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This paper presents a comparative study on the treatment techniques for ﬂexible polymeric
substrates and their impact on the printing results. Substrate treatments are central to
optimization of the printing processes and a strict set of requirements are needed to
achieve uniform and acceptable printing results. Therefore, this research is highlighting the
most signiﬁcant treatment methods used for ﬁne-tuning the surface properties of different
polymeric substrates. Besides the two commonly used treatment techniques of oxygen
plasma and ultraviolet ozone, a new method of using surface cleaning liquid is applied for
rapid treatment of polymeric substrates. Comparative study is carried out on the basis of
cleaning steps required for substrate preparation, processing, robustness as well as on the
ﬁnal printed results on the substrates. All the three treatment techniques with similar
processing protocol are applied on a single type of polyimide (PI) substrate. To further
validate the applicability and manufacture of practical devices, the liquid cleaning method is
also applied on Polyethylene terephthalate substrates for making proof-of-concept
wearable temperature sensor. From the study it is concluded that the liquid surface
cleaning method is advantageous in terms of easy processing, robustness and producing
uniform printing results on diverse polymeric substrates.
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Printed electronics is a fast-emerging ﬁeld for manufacturing of unconventional electronic
components, which are ideal for deployment on large areas and nonplanar surfaces as well as for
portable applications (Khan et al., 2014; Suganuma, 2014; Khan et al., 2020). The prominent features
such as ﬂexibility, stretchability and foldability etc. are enabled primarily by the polymeric based plastic
substrates and solution based functional nanomaterials (Wang and Liu, 2016). The latest developments
in functional nanomaterials (both organic and inorganic) and their processing from solutions with the
help of inkjet printing technologies have contributed signiﬁcantly to producing ﬂexible electronics. The
reliable integration of printed materials, performance, efﬁciency, and durability of ﬂexible electronics is
determined by the quality and properties of the polymeric substrates (Huang and Zhu, 2019; Wiklund
et al., 2021). Therefore, these substrates are desired to meet the speciﬁc requirements and withstand the
chemical, physical and mechanical properties of the functional materials deposited on top of its surface
(Malik and Kandasubramanian, 2018; Palavesam et al., 2018; Khan et al., 2019).
Functional nanomaterials available in the form of colloidal suspensions or mixtures of hybrid
organic-inorganic nanocomposites are tuned to be efﬁciently used with the desired printing

Frontiers in Electronics | www.frontiersin.org

1

November 2021 | Volume 2 | Article 777434

Khan et al.

