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 A flexible temperature microsensor based on a polyimide thin-film substrate is presented.  
The polyimide thin-film substrate can achieve good contact with skin during tumor ablation, 
and it has a high ultrasonic propagation rate when ultrasound is passed though the thin substrate.  
A serpentine structure of platinum film is designed as the sensing element, and the sensor is 
fabricated using microfabrication technology.  The characteristics of the sensor were studied in 
the temperature range from 25 to 100 °C.  The testing results show that there is a good linear 
relationship between resistance and temperature, and the temperature coefficient of resistance 
(TCR) of the flexible temperature microsensor is 2035 ppm/°C.  The current–voltage (I–V) curve 
shows that the temperature can be precisely detected when the drive current is lower than 20 mA.  
Impedance testing results show that impedance does not change with the frequency of the AC 
current.  In addition, the impedance of the sensor under AC conditions has the same value as the 
resistance under DC conditions, indicating that the performance measured under DC current is the 
same as that measured under AC current.  Such a flexible microsensor can be used to measure the 
temperature distribution for high-intensity focused ultrasound (HIFU).

1. Introduction

 High-intensity focused ultrasound (HIFU) has been extensively studied during the past decade 
as a clinical alternative for thermal ablation of tumor tissue.(1,2)  Volumetric sonication efficiently 
enlarges the ablated volume per sonication but remains limited by the increasing temperature 
induced in the skin and fat layers.  To avoid thermal lesion in the skin layer, it is necessary to obtain 
the temperature distribution on the skin.(3)  A temperature sensor is proposed to measure this 
temperature distribution. A schematic diagram of the method is shown in Fig. 1.  The transducer 
generates ultrasonic beams focused into the target to ablate the tumor.
 To be in good contact with skin and decrease ultrasonic intensity loss through the sensor during 
temperature measurement, a thin substrate is suitable as the substrate for the sensor.  Traditional 
materials such as silicon and glass are fragile and have other poor mechanical properties when 
they are too thin.  A sensor fabricated on a parylene substrate has been reported(4) as having 
a linear relationship between resistance and temperature.  However, the parylene substrate is 
not resistant to high temperatures, especially the bonding temperature for the lead wire, which 
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is higher than 150 °C.  Trung et al. fabricated an all-elastomeric temperature sensor array on 
polydimethylsiloxane (PDMS), that can be attached as a patch to human skin.(5)  PDMS has a small 
modulus of elasticity, and the displacement is large under small force.  The resistance of metal film 
deposited on a PDMS substrate varies largely, because, under tension conditions, the particles of 
metal film move away from each other, while in compression, they become closer to each other.(6)  
Polyimide overcomes the shortcoming of parylene and provides many advantages, such as good 
biocompatibility, good electrical insulation, high-temperature resistance (400 °C), high mechanical 
flexibility,(7–11) and high ultrasonic propagation rate.(12)  Platinum is selected as the sensor sensitive 
material, as it has a good thermal response that corresponds linearly to temperature.(13–15)  There 
is much interest in the development of polyimide-based devices for medical applications, which 
include implantable microelectrodes(16) for neural prostheses,(17) micro-hotplates and micro-
heater arrays,(18,19) and bolometers.(20)  To our knowledge, no one has addressed the fabrication of 
a temperature microsensor to measure the temperature distribution on the skin during ultrasound 
exposure.  Microfabrication technology is introduced herein for a temperature microsensor that can 
measure the temperature distribution precisely and quickly.  The thermal ablation temperature for 
tumor cells is above 43 °C, and the safe temperature for skin is below 50 °C.  To efficiently ablate 
tumor cells, the selected temperature for HIFU must be higher than 43 °C.  Thus, a sensor for the 
temperature range between 25 and 100 °C is proposed.  
 In this study, a thin flexible temperature microsensor based on a polyimide substrate for HIFU 
applications is proposed and fabricated.  The performance with respect to the resistance of this 
sensor is characterized in detail.  Meanwhile, properties of the sensor under DC and AC drive 
current are investigated.

