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Abstract 

 

A cell’s intracellular temperature has been shown to have a vital role in controlling the cell’s properties, 

activities and reacting to external stimuli. Yet, current conventional methods are unable to give any 

measurements when spatial resolution decreases to a micro scale. Many researchers from different 
fields are trying to develop ways that give high accuracy and high temperature sensitivity. We present a 

nano-needle microfluidic system for single cell temperature measurement. Here we discuss 

optimization using the finite element approach to sensor design using tungsten as the electrode and 
semiconducting metal oxide Co3O4 as the sensing element. The dimensions of the sensor that gave the 

highest voltage and, thus, the highest sensitivity ratio of 1:4 of the electrode cross sectional area / 

element diameter, were a gap of 450 nm between the electrodes and a penetration depth of 250 nm of 
the electrode into the element. Furthermore, the voltage response had a 48 µm difference over a range 

of 293.15–333.15. The sensor sensitivity was a 0.01° C and the response time was 1 ns. 

 
Keywords: Single cell; thermal properties; thermistor based nano-needle; finite element analysis 

 

© 2014 Penerbit UTM Press. All rights reserved. 

 

 
 
 
1.0  INTRODUCTION 

 

Single cell analysis has attracted the interest of many researchers 

due to the significant information that can be obtained which can 

help improve the understanding of infections, diagnoses, response 

to drugs and internal pathways. Different cell properties can be 

studied; however, the internal temperature of a cell has shown to 

have important roles for the survival of cells, it also affects cell 

metabolism, cell division, gene expression and many other vital 

cellular activities1–4. Besides, cells that are characterized with an 

abnormality, i.e., cancer cells, tend to have a high heat production 

rate5. 

  Many attempts at internal temperature measurements have 

been reported using different approaches, such as the use of 

quantum dots6, nano-particles7, and thermo sensitive materials 8, 9. 

These techniques rely on the luminescent change in the sensor as 

a function of temperature. They tend to show a high level of 

sensitivity; however, several factors still discourage their use as 

temperature sensors in living cells, for example, the issue with 

photo-bleaching, the movement of material inside the cells and 

the possible toxicity due to material degradation10. Other attempts 

to measure the internal temperature of a cell can be categorized 

into the non-luminescent category. There are a few examples: for 

instance, Wang et al.11 have designed a nano-thermocouple needle 

for detecting intracellular temperature with a resolution of 0.1°C; 

Vyalikh et al.12 have studied a multi-walled carbon nanotube as a 

temperature detector for biological cells. Another interesting idea 

is the work done by Inomata et al.13 in fabricating a microfluidic 

system with a resonant thermal sensor; however the application 

was only proven on a brown fat cell (BFC). These non-

luminescent sensors have opened the door to a new field of single-

cell thermal studies that can produce sensitive temperature 

measurement in a very accurate and precise way. 

  In recent years, microfluidic devices have been developing 

towards improving single-cell analysis due to the various 

advantages they offer. They have the ability to produce a system 

that meets the demands of high throughput and complicated 

sample analysis in a reduced time14–16. The small dimensions of 

these devices encourage the consumption of small amounts of 

reagent, helping to control the local microenvironment, allowing 

the integration of multiple processing steps into a single system 

and reducing the cost of the traditional analysis techniques17. Here 

we propose a microfluidic system integrated with a nano-thermal 

sensor for single cell temperature measurement. However, the 

main focus of this paper will be on discussing the sensor’s design 

optimization and the electro-thermal characterization of the nano-

needle, highlighting the sensor’s resolution and the response time. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1  Schematic diagram showing the system concept 
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2.0  SYSTEM IDEA AND CONCEPT 

 

The idea of the device is to integrate a thermal nano-sensor with a 

microfluidic channel to achieve a high throughput system with 

rapid analysis, targeting the internal temperature of a single 

biological cell. The concept can be summarized in the schematic 

diagram (Figure 1). By manipulating the flow of water using a 

syringe pump, the cells will be directed to move towards the 

nano-needle. The flow rate of water will be responsible for 

imposing the needed force on the cell to penetrate into the nano-

needle for temperature measurement. 

  Detection is achieved by applying current to the electrodes of 

the nano-needle and measuring the output voltage for the results. 

The voltage value will change corresponding to the change in the 

internal temperature of the cell. The nano-needle works on the 

same principle as an NTC thermistor, where the semiconducting 

material’s resistance decreases as the temperature of the 

surroundings (target) increases (Equation 1) 

  The material chosen for the electrodes was tungsten, for its 

high electrical conductivity and mechanical strength18, and the 

sensing element chosen was cobalt oxide, a transition-metal 

oxide, for its high temperature stability19. 

 

𝑅 = 𝑅01𝑒𝛽(
1

𝑇
−

1

𝑇0
)

                                                                     (1) 

 

where, R01 is the reference resistance of cobalt oxide, T refers to 

the temperature of the surroundings (297.15–333.15 K), T0 is the 

reference temperature 298.15 K and ß is the material constant of 

Co3O4 =783520. 

