure due to the slight change in the
materials deformability.

The effect of pressure dP. at a sensing element cause the
locally average deformation de., which changes the voltage of
the element to V(1 + B.de.) (where 8. is the coefficient repre-
senting the linear relation between mechanical deformation
and the output voltage, as shown in Fig. 4), will also affect the
voltage throughout the device sensed by other elements i, V(1
+ B:de;). By setting the initial voltage equally at each element (see
sensor symmetricity shown in Fig. 2(a)), the sum of voltage is
simplified as

Vtotalp = VtotalO + ViZBidEia [6)

where V> (de; is the total change of voltage across the whole
deformed area of the sensor surface. As the compression of the
wall is negligible in comparison with the deformation of the
wall itself, and because the ionic liquid is incompressible in the
range of test pressure, V;>_(:de; cancels out and the total voltage
would remain a constant. This is shown experimental data in
Fig. 5 where the total voltage change is only 3-4%. Therefore, by
measuring Ve/Viotal, the effect of temperature is filtered, and the
effect of local deformation under pressure is sorted out. It
should be noted that in practice the sensor does not have rigid
sides, and there is a non-sensitive area on either side of the
sensing zone, these have an effect on the output of the system
and explain why the sum of output voltages does not remain
perfectly constant. In a perfect system with rigid walls, it could

ASVISV, (%)

Pressure P {kPa)

40 1 ) I N 1 )
0 20 40 60 80 100 120

Pressure P (kPa)

Fig. 5 Change in sum of voltages (V;) as pressure changes, averaged
by four measurements with pressure applied at each sensing element
(Vo). Error bars represent std over 10 measurements. Inset shows
sample of voltage measurement of the device for one element (Vy).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Touch applied to sensing areas A (green), B (yellow), C (orange),
and D (red) with LED indication of total applied pressure at each point.
Low, medium, and high pressures demonstrated for each sensing
element via brightness of LED.

be observed that the change in the sum of voltages measured in
the system is constant.

Fig. 5 shows that the system is capable of a sensitivity of
—0.28% kPa~' which is comparable to 0.039 kPa™'* 0.059
kPa~",** and 0.023-0.068 kPa ™" (ref. 37) and even shows higher
sensitivity than 0.23 x 10°° kPa ' (ref. 38) and that of
conventional MEMS pressure sensors (e.g. 0.2 x 10 ° kPa™" to
0.035 x 10> kPa ' (ref. 39)) whose fabrication processes are
a multitude more complex than our presented work. It can be
seen that the voltage is decreasing rapidly instead of increasing
with increased pressure, this can be attributed to the intro-
duced impedances shown in Fig. 2.

Furthermore, by using this measurement method, a micro-
controller with a synchronous sampling frequency can be used
to make all the measurements and supply the constant AC
supply (square wave) to the sensor with no additional circuitry.
An example of this is shown in Fig. 6, using an Arduino Leo-
nardo and simple breadboard circuit with four LEDs, to
demonstrate the sensors capabilities.

With this elementary setup we were capable of visually rep-
resenting pressure distribution using four LEDs. It can be seen
in Fig. 6(c) that the green LED is active while applying pressure
to sensing element C (orange), it's apparent by the finger posi-
tion that the pressure is not being applied in the exact same
location as seen in Fig. 6(d) by comparison. Thus, it is expected
that section A shows some response to the applied pressure in
section C.

Conclusions

We successfully demonstrated a soft IL-based pressure sensor
which is capable of highly sensitive detection of touching
points. The chosen IL ([BMIM][BF,]") showed excellent
stability and electrical properties for soft tactile and pressure
sensing applications. Based on our original measurement
circuit configuration and signal processing method, the output
symmetry is unaffected by frequency, whereas conventional 4-
point measurements in this configuration would be asym-
metric. The device is shown to be insensitive to temperature and
perpendicular pressure applied to the whole sensing surface,
with a low impact on the overall output of the system, but
localised pressure creates large output changes. Thanks to the
smart structure design and the conservative volume nature of

This journal is © The Royal Society of Chemistry 2019
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IL, the touching point can be detected with high sensitivity.
These results indicate the potential of using [BMIM]'[BF,]~ for
soft sensing devices with high performance of multi-point
touch functions.
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