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Abstract: Analysis at a cellular level is an integral aspect that gives a clear understanding of a single cell’s health 
condition as well as its internal metabolism. However, the field of genetics revealed nothing on single cell 
temperature analysis. In this paper, we proposed a noble technique for single cell temperature measurement using 
lead zirconate titanate (PZT) integrated microcapacitive sensor. The microcapacitive sensor has been modelled 
numerically and validated based on the current literatures. The sensor has been optimised by using parabolic 
geometry and integrated with PZT material for optimal separation between the sensor plates without having 
contact with the cell under investigation. The sensitivity of the PZT material integrated with the sensor was 
obtained as 0.0729 VmN-1. Similarly, Saccharomyces cerevisiae cell has been modelled numerically and validated 
based on compression test experiment and Kedem-Katchalsky constitutive equation for fluid flow in a cell. 
11.0381±0.0057 Nm-1 and 108.9301±0.0084 MPa for stiffness and young’s modules were obtained respectively. 
The PZT-integrated microcapacitive sensor and the Saccharomyces cerevisiae cell have been assembled for non-
invasive temperature measurement. 0.5416±3.5581×10-3 nF and 0.7582±5.1366×10-3 μFcm-2 were obtained for 
capacitance and dielectric constant value respectively for the Saccharomyces cerevisiae cell at normal atmospheric 
pressure which corresponds to 37 °C when a voltage of 1.0000 μvolt has been applied to the sensor. 
Saccharomyces cerevisiae cell dielectric constant of 1.5700×10-3±7.5000×10-4 μFcm-2 has been obtained for each 
5 0C change in temperature. Using the value above and interpolation technique the temperature of any single 
Saccharomyces cerevisiae cell can be obtained accurately. Temperature plays a vital role for characterising the 
health condition of the cell. In the future, the technique be a more effective and accurate supplement for the current 
biochemical method used disease diagnosis at cellular level. 
 
Keywords: Disease diagnosis, Finite element analysis, Microcapacitive, Saccharomyces cerevisiae, Single cell 
analysis, Sensor. 
 
 
 
1. Introduction 

 

In present day research, the conventional 
microbiological techniques for cell analysis give 
information based on the average of the signals 
obtained from all the cells present in the sample under 

study [1]. However, in many fields of studies such as 
tissue engineering and cancer biology information 
obtained from signals averaging could result in 
erroneous conclusion [1-2]. This is because, the cells 
to be investigated may be the minority in the sample. 
As a result, behaviour of the majority will dominate 

http://www.sensorsportal.com/HTML/DIGEST/P_2954.htm

http://www.sensorsportal.com/


Sensors & Transducers, Vol. 216, Issue 9-10, September-October 2017, pp. 21-28 

 22

the result. For this reason single cell analysis 
supplement the conventional microbiological 
techniques by providing results with high degree of 
precision and accuracy [2]. In point of fact single cell 
analysis has thrown more light for clear understanding 
of infections, drug response, diagnoses, biophysical 
and biochemical behaviour of the cell in general [1,  
3-4]. Furthermore, using single cell analysis various 
parameters of the cell can be investigated [4-5]. 
However, among the various parameters of the cell, 
overall temperature of the cell play a vital role for the 
survival of the cell during cell division, gene 
expression etc [3, 5-8]. Moreover, the magnitude of 
the overall temperature of the cell can be used to 
characterise the health condition of the cell [9-12]. 
Abnormal cell such as cancerous cell possessed high 
rate of heat production than normal cell. In fact, some 
literatures reported that infected cell’s temperature can 
rise up to 40 0C [3, 9-10]. But this significant 
information can only be obtained accurately with the 
aid of a sensor. For this reason temperature measuring 
devices dominate 75 to 80 % of the world sensor 
market [5]. 