Substrate Treatment Evaluation for Printed Electronics

technology. Thin ﬁlm deposition of functional nanomaterials
through printing technologies requires a wide range of
optimization parameters (Kamyshny and Magdassi, 2014;
Huang and Zhu, 2019; Wiklund et al., 2021). The uniformity
in thicknesses and coverage area of thin ﬁlms, as well as the
consistency in producing patterns with uniform linewidths are
highly desired. These acceptable printed results are achieved
successfully through optimization of multiple approaches i.e.
printing system parameters, rheological properties of the inks
and ﬁnally the substrate treatments (Aleeva and Pignataro, 2014;
Wiklund et al., 2021). Majority of the researches reported about
optimization of printing technologies, focus on the
manufacturing processes and rheological properties of
nanomaterial suspension. However, beside these, surface
treatment of the substrates is also of particular interest as
uniform spreading and patterning of the deposited materials
in a controlled fashion is greatly dependent on the surface
properties of the substrate (Nemani et al., 2018). Quality and
resolution of the printed thin ﬁlm structures is inﬂuenced by the
substrate surface properties such as work of adhesion, wettability
and surface energy etc. determining how the ink will interact at
the interface and spread over the substrate (Meng et al., 2019;
Aydemir et al., 2021).
Various techniques have been developed for tuning the surface
properties of the substrates ideal for uniform thin ﬁlm deposition
and patterning. Few of the commonly used treatment techniques
are corona discharge, plasma treatment and chemicals-based
surface modiﬁcations etc. (Verkuijlen et al., 2014; Nemani
et al., 2018; Haq et al., 2019). The corona discharge method is
used to ionize an entrapped gas in a closed chamber and high
electric ﬁeld applied between the two conducting electrodes. By
impacting the substrate surface, energy from the ions is
transferred to the surface molecules and thus making the
surface ideal for the functional nanomaterials to adhere
strongly (Haq et al., 2019). Various functional groups
developed on the substrate surface are hydroxyl, peroxyl,
carbonyl, ester, carboxylic acid, which play signiﬁcant role in
tuning the receiving surface properties for deposited
nanomaterials. Oxygen plasma on the other hand is broadly
used for surface treatment of substrates, as it offers marginal
advantages over other techniques (Banerjee et al., 2018; Kim et al.,
2018). The ease in operation, safety, less regents’ requirements,
applicability to a wide range of substrates including low Tg (glass
transition) and uniform modiﬁcation of the surface energies
make it more appealing. Among these, chemical bases
treatment has been claimed to be cheaper and readily available
solution for such surface modiﬁcations. Chemical treatment is
ideally required for water-based solution and particularly for
binding biomolecules on polymeric substrates (Schlisske et al.,
2018; Santidrián et al., 2019). Carboxylic acid groups are created
on the surface of polymer substrates as a result of chemical
modiﬁcation that enhances the attachment of bioactive molecules
such as proteins onto the surface. Various chemicals such as 2(butoxyetoxy) ethanol, KMnO4, NaOH, K2Cr2O7, H2SO4 etc. are
used at mixing with different concentrations (Villani et al., 2009;
Mäntysalo et al., 2012; Nemani et al., 2018). The substrates are
kept immersed at speciﬁc times sometime for hours to reach the
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desired level of surface functionality. In this research we have
explored a new and very robust technique to functionalize various
substrates at ambient conditions. The commercially available
Reztore ESD surface cleaner is used as the main treatment
solution. Reztore is a commonly used cleaning liquid specially
to remove dust, grease, stains, and solder ﬂux etc. from a wide
variety of surfaces. Three functionalization techniques i.e. oxygen
plasma, UV plasma and wet chemical treatments are applied on
polyimide (PI) substrates and results are compared. The wet
chemical cleaner is also applied on PET and cellulose based
biodegradable substrate to justify their use for a wide variety
of substrates. Inkjet printing is applied for all the experiments and
metallic nanoparticles-based ink is used for the printing purposes.
Physical, optical, and electrical properties are determined, and a
comparative study is performed. A temperature sensor is also
developed as proof-of-concept device using the biocompatible
substrate. The sensor is tested in the temperature ranges ideal for
wearable temperature sensing applications. The sensor is tested in
the range of 25–45°C, that showed promising results by producing
linear response in the electrical resistance against the temperature
rise. These sensors with complementary signal processing circuits
and wireless communication modules would greatly help in
realizing wearable temperature sensors with enhanced
fabrication protocols.

MATERIALS AND METHODS
Ink for the Printing Tests
Comparative study is performed considering only the surface
treatments of the substrates. This requires rest of the inﬂuencing
parameters to remain same and therefore, a single type of ink was
used without making any changes to the composition.
Commercially available silver (Ag) (Sigma Aldrich)
nanoparticles-based ink was used. Rheological properties of
the ink are pre-adjusted that are suitable for the drop-ondemand inkjet printing system. The solid content of
nanoparticles is in the range of 30–35% of the colloidal
solution. Sintering temperature of the ink is 120 C as per
supplier recommendations, which is in matching with the
working temperatures of the polymeric substrates.

Substrates Preparation
Three different types of polymeric substrates are selected for the
two set of experiments. Polyimide (PI) is a high thermally stable
substrate and is used here for the central comparative study based
on different treatment mechanisms. Whereas PET and cellulose
based polymeric substrate are used to test and further validate the
newly explored functionalization technique. Before surface
activations, the substrates were properly cleaned using
standard rinsing procedure. The substrate was emersed in
acetone and isopropanol for 10 min subsequently and then
rinsed with DI water. The substrate was kept in oven at 100 °C
for 15 min as a ﬁnal dehydration step. Oxygen plasma, UV ozone
and wet chemical cleaning are applied on PI substrates
independently. Three sets of substrates were prepared to use
for each of the surface activation process. The treatment
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FIGURE 1 | Droplet behavior on (A). a hydrophobic (before surface treatment) and (B). hydrophilic surfaces (after surface treatment).

