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A B S T R A C T   

With the ever-evolving demand for highly compact instruments, development in miniaturized products has been 
one of the major highlights in the technological research for the past century. A renowned example is the pre
dictions given by Moore’s law, pertaining to the proliferation in the numbers of transistors within electronic 
equipment’s with time. Such devices found interest in several applications including industrial usages and 
biomedical fields, such as health diagnosis and therapies. Recent advances in electronic devices is related to its 
contact compatibility with non-planar surfaces, which are, otherwise, hard to scan with rigid devices. Such 
advancements were facilitated by the new developments in the electronic device’s flexibility. In the current 
work, the fabrication of flexible sensor is provided in this paper, where a Nickel pattern along a polyimide 
substrate is used as a resistive based temperature indicator. One of the advantages of such sensors is its adapt
ability to various surface configurations, such as cylindrical tubes. Such sensor can play a crucial role in detailed 
examination of adverse flow condition, such as in phase change application, which can be achieved by its 
instantaneous measurement at multipoint resolution and conformity to non-planar surfaces   

1. Introduction 

In the past decades, developments in the sensor’s fabrication have 
been the focus of wide of variety of applications. These include thermal 
actuator, flow rate and temperature measuring devices, and sensors 
pertaining to gas monitoring within food logistics [1–3]. Previous work 
focused on several temperature sensor types, which include resistive 
based sensors, thermistor, pyroelectric temperature sensors, and 
transistor-based temperature sensor. Several works [4–6] were involved 
in the development of flexible thermistors for skin surface monitoring 
applications. This was achieved with the introduction of novel materials 
such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT) and carbon allotropes. A temperature sensor with a sensitivity 
of 1.0% per ◦C was reported by Huang et al. [6]. Thermistor response 
time are in the order of seconds, which are generally inadequate for high 
frequency applications. Zinc Oxide (ZnO) nanowires utilized by Liao 
et al. [7] as a pyroelectric temperature sensor exhibited an improved 
response to thermistor-based temperature sensor, where the fabricated 
device was able to withstand a strain up 150% with a varying temper
ature sensitivity 39.3% and 16.8% per ◦C. A lower response time of 
0.121 s was recorded by Sultana et al. [8]. Other work focused on the 
development of transistor-based temperature sensor [9,10], where a 

sensitivity of − 24.2 mV/◦C was reported for Single-wall carbon nano
tubes (SWCNT) based temperature sensors. Organic field-effect tran
sistor (OFET) flexible sensors were developed by Kim et al. [10], which 
was characterized with a bending radius of 1 cm. Complications in the 
transistor fabrication process places some restrictions in the mass pro
duction of such sensors. A review on the state of the art within flexible 
sensor fabrication is given by Costa et al. [11]. 

Several studies focused on developing high compact resistive sensor, 
with competitive spatial resolution performance. One such study is the 
works done by Xiao et al. [12], where they fabricated a flexible sensor 
based on thin platinum film, deposited on imidized polyimide layer. In 
Xiao et al. work, they were able to deduce the temperature coefficient of 
resistance (TCR) of the platinum sensor by direct resistance measure
ment over small temperature increment, from room temperature to 
200 ◦C, where a value of 0.00291 ◦C− 1 was found for the sensor. From 
Xiao et al. work, they were able to conclude that a higher sensor’s 
sensitivity and response frequency can be achieved by reducing parasitic 
heating loses, via thermal isolation enhancements, which was brought 
about by the flexible polyimide substrate, relative to the rigid silicon 
wafer [12]. In another study by Chia et al. [13], a platinum (Pt) tem
perature sensor was fabricated via “double sided fabrication process”. 
Such approach involves depositing “serpentine shape” Pt metal sensor 
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on one of the polyimide, while patterning the scanning circuitry on 
copper clad laminated on the other side of polyimide sheet, establishing 
electrical connection through drilled holes within polyimide layer. Some 
of the sensor’s design constrictions applied by Chia et al. was to ensure 
that resistance changes were due solely to the platinum sensor itself, 
which was achieved via dimensional manipulation of both Nickel (Ni) 
and copper pattern, a factor of direct influence upon the resistance 
value. A similar TCR value to Xiao et al. was report by Chia et al., which 
was deduced by observing the resistance variation relative to the 
ambient air thermocouple measurement [13]. 