Scientists have contributed immensely to Single 
cell analysis. As a result it has been an interesting area 
of research. Many attempts have been made in various 
literatures on how to measure the temperature of a 
single cell, because of its utmost importance in 
characterising a cell [3]. In [13] the authors proposed 
resonant thermal sensor for single cell temperature 
measurement via microfluidic charnel. The main 
drawback of the techniques is that, the accuracy of the 
measurement was affected due to the heat loss by the 
cell to the liquid in the microfluidic channel. [14], 
proposed an ultra-bright luminescent nanothermome-
ter based on polymer encapsulated quantum dots. The 
nanothermometer was insensitive to both pH and ionic 
strength. On the other hand the nanothermometer 
proposed by [15] was insensitive only in the range of 
pH (4-10) and ionic concentration (0-500 mM). But 
the major drawback in both techniques was, the cell 
was exposed to radiation during temperature 
measurement which has significant effect on the cell 
metabolism in the next stage of analysis [5, 16-17]. 
Intracellular temperature mapping using fluorescent 
polymeric thermometer was proposed by [6, 17]. The 
fluorescent molecule was prepared and used as the 
temperature detector. According to [6] the molecular 
temperature detector was made to diffuse into the cell 
under investigation which may result to change in the 
molecular properties of the cell. For this reason, 
further analysis of the cell under investigation cannot 
produce accurate result. Fluidity manipulation of cell 
membrane for temperature detection technique was 
proposed by [7]. [8], proposed magnetofluorescent 
nanoscale temperature sensing particles. The 
technique was based on the cell endocytosis. The 
technique does not give information of the cell’s 
temperature before the endocytosis. Furthermore, 
energy is utilized during endocytosis processes. For 
this reason, after the process the cell metabolism 
changes which affect the target parameter 

(temperature) under investigation. In [4, 18], 
nanometre scale thermometry have been proposed to 
measure temperature in a living cell. The technique 
used laser to detect the colour of nitrogen vacancy 
which mapped to a particular temperature value based 
on idea of quantum spin mechanism. Biosensor for 
detecting thermal parameters based on internal living 
cell transport activities using nanomembrane have 
been proposed by [19]. The technique depend on the 
shifting effect caused by heat in the spectral bandgap 
of photoluminescence emitted from gallium nitride 
nanomembrane. As a result the induced laser heat 
causes significant effect on the heat contents of the cell 
under investigation. Indeed accurate temperature 
measurement may not be achieved. Measurement of 
temperature in a microscopic area around a living cell 
based on thermal activation technique have been 
proposed by [20]. Temperature detection based on cell 
imaging, staining and patterning using gold 
nanoclusters encapsulated in egg-white have been 
proposed by [21]. 

All the techniques reviewed above for single cell 
temperature measurement are invasive techniques. As 
a result, the cell under investigation suffers significant 
damage. Most of the techniques involve injecting 
foreign body to the cell sample cytoplasm, which 
causes significant changes in the cell’s metabolism. 

Furthermore, they cannot provide real-time data 
measurement due to image processing algorithm 
involved during temperature measurement. For this 
reason, the techniques cannot provide quick and 
accurate temperature measurement of a single cell 
without causing significant damage to the cell  
in general.  

In this paper, we proposed a noble technique for 
single cell temperature measurement. The main 
advantage of our technique is that, it is a quick, 
accurate and non-invasive method contrary to the 
current method used for single cell temperature 
measurement. The technique could be very useful in 
the field of biotechnology, biomedical engineering, 
agriculture, medicine and pharmacy. The paper is 
organized in five (5) sections. In section one (1), 
introduction and existing research on single cell 
temperature measurement were presented. In section 
two (2), sensor idea and concept was presented.  
Finite element (FE) modelling, validation and 
optimisation of aluminium microcapacitive sensor and 
saccharomyces cerevisiae (yeast cell) were presented 
in section (3). Section (4) presents finite element 
temperature measurement of a single Saccharomyces 
cerevisiae using PZT-integrated microcapacitive 
sensor. Concluding remarks were presented  
in section (5). 

 
 

2. Sensor Idea and Concept 
 
The main function of the sensor is to measure the 

temperature of the single cell without causing any 
damage to the cell under investigation. Based on the 
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cell’s temperature information, the cell health 
condition can be characterised for fast, accurate and 
effective medical diagnosis. As most of the abnormal 
(e.g. cancerous) cells possessed high rate of heat 
production. The sensor designed concept can be 
summarised in Fig. 1. Furthermore, the sensor 
principal of operation was based on the variation of the 
capacitance of a capacitor caused by the change in the 
temperature of the dielectric material of the capacitor. 
The cell under investigation is used as the dielectric of 
the capacitor. As shown in Fig. 1, when the capacitor 
is fully charged the voltmeter reading will be equal to 
the source reading. As a result, the ammeter reading 
will be equal to zero, because electrons stop flowing 
in the circuit. The maximum current flow through the 
system and time taken for the ammeter reading to be 
zero are recorded respectively. The parameters 
obtained above give the quantity of the electrical 
charge and voltage from which the capacitance of the 
can be obtained in accordance with (1) [21]. Given as, 
 

, (1) 

 
where Q, C and V are the charge stored, the 
capacitance and the applied dc-voltage respectively. 

