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Abstract: This paper presents the fabrication and implementation of novel resistive sensors that were
implemented for strain-sensing applications. Some of the critical factors for the development of
resistive sensors are addressed in this paper, such as the cost of fabrication, the steps of the fabrication
process which make it time-consuming to complete each prototype, and the inability to achieve
optimised electrical and mechanical characteristics. The sensors were fabricated via magnetron
sputtering of thin-film chromium and gold layer on the thin-film substrates at defined thicknesses.
Sticky copper tapes were attached on the two sides of the sensor patches to form the electrodes.
The operating principle of the fabricated sensors was based on the change in their responses with
respect to the corresponding changes in their relative resistance as a function of the applied strain.
The strain-induced characteristics of the patches were studied with different kinds of experiments,
such as consecutive bending and pressure application. The sensors with 400 nm thickness of gold layer
obtained a sensitivity of 0.0086 ()/ppm for the pressure ranging between 0 and 400 kPa. The gauge
factor of these sensors was between 4.9-6.6 for temperatures ranging between 25 °C and 55 °C. They
were also used for tactile sensing to determine their potential as thin-film sensors for industrial
applications, like in robotic and pressure-mapping applications. The results were promising in
regards to the sensors’ controllable film thickness, easy operation, purity of the films and mechanically
sound nature. These sensors can provide a podium to enhance the usage of resistive sensors on a
higher scale to develop thin-film sensors for industrial applications.
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1. Introduction

The use of sensors for ubiquitous sensing has been a cornerstone for the electronics industry for
the last two decades [1,2]. The nature of the sensor being fabricated varies in terms of the fabrication
process, processed materials, operating principle, input power and response to ambience conditions.
Among these sensors, strain sensing has been one of the fundamental sectors researchers have focused
on due to the influence on their use for healthcare [3,4] and industrial [5,6] applications. With respect
to the MEMS-based sensors used for strain-sensing, different kinds of flexible sensing prototypes have
been developed [7] to enhance their performance in terms of sensitivity, efficiency, gauge factor and
longevity. The materials used for their development include different kinds of polymeric substrates
and conductive layers to form the substrates and electrodes of the sensors respectively. For example,
certain polymers such as polydimethylsiloxane (PDMS) [8,9], polyethylene terephthalate (PET) [10,11],
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and polyimide (PI) [12,13], have been used extensively to form the sensors. Among them, PI has
proven to be one of the most significant due to its ultra-flexibility, mechanical robustness, high thermal
stability and resistance towards chemicals and radiation. This makes PI a very popular choice to
develop flexible sensors for strain-induced applications [14]. Similarly, for electrodes, even though
different kinds of carbon-based allotropes, such as carbon nanotubes [15,16] and graphene [17,18],
have been used to form flexible sensors, certain disadvantages—including the high cost of fabrication
and short lifetime creates a requirement for alternative conductive materials to be considered for
strain-induced applications. To address this requirement, the current paper focuses on the use of
commercial polyimide films, sputtering with a thin-film layer of gold to form the conductive sensing
surface of the sensors. The reasons for using gold as the sputtered thin-film layer can be attributed
to their high electrical conductivity and corrosion resistant nature [19]. The combination of the
gold layer with polyimide substrates has been popularised due to its flexibility and multifunctional
characteristics [20,21]. Although certain techniques like photolithography [22,23], laser-cutting [24,25],
screen printing [26,27], ink-jet printing [28,29] and 3D printing [30,31] have been employed to form
sensors, the sputtering technique is shown to have certain advantages over these technologies for
forming prototypes. Indeed, the sputtering technique has become one of the most popular methods
for developing sensors [32,33]. The advantages of using this technique include the formation of
high-purity films, excellent uniformity of the conductive metals on the substrates, controllable film
thickness and proper adhesion of the conductive material on the substrates [34]. Although researchers
have been working on the fabrication of strain-gauges using sputtering technique [35-37], the proposed
sensors have advantages over those sputtered-sensors in certain aspects. For example, the steps of
fabrication to form a sensor are crucial to validate its usability for ubiquitous monitoring in particular
applications. When a sensor is fabricated with small and precise dimensions, its usability largely
depends on its large-scale production due to certain factors. For example, the sensors may need to be
replaced frequently due to damage or saturation in responses. Thus, it is necessary that the sensing
prototypes should be developed with techniques that require minimal steps to fabricate without
compromising their characteristics. The developed sensor also has additional advantages, such as
being highly robust due to the polyimide substrate, high conductivity of the electrodes, decreasing
the complexity of the sensor structure, and increasing the multifunctional capabilities of the sensors.
The multi-functionality of these sensors can be highlighted by using them as wearable prototypes that
are capable of sustaining prolonged wear and tear due to the robustness of polyimide and thin-film
gold layer. Another advantage of the proposed sensors is related to their working principle, as they are
cheap and easy to fabricate, possess a higher range of resistance values, and have higher efficiencies
and faster responses compared to the capacitive counterparts. Therefore, in comparison to other
sensors, the novelty of these sensors can be highlighted as the combined advantages of the fabrication
technique and processed materials. The high electrical conductivity, mechanical flexibility and thermal
responsiveness of thin-film gold layer; high robustness and mechanical flexibility of the polyimide
substrates; and finally, easy operating principle and high purity of the films for the fabrication technique
are some of them. The response of these types of sensors towards pressure, strain and temperature are
illustrated for the first time in this paper.