parameters applied here are already optimized to achieve
acceptable panting results. In ﬁrst case of oxygen plasma, 25%
of the power for 10 s was performed using Zepto plasma system
(13.6 kHZ with a power range of 0–50 W). Secondly, for the UV
ozone activation, the system (Ossila) used is based on ﬁxed
speciﬁcations of lamp power, intensity, and wavelengths. The
tunable parameter in such systems is based on the duration of
exposure time. The system is equipped with synthetic Quartz UV
grid lamp with dominant wavelengths of 185 and 254 nm. The
lamp with 30 mA current produces an output intensity of 20 μW/
cm2. To functionalize the surface, the substrate was kept for 2 min
under UV ozone at these described speciﬁcations. Finally for the
wet treatment, the Reztore (ESD surface cleaner) was spray coated
on PI substrate, left over for 30 s, and dried immediately with a
cotton wipe similar to a normal cleaning procedure. The substrate
was kept on a hotplate at 45°C, this removes any residual vapors
or nanolayers left behind after wiping out the cleaner. The
printing process was performed immediately right after surface
treatments of the substrates.

uniform distribution of ink deposited from droplet ejection
systems. The essential surface properties such as contact angle,
work of adhesion, wetting energy, and surface tension of the
solution was determined by using contact angle analyzer. The
system is equipped with high-speed camera to analyze the droplet
interaction with the surface starting from the ﬁrst instance of
contact until reaching equilibrium, where the force balance is
attained at the interface of the droplet and substrate.

Inkjet Printing
Inkjet printing has proved to be a rapid test and manufacturing
tool especially for thin ﬁlms and patterned deposition on diverse
substrates (Singh et al., 2010). Inkjet system employs micron scale
droplet ejection mechanism at corresponding actuation pulses
utilizing nanoparticles based colloidal solution. Among the
various actuation mechanisms for droplets’ ejection,
piezoelectric based inkjet systems are commonly used. The
operation mechanism is straight forward, and a wide range of
materials can be processed at respective optimized processing
parameters. Dimatix (DMP 2850) inkjet system was used for
printing Ag patterns on the treated surfaces. Ag solution has the
desired viscosity range i.e. ∼10 cP showing optimal jettability of
the micrometer sized droplets. The process related parameters are
adjusted according to the optimization steps performed
beforehand. The drop-to-drop spacing was adjusted and kept
at 30 µm apart, which produced uniform printed lines for both
the test experiments on PI and PET substrates. Platen
temperature was adjusted at 45°C, to enhance the partial
evaporation of additives and surfactants added as stabilizers to
the Ag solution. As a ﬁnal processing step, the printed samples
were kept in oven at 120°C for 2 h to completely dry the developed
patterns.

Contact Angle Analyzer
Contact angle is an important parameter used to determine the
surface properties of substrates. It is the angle between the tangent
of the droplet’s proﬁle and tangent to the intersecting points on
the surface concerning vapor, liquid and solid (Meiron et al.,
2004; Cwikel et al., 2010). The surface energies of the substrate
interfacing point of the solid and liquid medium qualiﬁes to what
extent the colloidal solution will wet the target surface. Figure 1
shows representative pictures of the wetting and non-wetting
surfaces. The uniform spreading and homogeneous thin ﬁlm
deposition is highly desired for printed patterns, which is partly
determined by the surface properties of the substrate. The
substrate surfaces are termed as hydrophilic or hydrophobic
determined exclusively by the contact angle of the impacting
droplet. Conventionally, if the contact angle is less than 90o, the
surface is considered as hydrophilic and have a strong wetting
behavior whereas, for a higher contact angle i.e. > 90o, the surface
becomes hydrophobic. In this scenario, a compromising value
within the range of 62-78o is more suitable for inkjet printing
systems to achieve the most optimal results. Treating and
achieving these ranges is also accompanied by the surface
roughness values that also contribute signiﬁcantly to the
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RESULTS AND DISCUSSIONS
Contact Angle Analyzer Analysis
Wettability of the polymeric substrates is characterized by several
characteristics inﬂuencing the interfacial properties and
interactions of the impacting droplets with target surfaces.
These various characteristics are determined with contact
angle analyser which are useful in quantifying and optimizing
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TABLE 1 | Contact angle analysis on PI and PET substrates.
Substrate type