2. Design and Fabrication

2.1	 Platinum	film	structure	design	and	fabrication

 The platinum is designed into a serpentine configuration as the sensitive element in the film 
sensor.  Figure 2 shows the diagram of the sensor.  The width and gap of the sensing element are 
both about 50 µm, and its thickness is 200 nm.  The resistance R of the sensor is calculated using

Fig. 1. Schematic diagram of temperature measurement on skin.
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 R =
ρl
wt

, (1)

where l is the length, w is the width, and t is the thickness of the sensing element.  At room 
temperature, the resistivity ρ is measured as 2.36 × 10−3	Ω∙cm	 by	 the	 four-probe	measurement	
method.		Thus,	a	sensor	with	a	resistance	of	182	Ω	at	room	temperature	is	designed.		
 Fabrication starts with a standard 3 in silicon wafer as the mechanical support.  The fabrication 
process of the platinum flexible microsensor is presented in Fig. 3.  In step (1), polyimide about 50 
μm	thick	was	spun	and	cured.		In	step	(2),	the	photoresist	was	coated	and	patterned.		In	step	(3),	
a Cr/platinum (10 nm/200 nm) bilayer was sputtered by DC magnetron sputtering.  The Cr film 
acts as an adhesion layer between the polyimide and the platinum film.  The lift-off process was 
completed to structure the temperature-sensitive element on the polyimide flexible substrate.  In 
step (4), the photoresist was coated and patterned.  In step (5), for the realization of bonding pads, 
a metal bilayer of Cr/Au (10 nm/250 nm) is fabricated by DC magnetron sputtering and a lift-off 
process.  In step (6), the flexible sensors were separated from the silicon substrate.  Figure 4(a) 
shows the image of the flexible microsensor, and Fig. 4(b) shows an optical microscopic image of 
the micro-temperature sensor.

2.2	 Temperature	simulation	of	polyimide	substrate

	 The	low	thermal	conductivity	of	polyimide	[0.15	W/(m∙K)]	will	lead	to	a	lower	temperature	on	
platinum film and the response time will be long.  The finite element analysis software Comsol 
is	 used	 to	 simulate	 the	 temperature	 distribution	 and	 temperature	 response	 of	 the	 50-μm-thick	
polyimide substrate for a flexible temperature sensor.  In the simulation, the temperature of the 
bottom side of the polymide substrate attached to skin is set as the human-body temperature of 
309 K.  As the substrate is in contact with air, all the surfaces exposed to ambient are set to have 
heat flux with the heat transfer coefficient of 5 W/(m2∙K);	 external	 temperature	 is	 set	 as	 293.15	
K.  The simulation result are shown in Fig. 5, the temperature difference between the surface 
attached to skin and the deposited surface platinum film is 0.057 K.  To improve the measurement 
accuracy, the temperature difference is added to the temperature measuerd by the platinum film to 
compensate the temperature drop caused by the polyimide substrate.
 The low thermal conductivity of polyimide also affects the response time of the temperature 
sensor.  Comsol software was used to calculate the response times of temperature sensors on 

Fig. 2. (Color online) Structure of the platinum sensor.
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Fig.	4.	 (Color	 online)	 Fabricated	 sensor:	 (a)	 flexible	microsensors	 and	 (b)	 optical	 microscopic	 photograph	 of	
micro-temperature sensor.

Fig. 5. (Color online) Temperature simulation of polyimide substrate: (a) temperature distribution along cross 
section	of	polyimide	substrate	and	(b)	temperature	at	different	depths.

Fig.	3.	 (Color	online)	Fabrication	process	of	flexible	microsensor.

(a) (b)

(a) (b)
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polyimide, PDMS, and parylene.  As can be seen from the simulation results in Fig. 6, the response 
times of temperature sensors on polyimide, PDMS, and parylene are about 80, 75, and 100 ms, 
respectively.  Temperature sensors on polyimide and PDMS show approximate response times, 
whereas that on parylene shows a longer response time because of its lower thermal conductivity 
[0.1256	W/(m∙K)].		

3.	 Characterization	of	the	Sensors

3.1	 Temperature	dependence	of	resistance

 The testing temperature range to investigate the thermal characterization of the fabricated 
flexible temperature sensor is from 25 to 100 °C.  The resistance under different operating 
temperatures was recorded using the physical property measurement system (PPMS, Quantum 
Design Corporation) shown in Fig. 7(a).  The fabricated sensors were attached on the sample stage 
of PPMS during measurement.  The temperature fluctuation of the sample stage is controlled to 
±0.02%.  The accuracy of resistance measurement is more than 0.01%.  The testing results are 
shown in Fig. 7(b).  