 

 

3.0  SIMULATION ANALYSIS 
 

Undertaking analysis by simulation prior to fabrication or 

carrying out any experimental work has been a common practice 

in many industries, research and development units, and research 

in general. Simulation analysis gives several advantages, such as 

obtaining faster results, minimizing the cost of experiments, 

ensuring safety, helping to solidify the understanding of the 

system studied and optimizing the parameters that control the 

performance. However, developing a realistic model is the aspect 

that guarantees a successful, useful simulation, and this requires 

in-depth studies to obtain relevant and reliable parameters. Finite 

element analyses (FEAs) are numerical methods that solve partial 

differential equations and complex integrals which represent a 

system under study. In this work, ABAQUS 6.12 was used for the 

analysis. It is recognized for its reliability and commercialized 

applications. 

  The aim of the simulation analysis here was to obtain the 

sensor design that gives the highest voltage. The design was based 

on an NTC bead-type thermistor, thus the parameters studied were 

the element/electrode cross sectional area ratio, the gap between 

the electrodes, and the penetration depth of the electrode into the 

element. The other part of this study was to characterize the 

thermal-electric behaviour of the needle over a range of 24–60°C, 

to identify the sensor resolution and the response time at which it 

reaches equilibrium with the temperature surrounding the sensor. 

 

3.1  Nano-needle for Design Optimization 

 

The analysis undertaken to obtain the output voltage for 

dimension optimization was independent of the temperature. The 

total length of the sensor was set to be 3 µm, since the aim was to 

penetrate the centre of a yeast cell with a diameter of 6 µm. The 

electrical conductivity of cobalt oxide (Co3O4) and tungsten were 

set to 18.52e-10 S/µm20 and 18.5 S/µm21, respectively. The 

parameters manipulated were: the ratio of electrode cross 

sectional area to the element diameter, the gap between the 

electrodes and the penetration depth of the electrodes into the 

element. The same current density was applied to one of the 

electrodes and the other was set to ground for each of the studies; 

the output voltages were recorded. Figure 2(A) shows a schematic 

diagram of the three parameters to be manipulated and Figure 

2(B) shows the simulation setup to obtain the voltage output. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2  (A) schematic diagram of the design parameters studied. (a) 

Ratio of element diameter (B in Tables 2, 3 and 4) to electrode cross 
sectional area (A in Tables 2, 3 and 4). (b) Gap distance between 

electrodes. (c) Penetration depth between electrodes. (B) Voltage 

distribution in the nano-needle 

B 
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3.2  Finite Element Analysis of the Electrical Characterization 

of the Temperature of the Nano-needle 

 

After optimizing the design dimensions, electrical 

characterizations of the sensors were carried out. Similar to the 

previous analysis, a model was developed based on a 3D solid 

deformable structure with a coupled thermal-electrical element for 

the analysis. The thermal analysis was used to view the voltage 

and its change as an effect of temperature. The density, specific 

heat, and thermal conductivity of cobalt oxide (Co3O4) and 

tungsten were set as given in Table 1. The resistance was 

calculated as a function of the temperature of Co3O4 using 

Equation (1) and for tungsten using Equation (2). 

 
𝜌 = −1.06871 + 2.06884 𝑋 10−2 𝑇 + 1.27971 𝑋 10−6𝑇2 +

8.53101 𝑋 10−9𝑇3 − 5.14195 𝑋 1012𝑇4                                                (2) 

 

where ρ is the resistivity of tungsten21. 

  A constant current density was applied and the voltage 

output was obtained as a function of temperature. The current 

density distribution showed a constant value over the electrodes 

and the sensing element. The governing equation of the whole 

system was Ohm’s law. 

 

 

4.0  RESULTS AND DISCUSSION 

 

4.1  Results Based on the Design Optimization Analysis of the 

Nano-needle 

 

Figure 3 shows the results of the simulation analysis; the colour 

bar indicates the voltage distribution in the model. When 

increasing the diameter of the element while keeping the ratio of 

the electrodes constant, a higher voltage value is obtained; the 

results are shown in Table 2. However, the increase is not very 

significant, thus a ratio of 1:4 was chosen to ensure minimal 

damage when penetrating the cell. The second study was to 

optimize the gap between the electrodes. The gap was varied from 

250 nm to 450 nm. The results show that when increasing the gap, 

the voltage will proportionally increase (Table 3). Thus, a 

maximum gap of 450 nm was considered to have a higher voltage 

value. Lastly, the penetration depth of the electrode in the element 

was investigated; when decreasing the penetration from 750 to 

250 nm, a major increase in the voltage values was observed; the 

results are summarized in Table 4. The final design dimensions 

were the following: a ratio 1:4 of the element cross sectional area 

to the electrode cross sectional area, a gap between the electrodes 

of 450 nm and a penetration depth of the electrode of 25 onm. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  Voltage distribution in the nano-needle 