No treatment

UV treatment

O2plasma treatment

Chemical treatment

76.42
39.56
−36.52
113.84

61.31
46.52
−43.23
123.24

64.25
45.21
−41.63
121.49

63.56
44.85
−44.27
126.51

78.23
20.15
−52.36
93.54

68.45
27.65
−57.35
110.36

64.15
26.31
−55.32
108.57

66.27
29.86
−59.25
111.59

PI Substrate
Contact Angle (o)
Wetting Energy (mN/m)
Spreading co-efﬁcient (mN/m)
Work of adhesion (mN/m)
PET Substrate
Contact Angle (o)
Wetting Energy (mN/m)
Spreading co-efﬁcient (mN/m)
Work of adhesion (mN/m)

surface conditions for the printing related developments. Among
these, the most important parameters are contact angle itself,
wetting energy, spreading co-efﬁcient and work of adhesion.
Optimal values of these parameters were determined after each
treatment technique. The optimal conditions (described in
section Substrates Preparation) were reached based on
obtaining the best possible printing results. The surface
conditions producing acceptable printing results were then
analysed with contact angle to determine the interfacial
properties of the contacting medias. Contact angle parameters
are determined before and after substrate treatments as
summarised in Table 1.
It is evident that the contact angle is higher both for PI and
PET substrates before treatment, making it marginally
hydrophobic. However, the contact angle is tuned at desired
values after several trails by adjusting the UV and O2 plasma
conﬁgurations. The treatment conditions were optimized
(described in section Substrates Preparation) based on the
printing results obtained on the substrates. The surface
properties were tested at these optimally treated conditions
producing best printing results. Other parameters beside the
contact angle were also enhanced which signiﬁcantly
contributed to the printing quality of the patterns.

of the ink with uniform edges is highly demanding especially for
high resolution and dense integration of metallic structures. The
minor spikes bulging out from the main printed track restricts
from designing structures at much lower inter-layer spacing. For
instance, maintaining a gap of few micrometers, which is ideally
required for developing high resolution devices and particularly
the ones comprised of interdigital electrodes. Beside this, the
discontinuity in printed patterns at random spots caused by the
repelling behavior of the substrate becomes more challenging.
This is evident in one of the printed lines in Figure 2A. The
random occurrences of such discontinuity spots make the whole
development process uncertain, as a single micron-scale spot
would result in dysfunctional devices, especially the metallic
structures.
To address the challenges of nonuniformity and uneven
distribution of the printed droplets, the substrate surfaces are
functionalized by practicing different treatment techniques.
Results shown in Figures 2A–C are obtained after tuning the
surface properties of the substrates. Figure 2B shows printing
results of Ag patterns obtained after substrate was treated with
UV (ultraviolet) light. Similarly results in Figures 2B,C are
produced after treating the PI substrate with O2 plasma and
chemical modiﬁcation techniques, respectively. A signiﬁcant
improvement in the uniform distribution of droplets is
achieved producing uniform edges. Comparing the results
obtained with the three treatments techniques, there is no
signiﬁcant variation in the pattern widths as well the quality
of the printed Ag lines. The results obtained with O2 plasma
treatment Figure 2C have better edge uniformity, as the
parameters such as O2 ﬂow control in the chamber, power to
generate plasma and ﬁnally the ﬁne adjusting of time required to
achieve the most suitable printed patterns on the substrate. On
the other hand, UV plasma treatment can be controlled only
through time adjustment. Nonetheless the techniques used here
are compared primarily based on the results obtained and
secondly on the ease in processing and reproducibility of the
treatment techniques. Comparing the quality and resolution of
the printing results for each corresponding treatment technique,
no signiﬁcant variation is observed. However, comparing the
processing steps required, the chemical modiﬁcation-based
technique becomes attractive due to its single step process and
straightforward procedure. No complex adjustments and ﬁne