In another work by Lee et al. [14,15], a flexible sensor was developed 
for the field of aerodynamics, so as to detect flow separation points over 
curved surface, via DC voltage measurements. The sensor was fabricated 
by engulfing a platinum-deposited sensor within a polyimide, which was 
temporarily attached to a rigid wafer, via a sacrificial Aluminum layer. 
The variation in thermal expansion properties, between the different 
layers in the platinum sensor, can lead to a crack failure within the 
sensor. Such issue can be averted by applying a low temperature control 
technique in the sensor’s fabrication process, so as to compensate for the 
deviation in the thermal expansion properties between the polyimide 
and the platinum sensor [14,15]. The reported performance of the 
platinum flexible sensor was similar to the one acquired from the case 
with a rigid substrate, where a constant current circuit configuration 
was used for the excitation in order to prevent sensor self-heating. Like 
Xiao et al. [12] study, a high dynamical sensor response with a fre
quency as high as 160 kHz was observed within Lee et al. work, which 
they attributed it to the sensor’s lower thermal inertia, due to thermal 
insulation brought about by flexible substrate. 

Other kinds of flexible sensor include Humidity and chemical 
detecting sensors. An example of a humidity sensor is piezoelectric 
sensor, which utilizes Schottky junctions such as Platinum-Molybdenum 
DiSulfide (Pt – MoS2) composite. Such sensors had a sensitivity around 
35%/%RH, but fell short in terms of response time (92 s) [16,17]. On the 
other hand, chemical sensors can contain active sites that absorbs target 
molecules, which induces a measurable current flow, via electron-hole 
pair generation process. An example is the Tin (IV) Oxide (SnO2)-func
tionalized MoS2 chemical sensor, which absorbs oxygen molecules upon 
contact. A relatively high sensitivity (700%) was observed upon testing 
the sensor with Nitrogen dioxide gas [18]. 

Some of the major challenges with respect to the sensor’s fabrication 
regard the dimensional scale difference between the patterned lead 
connection and the deposited sensor metal, which is one of the main 
causes for electrical disconnection, due to the sensor’s breakage along 
the lead’s edges. Such issues are further complicated if an adhesion layer 
exist between the flexible substrate and the pattern leads. From the 
aforementioned studies, it can be seen that it’s crucial to include a 
thermal insulation within the metal sensor design, which can affect its 
performance criteria, such as measurement sensitivity and resolution 
[12–15,19]. In addition, the properties of the deposited metal sensor can 
be affected by the thickness of the deposited metal sensor, which some 
studies have indicated deviation from bulk metal value for thicknesses 
close to the mean free path. For instance, Siegel et al. [20] observed an 
inverse relation between resistance and temperature for gold thickness 

of several nm, as opposed to the proportion relation between resistance 
and temperature of gold bulkier thickness [20]. Annealing treatment to 
platinum sensor is recommended for TCR stability, where it tends to 
have an initial variation with temperature [14,15]. 

In the current work, the fabrication of a flexible temperature sensor 
is elaborated in this paper, along with prominent issues encountered at 
each step of the fabrication process. The flexible sensor consists of a thin 
film of Ni with copper (Cu) leads, which tends to overcome the adhesion 
issues arising within Pt-based sensor. An example is polyimide, where a 
tie coat is applied between the Pt and polyimide surface, which acts as 
an adhesion promoter. Such configuration can have a detrimental effect 
on the performance of platinum-based sensor. In fact, Lee et al. [14,15] 
have emphasized in their work that a lower TCR values for platinum 
sensor was acquired with the usage of Titanium tiecoat as an adhesion 
layer, which was associated with impurity introduction into the Pt layer 
[14,15]. Other advantages of Ni based sensor include hard, wear and 
corrosion resistance, as well as its ability to form a good adhesion with 
polyimide surface, via surface etching. In addition, Ni has a cheap price 
unlike other precious metals such as Pt [14,15,21,22]. 

2. Design and optimization 

Fig. 1a shows an illustration of one of the sensor concept designs in 
which they are arranged in a column fashion. The design features sen
sors that are shifted towards the center, as shown in Fig. 1. Such 
configuration would provide symmetrical advantages; especially, in 
internal flow applications that can bring about a better flow integrity. 
The design contains 38 sensors that feature’s 39 leads, including the 
ground lead, which is shared among all sensors. Ample spacing between 
the Positive terminal leads ensures transparency through the sensor, 
where 100 μm lead widths were separated by a distance of 200 μm 
spacing. The total width covered by the leads is 1.16 cm, with a 
maximum lead vertical length around 7.58 cm. Two parameters of the 
thin film resistor sensor can be readily deduced from Fig. 1, which in
cludes the line width (w) and the line segment length (D). 