The following manuscript has been divided into four sub-sections. Following this introduction,
which has shown the originality and purposes for developing these sensors, a detailed explanation of
the fabrication processes of the sensor prototypes along with their working principle is next outlined.
Section 3 gives the experimental results and corresponding discussion of the results. Finally, the
conclusion is given in the final section of the paper.

2. Sensors Used for Experimentation

The sensors’ patches were fabricated in laboratory conditions in conditions with fixed temperature
and humidity. Figure 1 shows the schematic diagram of the steps of fabrication of the sensor patches.
Commercial polyimide films (ALFA (AESAR, 41896, GH, Haverhill, MA, USA) having a thickness
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of 8 microns were taken as substrate and attached on acrylic templates with biocompatible tapes
(3M 810D Ruban Magique™<, Sydney, Australia) for sputtering purposes. Magnetron sputtering was
done using an Emitech k550 device to form the conductive layers on the thin-film substrates. This
was performed by placing the sample on the middle of the device to obtain the maximum degree of
sputtering on the substrates. The samples were initially placed inside the sputtering device, and then
chromium and gold were selected as the targets for the sputtering process. Chromium was used for
better adhesion of gold layer on the polyimide substrates. The phenomenon took place in the plasma
environment where the current varied between 0 and 20 mA. The thickness of the chromium layer
was kept fixed at 20 nm, while the thickness of the gold layer was varied between 200 nm and 400 nm
to determine the correct level for optimised performances. This method of selecting the thickness of
sputtered gold was based on some of the previous research [38,39] done by our group on MEMS-based
sensors. In the previous work, the thickness of the chromium layer was chosen to be 20 microns, while
500 microns was set for the gold layer. In the current work, we set the range of the thickness of the
thin-film gold layer between 200 nm and 500 nm with a difference of 100 nm. The quality of these
four thicknesses was determined based on the consistency of their responses and the adhesive of the
sputtered gold layer. The surface adhesion of gold layers was measured to determine the robustness of
the sensors for different thicknesses via a series of experiments of consecutive bending and response
to temperature. It was found out that among these four thicknesses, the sensors with a thickness of
400 nm achieved the best results for both response and surface adhesion. For 400 nm thickness of the
gold layer, the resistance values for different cycles were much more constant, and the adhesion of
the sputtered gold layer was also better after a series of experiments. When the thickness of the gold
layer was increased to 500 nm, the sensor response did not vary from that of 400 nm. So, the final
values for the thin-film layers for the fabrication of the sensors were decided to 20 nm and 400 nm for
gold and chromium respectively. Following the sputtering process, the samples were carefully taken
off the template and cut into sizes with a length of 30 mm and a width of 20 mm to form the sensor
patches. The two sides of each of the prototype were attached with copper tapes (Hi-Bond HB 720A,
RS Components, Corby, UK) to form the electrodes.