Printing Results on PI Using the Three
Treatment Techniques
Quality of the printing results as well as high resolution
patterning are at the heart of substrate treatment
developments. The central idea in practicing the three
different treatment techniques is to obtain the most acceptable
printing results at reasonably lower and simple processing steps.
These processing techniques however are adopted without
compromising on the quality of the printed results and the
higher resolution that could be achieved. Figure 2 shows
images of the printed Ag patterns on non-treated and treated
substrates. The irregularity in the print borders and noncontinuous printed patterns at random are evident from
Figure 2A. The repellent behavior of the surfaces due to
hydrophobic properties are dominant, which causes irregular
and non-uniform distribution of the ink droplets after
impacting with the substrate. Even distribution and spreading
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FIGURE 2 | Printed Ag patterns on, (A) un-treated PI, (B). UV treated PI, (C). O2 plasma treated and (D). Chemically treated PI

tuning are required as needed in the UV as well as O2 plasma
treatments.
Besides the homogenous printing on treated substrates,
adhesion of the printed structures is also enhanced. This has
been experimentally conﬁrmed by performing an adhesion-loss
test using a scotch tape. The printed structures both from the
untreated and treated surfaces were tested. Standard crosssectional cuts were made on the printed patterns before
applying the tape. For this test, a separate large area
rectangular structure was printed instead of applying the tape
test on the printed line. A signiﬁcant improvement in adhesion is
observed for all the three treatment techniques as compared to
the results on non-treated surfaces. Poor adhesion of the printed
patterns with untreated substrates is observed, where more than
50% of the structure is detached. On the other hand, strong
adhesion is observed after performing the tape test individually
on each treated substrate samples. The minor delamination at the
intersections is caused by the cuts applied while performing the
standard test.

making irregular and discontinuous patterns. Ink does not spread
out uniformly due to the lower spreading co-efﬁcient and more
hydrophobic properties of the surface. Wet treatment method is
applied to modify the surface properties, which ultimately
produced the most desirable results as shown in Figure 3B.
Cellulose based substrate is also tested for the printing
experiments as shown in Figures 3C,D. The untreated surface
allows at least intact patterns as against untreated PET substrate,
due to the absorption capability presented by the cellulose mixed
in the partially plastic based contents. The spontaneous bulging
out of the ink at random is controlled by the mild wet treatment
technique. For the cellulose-based substrate, the wet treatment
technique is slightly modiﬁed. The cleaning liquid is ﬁrst sprayed
on a cotton-based fabric and subsequently applied on the
substrate surface for treatment. This reduces the risk to
degrade the surface quality, as the solution can easily be
absorbed by the cellulose content on the polymer mixture.
Patterns in Figure 3D shows the results after this mild wet
treatment technique. The boundaries are enhanced
signiﬁcantly, however the absorption capacity of the cellulose
content effects largely the patterns resolution. Line width of the
printed patterns are increased even after one printing cycle. This
has observed to increase further with the increase in printing
cycles as it is required for the enhancing the electrical
conductivity. Nonetheless, this type of substrate can be applied
for low resolution structures and especially for patterns requiring
an inter-pattern spacing of approximately more than 200 µm. On
the other hand, ﬁne patterning and enhanced printing resolution
as a result of surface treatments on PET substrate enables lower

Printing on PET and Clarifoil Substrates
Further experiments were performed by validating the results on
diverse substrates. The commonly practiced Polyethylene
terephthalate (PET) and a cellulose based biocompatible as
well as biodegradable substrates were also tested. Similar
cleaning and treatment techniques were executed as were
performed for PI substrate. Figures 3A,B shows printing
results on untreated and treated PET substrates, respectively.
Ink droplets on the untreated substrates is randomly impacted
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FIGURE 3 | Inkjet printed results of Ag patterns on, (A) un-treated PET, (B). chemically treated PET substrate, (C). un-treated Clarifoil, (D). chemically treated
Clarifoil substrate.