(a) (b)

(c)

Fig. 6. (Color online) Temperature transient response: (a) polyimide substratem, (b) PDMS substrate, and (c) 
parylene substrate.
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 The test data are fitted polynomially, and the result is expressed as

 R(T) = −3.57677 × 10−7T3 + 3.2739 × 10−4T2 + 0.33486T + 173.47695, (2)

where R(T) and T represent the current resistance and temperature of the sensor, respectively.  The 
polynomial is very close to the test data, and the maximum deviation between the polynomial and 
test data is less than 0.07.  It can be seen from the polynomial that the first-degree polynomial 
plays a dominant role.  Thus, there is good linearity between the resistance and temperature.  The 
temperature coefficient of resistance (TCR) between 25 and 100 °C is expressed as

 TCR =
R100◦C − R25◦C

R25◦C × (100◦C − 25◦C)
, (3)

where R100°C and R25°C represent the resistances at temperatures of 100 and 25 °C, respectively.  
On the basis of Eq. (3), TCR of the platinum resistor is 2035 ppm/°C, which is less than the 
value found for bulk platinum resistors (TCR = 3850 ppm/°C).  In the theory of metal electrons, 
resistance caused by electron scattering at grain boundaries has no relationship with temperature.  
The crystallinity of platinum film sputtered on polyimide is much lower than that of bulk platinum 
resistors, and there are more grain boundaries in platinum film.  Therefore, the proportion of 
the resistance of the platinum film attributed to electron scattering at grain boundaries is larger 
than that of bulk platinum resistors.  In other words, the proportion of platinum film resistance 
independent of temperature is larger than that of bulk platinum resistors.  According to Eq. (3), 
TCR of platinum film is lower than that of bulk platinum resistors.

3.2 Current–voltage (I–V)	curve	of	flexible	sensor	

 I–V curve is also used to characterize the thermal properties of the temperature sensor.  Power 
and resistance can be derived from this curve.  The output voltage of the sensor is measured under 
different currents ranging from 0.2 to 40 mA at 100 °C.  As shown in Fig. 8, when the drive current 
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Fig.	7.	 (Color	online)	Resistance	variation	between	25	and	100	°C	for	the	flexible	sensor:	(a)	physical	property	
measurement system and (b) test result.
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is lower than 20 mA, there is a linear relationship between I and V.  However, the curve deviates 
from linearity when the drive current is higher than 20 mA.  This is because the thermal power has 
a square relationship with drive current.  When the current is high, the self-heating phenomenon 
is obvious.  The temperature of the sensor is changed significantly with increasing thermal power.  
The platinum film has a positive TCR, which causes the resistance of the sensor to increase 
with increasing drive current.  Thus, the upward curve deviates from the straight line.  From the 
measured TCR, the increased resistance causes an error in the current temperature.  Hence, the 
drive current for the sensor must be less than 20 mA.

3.3	 Stability	of	flexible	sensor

 The stability of the sensor was evaluated using the resistance variation of the sensor with time 
when the drive current for the sensor was 20 mA.  Figure 9 shows that the resistance of the sensor 
under a 20 mA drive current is stable for 120 min at 100 °C.  A slight fluctuation in the curve may 
be induced by the variation in ambient temperature owing to self-heating.  It can be concluded that 
the sensor is also stable when the drive current is lower than 20 mA and the ambient temperature is 
below 100 °C, because self-heating and ambient temperature have minor effects on the sensor.