Sputtering (Chromium) Sputtering (Gold) —
Polyimide film '
1 Thickness: § microns ‘ ‘ ‘ ‘ Thickness: 400
‘ ; J ' IThickness: 20 um ‘ i] D ' Tk T Wum
I ] | '
Copper tapes L
Acrylic substrate i

@) (b) (© (e

Figure 1. Schematic diagram of the steps of fabrication for the gold-polyimide sensors. (a) After
attaching the polyimide films onto the acrylic dishes with tapes, (b) the thin-films were sputtered with
chromium and gold to form the sensing area of the samples. (c,d) The films were then taken off the
template and attached to copper tapes on two sides to form the electrodes of the sensor patches.

Figure 2 shows the output result of the sputtering process, which was taken off the sputtering
device for experimental processes. Figure 3 shows the Scanning Electron Microscopic (SEM) image of
the sputtered sensor. The zoomed view in the image shows the smoothness of the sputtering on a
micro level. It can be seen that there are some black spots in the image in contrast to the sputtering
white regions. These black spots represent the regions where the sputtering did not happen evenly.
This could be due to the shadowing effect, which plays a pivotal role in the distribution of the incident
particle flux. The reasons for this effect can be attributed to the angular distribution of the incident
atoms on a long-range surface [40] or could be due to the irregular surface diffusion of the sensing area
due to the roughening of the surface [41]. Although some of the regions display an uneven sputtering
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of gold or chromium, most parts of the sensor had a consistent sputtered layer of chromium and gold
on the polyimide substrate. The unevenness of the sputtering of the thin-film gold layer in some
regions did even affect the electrical and mechanical performance of the sensors. The final sensor patch
is shown in Figure 4, where its size is compared to an AUD 20 cent to depict its miniaturised nature.
The small size of the sensors increases their potential to be used for wearable sensing purposes.
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Figure 2. The polyimide film with a thickness of 8 microns on an acrylic dish sputtered with chromium
and gold.

Figure 3. SEM image of the sputtered sensor. The zoomed view shows the quality of the sputtering on
the sensing surface.

Figure 5 shows the schematic diagram of the equivalent circuit of the sensors depicting the
conditions before and after the application of pressure [42]. Along with the internal electrode resistive
elements, the sensor also consists of a piezoresistive element that exists between the electrodes. When
the dimension changes, the orientation of the thin-film layer simultaneously changes, resulting in
variation in the resultant resistance [43]. When pressure is applied to the sensing area, the sensors
undergo a tensile strain, increasing the change in relative resistance [44]. Since the sensing area of
the prototypes consists of a gold and chromium sputtered thin-film layer, this increase is dictated by
their conducting paths. When the pressure is released, the shape of the sensors returns to its original
position, thus obtaining its initial response. However, in the case of consecutive bending experiments,
the sensors operated in a compressive mode, which is opposite to that of the tensile mode operation.
In this case, the bending of the sensors increased the conducting paths on the sputtered layer, thus
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decreasing the relative resistance. The sensors have been tested for consecutive bending, tactile sensing
and changes in responses with respect to pressure and temperature. Fifty samples had been used for
each of the experiments to validate the repeatability in the responses of these fabricated sensors.

Figure 4. Comparison of the size of the finished sample with an AUD 20 cents.

Applied pressure

Electrode R,

Re Electrode

Re;

Figure 5. The working principle of the resistive sensors. The sensor consists of a variable resistor,
which is the piezoresistive sensing element [42]. The resistive values of this element vary according to
the magnitude and direction of the pressure applied to the sensors.