The effect of the sensor array self-heating via the supplied current 
was investigated, where the temperature difference between the sen
sor’s surface and the ambient was examined with respect to various 
sensor’s geometrical parameters. Starting by Eq. (1), the convection heat 
transfer was assumed to be the main mechanism of heat transfer, while 
the sensor element resistance (R) is given by Pouillet’s law, as shown in 
Eqs. (1) and (2), respectively. 

I2R = hA(Ts − T∞) (1)  

where I is the current, h is the heat transfer coefficient, A surface area of 
the sensor, and Ts and T∞ are the surface and ambient temperatures, 
respectively. 

R = ρ L
wt

(2)  

where ρ is the sensor’s resistivity, t is the sensor’s thickness, and L is the 
total sensor’s length, taken as the product of D by the number segment 
repetition (n). The heat transfer coefficient (h) was found from Nusselt’s 

Fig. 1. Sensor design, (left) sensor pattern, (right) sensor design parameters.  
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Number (Nu) correlation for free convection along horizontal plate, Eq. 
(3), where FC 72 working fluid properties was used to derive the Ray
leigh Number [23]. The working fluid used is similar to the one used in 
Yerramilli et al. work [24]. X parameter in Eqs. (3) and (4) is the 
characteristic length of a flat plat, given by Eq. (5). The temperature 
difference- current relation, given by Eq. (7), was acquired from the heat 
transfer coefficient, Eq. (6), which was substituted in Eq. (1) and 
rearranged. 

Nu = 0.27Ra1/4
X =

hX
kfluid

(3)  

Ra =
[(gβ

υα

)
(Ts − T∞)X3

]
(4)  

where β, υ, and α are the surrounding fluid properties, corresponding 
to thermal expansion coefficient, kinematic viscosity, and thermal 

diffusivity, respectively. The characteristic length in Eq. (4) can be found 
from Eq. (5). 

X =
A
P

(5)  

where A and P are the area and the sensor’s edge parameter length, 
respectively. 

h = 538.741
[(

P
A

)

(Ts − T∞)

]1/4

(6)  

Ts − T∞ =

(
I2R

538.741A3/4P1/4

)4/5

(7) 

Fig. 2a shows the behavior of the sensor array resistance with respect 
to deposition thickness for Ni, where both the line width and the pitch 

Fig. 2. Effect of deposition thickness upon sensors (a) Resistance, (b) Temperature change.  

Fig. 3. Effect of Sensor line width upon its resistance (a) Sensor line width 15 µm, (b) Sensor line width 105 µm.  

Fig. 4. Effect of Sensor line width upon its temperature change, (a) Sensors line width 15 µm, (b) Sensors line width 105 µm.  
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spacing of the Ni pattern were 60 µm. A single line segment of the Ni 
pattern was chosen to have a length of 0.7 mm. In general, the material 
resistance decreases with deposition thickness. The resistance variation 
is within the same magnitude for both Ni and Cu leads. Such result is 
prominent beyond deposition thickness of around quarter of a μm, 
where the ratio between the Ni to Cu lead resistance change is 2:1. Such 
variation in resistance implies a requirement of thicker deposition on the 
leads, relative to the Ni layer. As for the temperature difference, between 
the sensor surface and the surrounding fluid, a similar conclusion can be 
drawn, where it decreases with respect to the deposition thickness, as 
shown in Fig. 2b. One of the relevant results concluded from Fig. 2b is 
the possibility to achieve less than 1 ◦C temperature using 10 mA or 
more of current, based on the deposited thickness of material. Another 
parameter that was examined in the analytical calculations is the line 
width of the sensor, as shown in Figs. 3 and 4. One aspect that merits line 
width increase of the sensor is the devices reliability, which tends to 
decrease with line width reduction, as noticed in a study by Yerramilli 
et al. [24]. A major disadvantage of using larger line width, however, is 
the large loss in the sensor’s resistance, which can become comparable 
to the lead’s resistance, as shown in Fig. 3. As a consequence, it may 
compromise the acquired data credibility, with the introduction of a 
comparable external resistance. Thus, a balance between electrical 
resistance and device reliability should be reached, to ensure a proper 
functionality in the testing measurement. 

The Sensors temperature sensitivity can be acquired as follows: 
Starting with the temperature dependency of both the leads (RL) and the 
sensor (RS), the total resistance (RT) can be found from Eq. (8). 

RT = RS +RL (8) 

Expanding Eq. (8) then simplifying common terms: 

RSo[1+ αs(T − To) ]+RLo[1+αL(T − To) ] = RSo[1+αs(T ’ − To) ]+RLo

(9)  

αsRSoT +αLRLoT − αLRLoTo = αsRSoT’ (10) 

A non-dimensional temperature fraction (θ) can be obtained through 
common terms rearrangement, which can be used as a measure for the 
sensor sensitivity, given by Eq. (11). 