inter-patterns’ spacing that would ultimately leads to the dense
integration of printed structures.
The comparative study performed to evaluate the optimal pattern
widths and inter-pattern gaps is shown in Figures 4A–C. The wet
based treatment technique is selected for this comparative study to
authenticate the potentials of the newly proposed treatment
technique. The gap between consecutive or neighboring printed
patterns is important especially in developing sensors constituting
inter digital electrodes (IDEs) and sensitive metallic structures as
RTDs (resistance temperature detectors) etc. Reproducing the same
printing widths as shown in all the patterns of Figures 4A–C
guarantees the reliability and repeatability of the printed structures
at similar treatment and printing parameters. Printed patterns’ at
approximately 70 µm widths are repeatedly produced at several trials
and changing the substrate as well. No signiﬁcant variation in the
patterns’ widths is observed albeit the multiple printing cycles for
enhancing the electrical conductivity. This conﬁrms the reliability of
the proposed treatment as well as consistent printing process
parameters for rapid and high throughput production of printed
devices at similar conditions. The inter-digital space between the
neighboring printed structures is evaluated by keeping the interpatterns’ distance as high as 60 μm, down to 20 μm, as shown in
Figures 4A–C respectively. A critical space limit of the inter-digital
patterns’ i.e. 20 µm is reached as shown in Figure 4C. The minor gap
in the center is still visible, however, the gap was not possible to be
maintained consistently as well as not repeatably. The ﬂow out of the
ink and accumulation at the edges as a result of multiple printing
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FIGURE 4 | Optimizing the interdigital spacing between printed lines on
a chemically treated substrate.
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FIGURE 5 | Printed results characterization (A) Optical micrograph of a printed RTD, (B). SEM image of printed Ag, 9 (C). Surface quality and roughness measured
by 3D nanoproﬁler, (D) thickness of a printed Ag pattern.

cycles causes the ink to bridge the gap and making the lines
interconnected. This can be avoided by increasing the platen
temperature (∼60 C) for rapid and complete evaporation of the
surfactants added in the ink as well as increasing the time
between the subsequent printing layers. However, increasing the
platen temperature to 60 °C is observed to have signiﬁcant impact on
the printability of the ink. Short intervals for the cleaning cycles were
needed in the printing program to avoid blocking of the nozzle
printhead due to the proximity and elongated exposure of the nozzle
to elevated temperatures of the platen.

simultaneously led to higher aspect ratio patterns, however the
interlayer delay and moderate absorption capability of the
cellulose-based substrate facilitates the higher resolution as
well as minimal inter-patterns gaps. Ag pattern widths at
80 µm with gap of 60 µm between the consecutive lines were
printed as RTDs repeatedly on multiple substrates. Consistency
in the ﬁlm quality as well as thickness of the printed lines were
conﬁrmed by characterizing the printed lines through SEM and
3D Nanoproﬁler respectively as shown in Figures 5A–D. The
uniformity in physical properties of the printed structures
ultimately result in consistent response of the electrical and
sensing responses. Figure 5A shows the optical graph of the
planar as well as bent RTD structure, whereas Figure 5B shows
the SEM image of the Ag surface. Surface quality and thickness of
the printed line obtained from the 3D analysis (shown in Figures
5C,D respectively), it is evident that uniform thickness of about
800 nm is obtained. Some spikes are also observed, which might
be due to the aggregation of the nanoparticles while deposition or
uncleared dust particle. These spikes, however, can be overcome
by maintaining the uniform average nanoparticles sizes in the
colloidal solution as well as proper dispersion of the nanoparticles
in the ink surfactants to avoid any agglomeration. Similarly,
performing the printing experiments in clean room
environment would help in minimizing the dust particles
involvement. The most favorable conditions and materials lead
to production of high aspect ratio printed structures, which
produce the desired electrical conductivities, besides the physical
ones. For measuring electrical resistances, a four-probe measurement