3. Results and Discussion

The sensors were employed for different kinds of strain-sensing applications where they were
subjected to variable inputs in terms of pressure and temperature to determine their corresponding
outputs. The change in the output of the sensors with respect to the applied pressure on the sensing
surface was determined in terms of the change in relative resistance, as shown in the equivalent circuit
in Figure 5. The responses were monitored using a HIOKI IM 3536 LCR metre that was connected to
the copper tapes of the sensors via Kelvin probes. The impedance analyser, in turn, was connected
to a laptop via a USB cable to collect the monitored data in Microsoft Excel using an automated data
acquisition algorithm. Due to the resistive nature of the sensors, the instrument was operated in a
DC mode where the voltage was varied to determine the changes in relative resistance and current.
Firstly, the sensors were subjected to consecutive bending to determine the repeatability of their results.
Figure 6 shows the output of the consecutive bending test where the sensors were bent in an oscillatory
motion to determine the changes in the corresponding resistances. The bending was done manually
to change the dimension of the sensors. The direction of the bending of the sensors is shown in
the inset of Figure 6. The sensors were bent to a limit with a bending radius curvature of 12 mm.
This value was chosen to avoid any kind of contact between the electrode tapes while in the bent
position. The direction of the strain was perpendicular to the electrodes. The number of oscillatory
cycles was continued to around 100 cycles to validate the repeatability of the response of the sensors.
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The number of cycles was limited to 100 as after this; the sensors started to acquire a bent shape in the
direction of the bending. It is seen from Figure 6 that the sensors generated a constant response over the
entire duration. Three cycles were randomly chosen (450-700 s) from this duration to distinguish the
two positional differences of the sensors. Two different situations, namely ‘normal’ and ‘bent’ positions,
have been considered for the conditions referring to the extended and flexed positions respectively for
the sensors. The normal and bent positions in Figure 6 were ascribed as ‘N’ and ‘B’ respectively.
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Figure 6. Consecutive bending of the gold-polyimide sensors to determine the repeatability in the
changes in their responses. The inset of the figure shows the (a) normal and (b) bent positions.

The resistance of the sensors decreased as the position was changed from normal to bent.
The decrease in the relative resistance with respect to the applied strain can be attributed to the increase
in current in the sensors, which is due to the increase in the interlinked connections of the gold particles
in the sensing area of the prototypes. The sensors exerted very similar responses with each cycle, thus
validating their repeatability. The response time of the sensors was less than one second. The repeatable
nature in the response of these sensors is important for monitoring human motions, like flexible strain
gauges [45,46]. The second experiment conducted on the sensor patches was to determine the change
in relative resistance with respect to a change in pressure. The pressure was applied using a pressure
tester metre SF500N. The pressure was applied centred on the sensing area of the prototypes. The
change in the response with respect to pressure was studied for the three types of sensors, as shown in
Figure 7. The range of pressure was kept constant between 0—400 kPa as this is the limit of pressure
exerted on sensors in tactile sensing with human tactile sensing applications [47,48]. As can be seen
from Figure 7, the sensors showed small resistive changes for the three types of sensors. The highest
change in resistance took place for the sensor having a thickness of 200 nm of the thin-film gold layer.
The reason for this phenomenon can be attributed to the increase in the current as a result of the
increase in the inter-particle connection between the gold particles with a corresponding increase in the
thickness in the layer. The sensitivity of the sensors was determined for the sensors having a thickness
of 400 nm for the gold layer. Figure 8 shows the change in response of the sensors, where a linear trend
line is fitted to obtain the slope. As seen from the figure, the sensitivity of these sensors for the pressure
ranging between 0 and 400 kPa is 0.0086 Q)/ppm. The next experiment was performed by testing the
behaviour of the sensors at a range of temperatures. Even though these sensors have been fabricated
for strain-sensing purposes, the reason for analysing their behaviour with respect to temperature was
to determine the temperature coefficient of resistance () of these sensors. Figure 9 shows the change
in the resistance with respect to the temperature being varied between 25 °C and 85 °C. It is seen that
the resistance values vary almost linearly with the temperature with a high coefficient of determination
(R?). From Figure 8, the coefficient of thermal expansion was calculated to be around 0.016 ()/°C.
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In accordance with the above two experiments, the sensors also responded to the changes in pressure
for four different temperature values of 25 °C, 35 °C, 45 °C and 55 °C.