θ =
T − T ’

T − To
= −

αLRLo

αsRSo
(11) 

For TCR ratio of the leads to sensor(αL
αs
) 1

2: 

θ =
T − T ’

T − To
= −

1
2

RLo

RSo
(12) 

The corresponding temperature fractions for a lead’s thickness of 0.5 
and 1 μm are 0.0308 and 0.0154, respectively, using 0.1 μm of Ni. In 
other words, the error involved in approximating the temperature 
changes with respect to Ni is around 3 and 1.5 percent, for a leads 
thickness of 0.5 and 1 μm, respectively. 

3. Sensor fabrication 

The sensor fabrication process begins with patterning the Cu leads 
for signal transmission purposes. This achieved via photolithography of 
a Cu clad laminated on a single a polyimide sheet, where a Dupont 
Pyralux sheet (AC 121200EM) was used. The Pyralux sheet consists of 
12 μm of polyimide and 12 μm of Cu clad. The Pyralux sheet was 
mounted on a hollow fiberglass frame, where the patterned sensor can 
be easily removed from the frame upon its completion. A positive 
photoresist (Shipley 1813) was used to develop the pattern layer on the 
Pyralux sheet, where the exposed surface to the UV light would dissolve 
away upon developing. This was achieved using mylar film photomask, 
shown in Fig. 5, was used in the procedure, where the required lead 
pattern areas of the photoresist would be protected by the photomask 
from the UV light. 

Upon photoresist development, the Pyralux sheet would be exposed 
to a chemical etchant, so as to acquire the needed copper pattern. Cupric 
chloride (CuCl2) was initially used as an etchant, which was prepared by 
mixing hydrochloric acid (HCl) and hydrogen peroxide (H2O2). In 
principle, the HCl tends to react with the Pyralux copper clad, con
verting it in process to CuCl2, a copper etchant. On the other hand, H2O2 
tends to “reactivate” the CuCl2 [25]. However, CuCl2 tends to be a strong 
etchant agent of copper with a high etching rate. As a result, ferric 
chloride (FeCl3), an industrial copper etchant, was used as an alternative 
etchant, which was capable of etching away 12 µm of Cu within 13 min. 
Another issue with chemical etching is the undercutting, which becomes 
more severe as the pattern width approaches the thickness of the sample 
to be etched, due to the isotropic nature of chemical etchant. To over
come the undercutting issue, a wider pattern leads were used, where 
copper leads were able to survive the chemical etching procedure, as 
shown in Fig. 6. Later on, the remaining photoresist would be washed 
away using acetone solvent after which the patterned Pyralux sheet has 
been cleaned and dried out. 

Plasma treatment was applied to the patterned Pyralux sheet prior to 
the Ni pattern deposition, so as to increase its surface roughness. 
Therefore, a better surface adhesion to the deposited Ni would be ach
ieved, via inter mechanical interlock. During plasma treatment, oxygen 
(O2) gas was ionized at a power rating of 200 W. The chamber pressure 
was set around 60 mTorr, where the sample has been exposed to plasma 
for a duration of 300 s, as recommended by Woo et al. [26]. Two Ni 
deposition method was investigated: sputtering and electron beam 
evaporation. Ni metal deposited via sputtering resulted in a structure 

Fig. 5. Mylar film photomask.  

Fig. 6. Copper Lead patterns, (a) thinner width pattern feature relative to 
copper thickness, (b) Wider pattern feature relative to copper thickness, (c) 
biggest feature, (d) smallest feature. 
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with degraded conductivity. In a further study, two samples of Ni thin 
films of 50 nm thickness were deposited via sputtering, where their 
morphology were examined under scanning electron microscope (SEM). 
The sputtering machine was configured at 300 W, where argon gas was 
supplied at a flow rate of 5 sccm. One of the samples was continuously 
deposited to the required thickness, while the other sample was depos
ited at an interval of 3 min with a cool down time between deposition. 
The cool down time between depositions lasted for 10 min. Fig. 7 shows 
images from the SEM of the samples. The Ni sample that was deposited 
with a cool down time tend to form a conglomerate structure. On the 
other hand, the sensor that was continuously deposited showed signs of 
particle dispersion, as illustrated in Fig. 7. Such morphological struc
tures have direct consequences upon the observed electrical conduc
tivity of the sensor, where the sample that was deposited continuously 
showed null conductance, unlike the sample that was deposited with 
occasional cool down time periods. Despite the improvement brought 
about by the intermittent deposition, the acquired TCR along the thin 
film was still high, which was in the order of 0.0004 K− 1 in some of the 
patterned Ni films. 

