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Abstract

This paper presents the development of a flexible temperature sensor array using multi-layer ceramic capacitors.

By integrating the capacitors into a 55 array on a polydimethylsiloxane (PDMS) substrate, we exploit the principle

of changing dielectric constant with temperature, which results in a change in capacitance. Our sensor array demon-
strates a consistent decrease in capacitance with increasing temperature, with a sensitivity ranging from 1.42 to 1.62
pF/°C. This sensitivity range is maintained even when measurements are taken using a capacitance-to-voltage conver-
sion circuit, with a sensitivity of 1.1 to 1.5 mV/°C. The repeatability and hysteresis of the sensors were also investigated,
with the latter revealing a maximum error of 12.7%. Our findings provide valuable insights for the development of effi-
cient, flexible, and reliable temperature sensor arrays using ceramic capacitors.
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Introduction
In recent years, the demand for flexible and wear-
able electronic devices has been growing rapidly, which
necessitates advancements in sensor technology. One
area of sensor technology that has received a consider-
able amount of attention is temperature sensors. These
sensors have wide applications in industries such as
healthcare, environmental monitoring, and consumer
electronics [1-5]. While several techniques have been
proposed for measuring temperature, there is still a need
for a highly sensitive, flexible, and compact solution.

In this study, we utilize the electrical properties of
ceramic capacitors in order to address this need [6-8].
A key feature of ceramic capacitors that makes them
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particularly attractive for such applications is that their
capacitance is sensitive to temperature changes. This
means that a change in temperature induces a corre-
sponding change in capacitance, a phenomenon we har-
ness for temperature sensing in this work.

This paper introduces a temperature sensor array
fabricated on a flexible polydimethylsiloxane (PDMS)
substrate using ceramic capacitors [9]. PDMS, a silicone-
based organic polymer, is renowned for its flexibility,
biocompatibility, and stability under various conditions,
making it an ideal material for wearable applications. We
have constructed a 2D array of ceramic capacitor ele-
ments on the PDMS substrate, enabling the acquisition
of spatially resolved temperature data. This configuration
leverages the principle that the capacitance of these ele-
ments changes as a function of temperature.

In the following sections, we will present our design
approach for the sensor array, describe the fabrica-
tion processes, and discuss the experimental results
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demonstrating the sensor’s temperature sensitivity and
spatial resolution capabilities.

Design and theory

As shown in Fig. 1, the proposed device is a tempera-
ture sensor array comprising a two-dimensional grid of
ceramic capacitors embedded in a flexible polydimethyl-
siloxane (PDMS) substrate. This substrate serves as the
backbone of the device, offering excellent flexibility that
accommodates the varied use cases of this sensor array.

The ceramic capacitors are strategically arranged in a
grid-like pattern across the PDMS substrate, with each
capacitor functioning as an individual temperature sens-
ing pixel. This configuration ensures spatially resolved
temperature measurements across the entire surface
of the device, which is particularly beneficial for appli-
cations such as human body temperature monitoring,
surface temperature mapping of equipment, and environ-
mental monitoring. To facilitate the electrical measure-
ment of the capacitive changes in each pixel, the ceramic
capacitors are externally wired using aluminum wires.

Our temperature sensor operates on the principle of
temperature-induced capacitance changes in ceramic
capacitors. The core mechanism relies on the property of
the ceramic material used in capacitors, whose dielectric
constant (or relative permittivity) is susceptible to tem-
perature variations [10]. This behavior is rooted in the
temperature-dependent movement of the atoms or mol-
ecules within the dielectric material. As the temperature
increases, these atoms or molecules tend to vibrate more,
leading to a shift in the dielectric constant. Consequently,
this affects the capacitance, as the capacitance C of a
capacitor is given by the formula C=¢gA/d, where ¢ is the
dielectric constant, A is the area of the plates, and d is the
distance between the plates.

By harnessing this correlation between temperature
and dielectric constant, our device can effectively con-
vert temperature variations into measurable changes in
capacitance. This provides us with a practical and sensi-
tive method for detecting temperature changes, thereby
offering new possibilities for temperature sensing in a
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wide range of applications. In this work, we used com-
mercial multilayer ceramic chip capacitors (MLCCs)
having a temperature dependency of — 750+ 120 ppm/°C
(KMET U2], Yageo Co.).

Fabrication and experimental setup

The fabrication process of the temperature sensor array is
presented in Fig. 2a. The process begins with the prepa-
ration of a thin substrate layer using a blend of polydi-
methylsiloxane (PDMS) and EcoFlex in a 1:1 ratio. The
combination of PDMS and EcoFlex exploits the advanta-
geous properties of both materials, yielding a substrate
with high flexibility and good thermal stability. This mix-
ture was carefully cast to form a 1 mm thick layer. Fol-
lowing the substrate preparation, an array of holes was
meticulously created at the locations where the capaci-
tors were to be placed. Then the capacitors were carefully
inserted into these preformed holes, enabling the embed-
ding of the sensing elements within the flexible substrate.
Next, aluminum wires were connected to each capacitor.
This ensured a reliable pathway for the electrical signals
to be extracted from each individual sensing element.
The wires were fastened securely to avoid disconnection
and to maintain a consistent signal transmission.