From the value of the capacitance (C), the 
dielectric constant (ε) of the cell can be computed. 
Since ε depends on temperature, the corresponding 
temperature of the cell under investigation can be 
obtained. Additionally, PZT material was integrated 
between the two plates to obtain the optimal separation 
distance between the two plates. 

 
 

 
 

Fig. 1. PZT-integrated microcapacitive sensor 
design concept. 

 
 

3. Finite Element Modelling, Validation 
and Optimisation of Microcapacitive 
Sensor and Saccharomyces Cerevisiae 

 
ABAQUS software package (ABAQUS 6.14 

CAE/CEL, Dassault Systemés, Pawtuckett, Rhode 

Island, USA) is one of the famous, flexible and 
commercially available finite element analysis 
software. Because of the flexibility and availability of 
the above software it is commonly used in modelling, 
simulation, finite element analysis and data validation 
of biomedical, biotechnology and complex biomedical 
engineering analysis. The software was chosen for 
numerical cell temperature measurement and 
validation of data obtained based on the current 
literatures. Furthermore, the software gives the 
solution of complex equations generated during the 
analysis. We have reported that various attempts have 
been made to measure the temperature of a single cell, 
their disadvantages outweigh their advantages which 
has been highlighted in section I of this paper. For this 
reason, we proposed a noble technique to measure the 
temperature of a single cell. The modelling consists of 
three parts. 

 
 

3.1. Microcapacitive Sensor Finite Element 
Modelling 

 
The conductive plate of the microcapacitive sensor 

was designed numerically. Rectangular geometry was 
chosen for the conductive plate of the sensor with  
7 µm length, breadth of 4.5 µm, based on the 
approximate size of the saccharomyces cerevisiae cell 
sample in accordance with the previously published 
work [1]. The thickness of the plate has been chosen 
as 100 nm in accordance with (2) proposed by [22]: 

 

, (2) 

 
where = xiang equation coefficient and can be 
obtained using (3) given as, 
 

,

 

(3) 

 

where is the length and h defines 

the thickness. 
However, all the dimensions adopted were scaled 

to micro and nano level [22]. The model has been built 
numerically using two dimension (2D) with desired 
dimensions and later transformed to 3D. Aluminium 
was chosen as the conductive plate of the sensor due 
to its electrical conductivity, lightness and resistance 
to corrosion [23]. The Young’s modulus (70.00 GPa), 
Poisson’s ratio (0.35) and molecular density  
(2.70×10-15 kgµm-3) of aluminium were adopted from 
[23]. The rectangular capacitive model obtained was 
confirmed by comparing with analytical data obtained 
and the result obtained by [22] as shown in Fig. 2. 
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Fig. 2. Rectangular capacitor modelling and validation. 
 
 

3.2. Microcapacitive Sensor Finite Element 
Optimisation 

 
The sensor was optimised by using parabolic 

geometry integrated with PZT material for accurate 
sensor positioning. Furthermore, the radius used was 
2.5 µm which is slightly larger than the based radius 
of the saccharomyces cerevisiae [1]. The PZT part of 
the sensor was modelled numerically based on the 
PZT general constitutive equation given by (4), 
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Since the PZT material was used as sensor not 

actuator (4) becomes, 
 

, (5) 

 
where D, d, ε and E are the electrical polarisation 
vector, the piezoelectric coefficient matrix, the stress 
vector, the electrical permittivity matrix and the 
electrical field vector respectively. 

The material properties of PZT-5H were adopted 
from [1] as shown in Table 1. The PZT model has been 
validated by applying force along the poling axis of 
the PZT and the corresponding voltage was obtained 
as shown in Fig. 3. The sensitivity of the PZT is  
0.0693 mVµmµN-1 which shows that our model is in 
good agreement with the result obtained by [1].  

 
 

Table 1. PZT-5H MATERIAL Properties. 
 

Para-
meter 

Matrix of parameters 
for polarisation along y-axis Units 

Comp
liance 

4
10

3.200000

0325.20000

003.2000

0006.1241.895.7

00041.87.1141.8

00095.741.86.12

−
×





















 
µN/µm2 

Stress 
coef-

ficient 

12
10

0017000
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1700000
−

×−−











 C/µm2 

Dielec
tric 

cons-
tants 
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10

505.100

0302.10

00505.1
−

×











 C/Vµm 
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Fig. 3. (a) PZT material model and (b) Voltage-Force 
relationship plot for model validation. 
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Fig. 4 shows the comparison of the capacitance 
(CAnalytical CRectangular Geometry and CParabolic) plot against 
length of the plate per separation between the plates 
(l/d). However, for parabolic geometry the major 
radius (R1) and minor radius (R2) were used in place 
of l and d respectively. Additionally, air was used as 
dielectric material at room temperature. Conversely, 
the contribution of the PZT dielectric for parabolic 
model was not taken into account based on 
considerable assumption. As a result, the model was 
compared with both analytical and previously 
published work for validation. The model is in 
agreement with the result obtained by [22-23]. 
 