Deposition via electron beam evaporation resulted in an appreciable 
TCR value, which were in the range of 0.001 K− 1–0.002 K− 1. Appar
ently, Ni metal deposited via electron beam evaporation has inherent 
conductivity advantages, which might be related to the directional 
orientation in the metal deposition, relative to sputtering deposition 
process. The degradation in the Ni thin film electrical conductivity can 
be correlated to the usage of argon as the ionizing gas rather than O2, 
during the sputtering process. Previous studies by Guziewicz and et al. 
[27], Karpinski and et al. [28], and Angadi and Udachan [29] indicated 
that the grain size is affect by the O2 content of the ionizing gas, which in 
turn has a direct impact upon the mean free path of the conduction 
electrons. As a consequence, the lack of O2 during the sputtering 
deposition can bring about Ni dispersion, which would hamper the 
electrical conductivity along the deposited Ni film. 

The Ni patterning is similar to the wet etching process of the Pyralux 
sheet from which the Cu leads were formed. In practice, a thin film layer 
of Ni with a thickness of 50 nm would be deposited on the Pyralux with 
patterned Cu leads, where a positive photoresist would be spin coated on 
top of the deposited Ni layer. Afterwards, another set of Mylar mask 

40 μm 40 μm

1 μm 1 μm

300 nm 300 nm

Fig. 7. SEM images for the two 50 nm Nickel film samples at different magnification, (Left column) continuous deposition, (Right column) intermittent deposition 
with cooling intervals. 
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would be used to control the UV exposure upon the photoresist, where 
the developer would expose the unwanted region of the Ni thin film. 
This step would pave the way for the Ni patterning, where the wet 

etching process would clear away the uncoated regions of the Ni thin 
film. Fig. 8 shows a depiction of the Ni pattern upon the Cu leads. 

Ni patterning via photoresist shadow mask liftoff was also attempted, 

Fig. 8. Depiction of Nickel pattern on the copper leads (left) Nickel pattern via wet etching, (right) measured dimension.  

Fig. 9. Depiction of deposited Nickel contact with copper leads pattern using two different liftoff shadow mask, (left) Shipley 1813 photoresist, (right) AZ 4620 
photoresist. 

Fig. 10. Summary of Nickel Sensor fabrication.  
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which was less stable in terms of its contact with the Cu leads. As shown 
in Fig. 9, the Ni pattern tend to break along the edge of the Cu lead, 
which would result in a signal disconnection. Using a thicker shadow 
mask, such as the AZ 4620, can relief the structural stress during liftoff, 
where a better contact is achieved between the Ni and the Cu leads, as 
shown in Fig. 9. Overall, the measured resistance of the sensor pattern 
was more consistent using wet etching than shadow mask liftoff tech
nique, where tiny flakes of Ni appear along the edge of the pattern after 
liftoff technique, as shown in Fig. 9. 

Fig. 10 summarizes the entire Ni thin film sensor fabrication process. 
The figure is not to scale. 

4. Sensor characterization 

The performance of the patterned sensor was characterized over 
different surface geometries, which include flat and various cylindrical 
surfaces with different diameters. Fig. 11 plots the fractional resistance 
change of the nickel sensor as a function of the sensor’s temperature 
change, with respect to its initial temperature. As shown in Fig. 11, a 
similar fractional change in resistance with temperature is acquired 
using cylindrical geometries with different diameters. The acquired TCR 
values for both cylinders was close to 0.002 K− 1, as shown in Table 1. 
Comparing TCR values acquired by the Ni sensor on flat surface and both 
cylindrical surfaces, the TCR value was higher in the latter case, which 
might be related to structural rearrangement of the Ni thin film. Effec
tively, a higher sensitivity is achieved by the Ni sensor on non-planar 
surfaces 

5. Conclusions 

In the current work, details for fabrication of flexible temperature 
sensors were provided in this paper, where the encountered obstacles 

within each step of sensor patterning was examined, with respect to 
various deposition and patterning techniques. For instance, issues 
associated with Cu leads undercutting were rectified via patterning 
width variation, with respect to the deposited Ni thickness. While wet 
etching patterning resulted in a better morphology of the Ni thin film, 
relative to liftoff techniques. The dissociated conductivity properties of 
the sputtered Nickel thin film were attributed to the ionizing medium, 
where previous studies observed that sputtered Ni films within an O2 
environment can benefit with respect to its electrical properties. As for 
the observed TCR values of the patterned Ni sensor, a similar value was 
acquired for different cylindrical diameters, which was higher than the 
value attained for planar surfaces. 
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