The final stage of the fabrication process entailed the
application of a thin PDMS film layer on both sides of the
substrate. This additional layer, which was approximately
0.1 mm thick, served multiple purposes. It not only
offered added protection to the capacitors and the wiring
but also provided a smoother surface finish to the sensor
array. Figure 2b shows the photo of the fabricated sen-
sor. As evident from the image, the device exhibits flex-
ible and bendable characteristics. This makes it especially
suitable for a range of flexible applications such as wear-
able devices worn by humans, objects in direct contact
with the human body like chair cushions, or areas neces-
sitating temperature measurements on intricate surfaces.

Our measurement setup, illustrated in Fig. 3a,
employed an oven as a controlled environment and an
LCR meter and a capacitance-to-voltage conversion
circuit for data acquisition, as depicted in Fig. 3b. We
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Fig. 1 Schematic view of the proposed temperature sensor array and magnified view of a single cell
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(i) PDMS and EcoFlex
mixture

(ii) Formation of holes
using micro-punch

(iii) Insert MLCC into
the hole

(iv) Soldering
Al wire

(v) Coating of thin PDMS

. (vi) Completed device
layer on both sides

(b)

Fig. 2 a Fabrication processes. b Photo of the fabricated sensor

placed the fabricated sensor inside an oven, conducting
measurements while adjusting the temperature. The LCR
meter was used to precisely determine capacitance varia-
tions due to temperature changes. For potential real-time
applications, a capacitance-to-voltage conversion circuit
was also utilized. This circuit yielded an output signal
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Fig. 3 a Measurement setup. b Circuit for capacitance to voltage
conversion

with an amplitude corresponding to the sensor’s capaci-
tance, enabling straightforward real-time monitoring of
temperature changes as voltage fluctuations.

Results and discussions

Figure 4a presents the results of a repeatability test,
where a single capacitor, not encapsulated in PDMS, was
measured four times under a range of temperatures (30—
80 °C). The measurements consistently showed a decrease
in capacitance value as the temperature increased, dem-
onstrating the reliable performance of the capacitors. The
sensitivity of the sensor was found to range between 1.54
and 1.62 pF/°C within this temperature range, illustrating
a good response rate to temperature change. Figure 4b
shows the sensor’s hysteresis characteristics. Here, the
temperature was increased from 25 °C to 80 °C and then
reduced back to 25 °C while capacitance measurements
were taken. The maximum hysteresis error was recorded
at 60 °C, at approximately 12.7%.

Moving onto the fabricated sensor array, Fig. 5a pro-
vides the results from tests conducted on five arbitrar-
ily chosen sensor cells in the array. While testing, the
temperature was increased from 30 °C to 80 °C. The
capacitors we used in our sensor cells exhibited toler-
ance errors, leading to slight variations in capacitance
values between different cells. Nevertheless, the sensitiv-
ity was quite consistent across all cells, ranging between
1.42 and 1.58 pF/°C. Beyond the inherent error sources
of the capacitor, variations arising from the fabrication
process can also be another significant contributor to
the observed discrepancies. Figure 5(b) shows the result
from three measurements of a single sensor cell using the
capacitance-to-voltage (C-V) conversion circuit. The sen-
sitivity, in this case, was slightly varied, ranging from 1.1
to 1.5 mV/°C. These experimental results verify the sen-
sor’s robust performance and repeatability across multi-
ple trials and setups. Further investigations could focus
on minimizing the hysteresis error and reducing variabil-
ity in the sensitivity of different sensor cells in the array.
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Fig.4 a Four iterations of capacitance measurements
for a standalone capacitor over a temperature range of 30 °C

to 80 °C. b Hysteresis measurement results for the capacitor
when the temperature is cycled from 25 °C to 80 °C and back

Conclusions

In conclusion, we have successfully developed a flex-
ible temperature sensor array using ceramic capacitors
on a PDMS substrate. The sensor array exhibits excel-
lent repeatability and consistent sensitivity to tem-
perature changes, making it a promising platform for
future temperature sensing applications. Our hysteresis
analysis revealed an error of 12.7%, suggesting areas for
potential optimization in future work. The exploration
of a capacitance-to-voltage conversion circuit for real-
time monitoring also yielded positive results, providing
a promising direction for further research. Overall, this
study has demonstrated the feasibility and potential of
utilizing ceramic capacitors in the design of reliable and
efficient temperature sensor arrays. Future work will
focus on minimizing hysteresis error and refining the
sensor array’s performance.
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Fig. 5 a Capacitance variation of five sensors in the array
as temperature is raised from 30 °C to 80 °C. b Sensitivity
variation in a single sensor cell across three measurements using
a capacitance-to-voltage circuit
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