Pressure (kPa)
0 100 200 300 400

Resistance (AR/R)

—200 nm —300 nm 400 nm

=

Figure 7. The response of the sensors for the change in pressure ranging between 0 and 400 kPa. The
experiments were done on three types of prototypes differing in the thickness of the gold layer for
200 nm, 300 nm and 400 nm.
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Figure 8. The variation of relative resistance with respect to pressure for sensors with 400 nm. The
sensitivity of the sensors for this range was 0.0086 ()/kPa.
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Figure 9. The response of the sensors for the change in temperature ranging between 30 °C and 85 °C.
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The reason for choosing these four temperature values can be attributed to most of the
human-related tactile sensing experiments taking place within this range [49]. Figure 10 shows
the change in the relative resistance with respect to the increase in pressure for the four values of
temperature. The change in relative resistance increases with temperature for a particular pressure
is due to the properties of the gold thin-films [50-52]. The reason behind this phenomenon can be
attributed to the vibrational effect of the sputtered layer about their home positions, which causes
an increase in thermal energy. The gauge factor (GF) was calculated for these temperature values to
determine the variation with respect to temperature. It was seen that the G.F. varied between 4.9-6.6
when the temperature was increased from 25 °C to 55 °C.
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Figure 10. The response of the sensors with respect to the change in pressure for four different
temperatures of 25 °C, 35 °C and 45 °C and 55 °C.

Along with the advantages of these sensors described above in terms of their fabrication and
processed materials, these sensors exhibited a reasonably high G.F. The G.F. value was higher than
other strain sensors that were polyimide-based [53,54], silicon-based [55] and fabric-based [56] used
for biomedical applications. Figure 11 shows the change in the relative resistance of the sensors with
respect to the induced strain in the vertical direction. The tensile strain was applied to the sensors
using an EXCEED E42 Universal Testing Machine from MTS by clamping the two sides of the sensors.
One of the sides was kept fixed, while the other was moved vertically upwards under its breaking
point. The change in response was recorded simultaneously with the applied tensile strain. It was seen
that the vibration in relative resistance was almost linear with a high R? value for the range of strain
considered for the sensor patches.
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Figure 11. The response of the sensors in terms of change in relative resistance for the applied strain.
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Next, the sensors were tested for tactile measurements where manual pressure was applied on
the sensing (sputtered) area of the sensor patches. The sensor patches were fixed in one location with
sticky tapes, and then their sensing area was touched. The reason for opting for manual pressure is to
show the potentiality of these sensors for soft-touch tactile measurements [57]. Figure 12 shows the
response of the patches to tactile sensing, while the inset of the figure shows the setup of applying
pressure on the sensors. Two terms, namely ‘touched” and “untouched’, denoted by ‘“T” and “U’, refers
to the conditions of touching and refraining from touching the finger to the sensing area of the patches
respectively. The tactile experiments were performed successfully with the relative resistance varying
between two fixed ranges for the two corresponding conditions. It is seen that the range of resistance
for tactile sensing is a little higher than in the other pressure sensing experiments. This behaviour
can be attributed to two reasons: firstly, the change in the response was additionally affected by the
permittivity of the skin; secondly, due to the exertion of a manual force on the skin, the pressure applied
on the sensors for tactile sensing can be more than that of the other experiments. One of the reasons
why the sensors did not obtain the same values when the pressure was released is possibly because the
sputtered thin-film layers did not obtain the same orientation as they had in the previous cycle. When
the sensor went back to the untouched position, due to the ultra-thin thickness of the substrates, the
sensing area did not necessarily re-occupy its original shape, thus causing a slight change in the output
resistance. The response of the sensors based on gentle touching can be considered when employing
these sensors for tactile applications in electronic skins [58,59].
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Figure 12. Tactile sensing experiments performed on the developed patches. The inset of the figure
shows the positioning of the index finger on the sensing area of the patches.