Temperature Sensor
A temperature sensor is developed as proof-of-concept device, a
step towards realizing a wearable sensing device. Biocompatible
substrates are ideally required for the development of wearable
sensors and electronics. Therefore, the cellulose-based substrates
used here is utilized as biocompatible substrate more suitable for
wearable temperature sensors. The commonly used architecture
of RTD is printed on cellulose based Clarifoil substrate. Easy
fabrication through printing and subsequent fast sintering
enables the rapid manufacturing of such devices on larger
scale. Thickness of the selected substrate is 50 μm, which
enables conformal integration to nonplanar surfaces as well as
for easy manipulation and handling during the process
development. Ag nanoparticles-based solution with suitable
rheological properties for printing was used for all the metallic
patterns as well as interconnects. The multiple printing cycles
executed to achieve an acceptable electrical conductivity value
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where ΔT  Tb-Ta accounts for the temperature change from
base to the higher rise point, Ta is the base temperature where the
sensor is checked producing 52 Ω as Ra. Tb is the successive rising
temperatures and is cross-checked with the corresponding
increase in resistance (Rb) as a function of temperature. Here
the TCR value calculated is approximately 0.0024 K−1, which is
acceptable for applications in thermal sensing.

Sensor Testing
Resistance temperature detector is a contact-based temperature
sensor, which changes its resistance along with the change in
temperature. The energy of the atoms increases with the rise in
temperature of a metallic body. Hence, the atoms vibrate and results
in collision in the conduction band. These collusions result in zigzag
ﬂow of electrons and increase the overall resistance. This variation in
resistance caused by temperature change is used to detect the
temperature. Change in resistance is almost linear with the
temperature rise. The advantages of RTD type temperature
sensors are, small size, high accuracy, short response time and
simple architecture. Figure 7 depicts the RTD based fabricated
temperature sensor array on the biocompatible Clarifoil substrate.
Left top inset of Figure 7A shows a microscopic image of a single
sensor, and right top inset shows an SEM image of the printed Ag.
Electrical connection was established between the measuring tool and
sensor’s pad through copper connecting wires and silver epoxy paste.
Sensor was tested against variable temperature from 20°C to 50°C.
This range is selected due to the fact that human body temperature
variations are covered within this operating window. To determine
the changes, the sensor is tested to mimic the human body variation
and is kept on a hotplate as shown in the inset of Figure 7B. The
sensor showed change in electrical resistance from 53 to 58 Ω against
temperature variation from 20°C to 50 C. The sensor response is
stable and repeatable by testing multiple sensing devices. The sensor
response is slightly slower at temperatures between 25-34°C, however
become linear afterwards. The sensor response window is small,
which can be complemented by using ampliﬁers circuits. The
complementary circuits and ﬁlters would also help in
compensating the accidental variations that might be caused from
the physiological movements of the human body parts. A signal

FIGURE 6 | TCR of the printed RTD in a climatic chamber.

tool is used to determine the resistivity. The printed thin ﬁlm
of Ag is recorded to have resistivity of about 20 µΩ-cm at the
end of sintering step performed in a convection oven at 120°C
for 1 hour, which is in acceptable ranges for such applications.
Electrical measurements were performed before testing the
devices on real-time wearable thermal sensing applications.
Changes in the electrical resistance of the printed RTDs with
temperature rise are key to the thermal analysis through such
devices. Therefore, base electrical resistances were measured of
the RTD structure. TCR of the RTD was calculated by keeping
the sensor in a climatic chamber and recording the resistance
values against the rise in temperature. Figure 6 shows the TCR
graph of the printed RTD. Measuring temperature through
RTDs is advantageous due to its customized sizes, simple
architecture, good accuracy and highly responsive. Equation
used to determine TCR of a RTD is as;
TCR 

Rb − Ra
Ra (ΔT)

(1)

FIGURE 7 | (A) Fabricated temperature sensor on PET substrate, (B) Temperature sensor measurement setup and temperature curve.
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processing unit comprising ampliﬁers, ﬁlters and wireless
communication modules will be developed for full deployment on
human body.

Further, this rapid treatment technique is ideal for roll-to-roll
manufacturing systems, where large rolls of polymeric substrates
are used for fast fabrication of printed devices.

CONCLUSION

DATA AVAILABILITY STATEMENT

This research presented a comparative study based on different
substrate treatment techniques and their impact on the printed
results. The conventionally used UV and oxygen plasma
techniques are applied along with a newly proposed chemical
based rapid treatment technique. The techniques are
characterized based on the processing steps and complexity,
and it is concluded that newly proposed chemical based
technique produces promising results considering both the
surface treatment as well as printing results on it. The
techniques are characterized and compared for the inkjet
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