 

Table 1  Input parameters for the thermal-electrical characterization 

 

Parameter Co3O419,20 Tungsten21 

Density (g/µm3) 6.11e-12 1.93e-12 

 

Specific heat (J/g.K) 
0.513e-9 0.1325e-9 

Thermal 
conductivity 

(W/µm.K) 

25e-6 173e-6 

 
Table 2  Results obtained from the element to electrode cross-sectional 

area 

 

Ratio 1:4 1:5 1:6 

 

A:B (nm) 

 

150:600 

 

150:750 

 

150:900 

 
Gap (nm) 

 
150 

 
150 

 
150 

 

Penetration 

depth (nm) 

 
250 

 
250 

 

 
250 

 

 
Current 

density 

(fA/µm2) 

 

0.1 

 

0.1 

 
 

0.1 

 

 
Voltage 

output(µV) 

 

 

15.4888  

 

 

15.6364  

 

 

15.9423  
 

 

Table 3  Results obtained from gap manipulation studies 
 

Ratio 1:4 1:4 1:4 

 

A:B (nm) 

 

150:600 

 

150:600 

 

150:600 

 

Gap (nm) 

 

150 

 

300 

 

450 

 

Penetration 

depth (nm) 

 
500 

 
500 

 

 
500 

 

 
Current 

density 

(fA/µm2) 

0.1 0.1 

 

0.1 
 

 

Voltage 

output(µV) 

 
15.4888 

 
25.3583 

 
34.2343 

 
Table 4  Results obtained from penetration depth manipulation studies 

  

Ratio 1:4 1:4 1:4 

A:B (nm) 150:600 150:600 
 
150:600 

 

Gap (nm) 450 450 
 
450 

 

Penetration 

depth (nm) 
250 500 

 

750 

 

 
Current 

density 

(fA/µm2) 

 

0.1 

 

0.1 

 
 

0.1 

 
 

Voltage 

output(µV) 

 

 

25.1103e+2 

 

 

34.2343  

 

 

26.969 
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4.2  Results Based on the Electrical-thermal Characterization 

of the Nano-Needle 

 
Thermal-electric characterization has been undertaken in order to 

characterize the needle performance. A plot of the voltage change 

as a function of temperature, ranging from 293.15–333.15 K, is 

shown in Figure 4. The behaviour of the graph as predicted shows 

typical NTC thermistor behaviour; a decrease in voltage as the 

temperature increases. The results showed that the sensor is able 

to detect the temperature in the required range having a significant 

difference of approximately 48 µV between the highest and the 

lowest voltage. Furthermore, in order the determine the sensitivity 

of the sensor, a change of 0.01°C has been tested to obtain the 

voltage change, Figure 5 shows a plot of the voltage vs. 

temperature ranging from 307.15–307.25 K. Although the voltage 

decrease with the temperature does not present a linear graph, the 

R2 value of the trend line is 0.97 which is an acceptable 

percentage error. Thus the sensor is able to detect a very small 

change in temperature reaching up to 0.01°C; this makes it a good 

candidate for real-time monitoring applications. Another study 

was to examine how fast the sensor responds and reaches 

equilibrium with the surrounding temperature. The surrounding 

temperature was set to 293.16 K and the initial temperature of the 

sensor was set to be 293.15 K, corresponding to a 0.01°C 

increase. From the results in Figure 6, that sensor response was 

shown to be very fast and reached equilibrium with the 

surroundings in 1 ns. The results presented show that the sensor 

can react to temperature very quickly with high sensitivity, which 

is very important in single-cell temperature measurements. 

 
Figure 4  Voltage change with the temperature range 293.15-333.15K 

 
 

Figure 5  Voltage change with temperature range 307.15–307.25 K 

 
Figure 6  Temperature response to the surrounding temperature 

 

 

5.0  CONCLUSION 

 

Intracellular temperature production in cells is strongly affected 

by diseases. For instance, cells which are diagnosed with cancer 

have a higher temperature because of their rapid metabolism. 

Knowing cell temperature has advantages for cell signalling 

studies, cell metabolism, disease diagnosis, and therapeutic effect 

evaluations. This paper discusses the development of a nano-

needle thermal sensor for single-cell temperature measurement. A 

design optimization study has been undertaken as well as 

electrical-thermal characterization of the sensor. Furthermore, all 

the required parameters for the modelling have been included for 

accurate analysis. The final design dimensions have been chosen 

to have the highest voltage yet causing minimum damage to the 

cell after penetration. Moreover, the electrical-thermal 

characterization showed that the nano-needle has the ability to 

obtain the output voltage for temperature changes of 0.01 °C in 

the range of 24–60°C, which is considered to be reliably accurate 

and can give a real-time reading of cell temperature if exposed to 

any disturbance. The sensor response to surrounding temperature 

was 1 ns. Further studies will be undertaken to achieve a high 

throughput system with high accuracy to obtain real-time cell 

temperature measurement. 
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