The next experiment for strain-induced applications was the change in the degree of the tensile
strain applied on the sensor patches. This experiment tested the differences in the pressures exerted
on the sensor patches for soft-touch tactile and robotic arm applications. Tensile stress measuring
equipment (EXCEED E42 Universal Test Systems from MTS) was used for the experiments, and the
prototypes were clamped from two sides. Due to the ultra-thin nature of the sensors, the connections
were made carefully to avoid any bending during the clamping process, which could have affected
the response of the sensors. One of the sides were pulled, keeping the side constant to determine
the changes in relative resistance and current. The degree of strain was conducted by varying its
amount for the sensors being in little stretched to full stretched condition. The little stretching of the
sensors refers to the point where the sensors move a little bit from their initial position, where the fully
stretched position refers to the situation just before breaking off the sensor. However, there was one
assumption made during the simultaneous application of stress and the monitoring of the data. During
the sputtered nature of the sensing surface, the effect of the cracking of the thin-film layer beyond
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a certain limit of stretching was considered negligible to avoid the complicacy of interconnection
between the surface effects of polyimide and thin-film gold layer. The effect of cracking on the sensing
surface demands a new field of study to determine the difference in responses caused due to the tension
between the sputtered gold layer and the substrates beneath it. Figures 13 and 14 show the change
in the relative resistance and current respectively for different amounts of tensile strain. The relative
change in resistance of the sensor patches increased on the application of the tensile strain, whereas the
three consecutive cycles for each degree of stretching displayed a similar range of resistance values.
Due to the increase in the relative resistance with respect to the applied strain, the corresponding
output current decreased, as shown in Figure 14. The response of the sensor patches for different
degrees of tensile strain can be advantageous for their uses in robotic industries, where the degree of
strain can sometimes be a function of the amount of movement of robotic arms.
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Figure 13. The response of the sensor patches with respect to the variation of tensile strain applied
to them. The stretching of the sensors was varied from little stretched to full stretched condition to

determine the increase in the corresponding resistance values.
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Figure 14. Change in current with respect to different degrees of tensile strain.

4. Conclusions

The paper showcases the fabrication and implementation of novel sensor patches developed
from thin-film gold layer and polyimide films. Sputtering of chromium and gold layers at defined
thicknesses was performed using the magnetron sputtering technique. Some of the advantages of
these developed sensors lie in their easy operating principle, high robustness, quick response to the
strain-sensitive changes, high electrical conductivity, purity of the sputtered films, proper adhesion
of the conductive layer on the substrate and overall mechanical flexibility. The sensors were then
employed for different strain-sensing applications to determine their responses in terms of the change
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in the relative resistance. The strain-sensing experiments were performed to determine their capability
to perform real-time tactile experiments. The developed patches exhibited excellent outputs in terms
of quick response and repeatability with respect to the change in inputs. A sensitivity and GF of
0.0086 O)/ppm and 4.4-6.9 respectively was obtained for the sensors having sputtered layers of 20 nm
of chromium and 400 nm of gold. One of the issues faced during the experimental process was the
presence of some glitches in the outputs. There can be two possible reasons for this behaviour: firstly,
the Kelvin probes connected to the sensors might be loosened or stretched during the procedure, which
can lead to non-identical data for consecutive cycles; secondly, the interlinked connections between the
gold particles might not be the same for two cycles to produce dissimilar data. The remedy for this
issue can be an association of wireless systems [60] with the sensors where the data can be processed
and sent via microcontroller-based embedded systems to the monitoring unit without the involvement
of any physical wire-related connections. The second issue faced was the dissimilarity in the results
for consecutive cycles under different degrees of tensile strain. This can be attained by introducing
dynamic thresholding [61] to the response of the sensors to distinctively classify the outputs for
different input conditions. The usability of these sensors can be considered to form enhanced resistive
sensors and to subsequently utilise them for monitoring purposes.
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