3.4	 Response	time	of	flexible	sensor

 To demonstrate the response time of the sensor, the measurement setup shown in Fig. 10(a) is 
adopted, the temperature of the heating platform is set at 100 °C, and the flexible sensor is adhered 
to a glass plate to bring the flexible sensor in contact with the heating platform for convenience.  
Because the ambient temperature is below 100 °C, the temperature of the sensor quickly reaches 
100 °C when it contacts the heated platform.  The variation in the resistance of the sensor is 
measured using a temperature controller (Model 350 Cryogenic Temperature Controller, LakeShore 
Cryotronics,	electronic	accuracy	is	±0.004	Ω).		The	relationship	between	time	and	temperature	is	
derived from the variation in resistance and calculated TCR as

 T =
R(T ) − R25◦C

α · R(T25◦C)
+ 25 ◦C, (4)

Fig. 8. I–V	relationship	of	the	flexible	sensor. Fig. 9. Evolution of resistance with time at 100 °C.
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where T, R(T), and α are the current temperature, current resistance, and the calculated TCR of 
the sensor, respectively.  The time response of the sensor is shown in Fig. 10(b); it results in a 
response time of 300 ms.  Because the sensor is placed on the heating platform manually, the actual 
response time of the sensor is far less than 300 ms.  The response time is shorter when the platform 
temperature is lower than 100 °C.

3.5	 Impedance	measurement	of	sensor

 The TCR, I–V curve, and stability of the sensor were measured under DC conditions.  The 
resistances of the sensor under DC at 25, 45, 65, 85, and 100 °C are 182.06, 189.15, 196.57, 204.05, 
and	209.87	Ω,	respectively.		Because	of	the	compact	serpentine	structure	of	the	sensor,	inductance	
and capacitance may exist when AC is applied.  Thus, it is necessary to study the AC impedance of 
the sensor.  
 The AC impedance measurement was performed using an inductance capacitance resistance 
meter (LCR) analytical instrument in the frequency range from 20 Hz to 1 MHz.  The test results 
show that the impedance increased slightly with increasing AC frequency, as shown in Fig. 11.  
 When the AC frequency is within 100 kHz, the maximum absolute deviation between 
impedance	 and	 resistance	 is	 less	 than	 0.4	 Ω.	 	 The	 test	 of	 the	 dependence	 of	 resistance	 on	
temperature	 shows	 that	when	 the	 temperature	 is	 increased	 1	 °C,	 the	 resistance	 increases	 0.4	Ω.		
Thus, the corresponding temperature error is controlled within 1 °C.  However, when the frequency 
is	as	high	as	1	MHz,	the	deviation	between	impedance	and	resistance	is	larger	than	0.4	Ω	for	the	
given temperatures.  It can be concluded that the AC frequency has little effect on the impedance 
of the sensor when the AC frequency is less than 100 kHz.  In other words, the sensor under AC 
drive current within an AC frequency of 100 kHz has the same electrical properties as that under 
DC drive current.
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Fig.	10.	 (Color	online)	Temperature	response	time	of	the	flexible	sensor:	(a)	measurement	setup	of	response	time	
and	(b)	response	of	flexible	sensor.
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3.6	 Adhesion	stability	test

 To test the adhesion stability, a fabricated flexible sensor array is attached to and stripped off 
the skin of a human finger 100 times, as shown in Fig. 12.  The metal film on polyimide showed 
good adhesion to the substrate during the bending experiment.  The resistance of the flexible 
sensor under different operating temperatures was recorded using the PPMS after the bending test.  
On the basis of Eq. (3), TCR of the platinum resistor after the bending test is 0.002014 °C−1, which 
is almost the same as the TCR of the flexible sensor before bending.

4. Conclusions

 The feasibility of a microfabrication process for realizing a platinum flexible microsensor for 
the measurement of temperature distribution has been demonstrated.  Polyimide is used as the 
substrate of the sensor, because it has a high ultrasonic propagation rate and is resistant to high 

Fig. 11. (Color online) Impedance versus frequency as a function of temperature.

Fig.	12.	 (Color	online)	Bending	experiment:	(a)	flexible	temperature	sensor	attached	to	finger	and	(b)	results	for	
flexible	temperature	sensor	stripped	off	finger.
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temperature.  The dependence of resistance on temperature of the sensor was measured over a 
temperature range from 25 to 100 °C, which covers the range of HIFU applications.  The sensor 
is highly sensitive to temperature and has a high TCR of 2035 ppm/°C.  When the drive current is 
lower than 20 mA, the sensor is not affected by self-heating, and it will respond sensitively to the 
current temperature.  The sensor has high stability and a response time of 0.3 s.  The impedance 
results show there is little difference in the properties between AC and DC drive current when the 
AC frequency is below 100 kHz.  This performance shows the flexible sensor is perfectly suited to 
HIFU applications.
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