 

 
 

Fig. 4. Comparison of the capacitance plot against length  
of the plate per separation between the plates (l/d). 

 
 

3.3. Finite Element Modelling and Validation 
of Saccharomyces Cerevisiae (Yeast Cell) 

 
The FE Cell sample was modelled using 

Saccharomyces cerevisiae material properties. 
Saccharomyces cerevisiae was chosen because it has 
identical life cycle with the mammalian cell. For this 
reason, it is used to investigate regenerative diseases 
(fibroid, cancer etc). Contrary to red blood cell of 
humans, Saccharomyces cerevisiae has clearly defined 
cell wall. But general constitutive equation governing 
the behaviour of human red blood cell is applicable to 
Saccharomyces cerevisiae based on significant 
assumption [1]. In this paper the FE model of 
Saccharomyces cerevisiae with cytoplasm (interior 
layer) and cell wall (exterior layer) was designed 
numerically. The following parameters were used and 
obtained from [1]: Thickness of 90 nm, radius in the 
range of 5.0 to 4.5 µm, Young’s modulus of, 
cytoplasm density of 1 gmL-1, cell wall density of 
1.084×10-15 kgμm-3, Young’s modulus of 112 MPa 
and 0.5 as Poisson’s ratio respectively. The model was 
validated based on compression test experimental data 
and Kedem-Katchalsky constitute equation for fluid 
flow in a cell given by (6) [1], 

, (6) 

 
where V defines instantaneous volume, kt is the 
permeability constant, t is time, ΔP is the change in 
hydrostatic, Δp is the osmotic pressure and A is the 
available area.  

Fig. 5 shows the results obtained from the 
compression test experiment which shows that our 
Saccharomyces cerevisiae FE model agrees with the 
model obtained by [1]. 

 
 

 
 

 
 

Fig. 5. Modelling and validation Saccharomyces cerevisiae 
cell based on compression test experiment. 

 
 

4. Finite Element Temperature 
Measurement of a Single 
Saccharomyces Cerevisiae Using PZT-
integrated Micro-capacitive Sensor 
 
We have modelled, validated and optimised the 

PZT-integrated micro-capacitive sensor and 
Saccharomyces cerevisiae cell in the previous section. 
In this section, the single Saccharomyces cerevisiae 
cell temperature measurement has been conducted 
using finite element method. The assembly of the 

( )pPA
t

k
dt

dV
Δ−Δ=
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PZT-integrated micro-capacitive sensor and 
Saccharomyces cerevisiae cell was carried out 
numerically for single cell temperature measurement 
as shown in Fig. 6.  

 
 

 
 

Fig. 6. Assembly of the PZT-integrated micro-capacitive 
and Saccharomyces cerevisiae cell in ABAQUS for single 

cell temperature measurement sensor. 
 
 

Variation of temperature affect the dielectric 
material of a capacitor [22]. As a result, the change in 
dielectric material of the PZT-integrated micro-
capacitive sensor has been linked with the variation of 
temperature of the Saccharomyces cerevisiae cell 
under investigation. The variation in temperature of 
the Saccharomyces cerevisiae cell occur because of 
the change in the internal metabolism of the cell under 
investigation. Virus and bacteria attack as well as 
malignancy changes the internal metabolism of a cell, 
which causes variation in the temperature of the cell 
[24]. For this reason, the temperature of the 
Saccharomyces cerevisiae cell can be measured from 
the corresponding value of the capacitance obtained 
when a considerable amount of voltage has been 
applied to the sensor. 

The value of the quantity of charge stored in the 
PZT-integrated micro-capacitive sensor and the 
corresponding capacitance value obtained in 
ABAQUS when 1.0000 μvolt has been applied to the 
sensor shown in Fig. 7. Even though, Saccharomyces 
cerevisiae cell has been subject to 1.0000 μvolt, the 
electrical activities of the cell counter balance the field 
effect [24]. Furthermore, the temperature value has 
been changed in step of 5 0C to have significant change 

in the value of the capacitance of the sensor under 
normal atmospheric condition. Using the sensor 
geometry based on reasonable assumption the 
dielectric constant of the Saccharomyces cerevisiae 
cell has been obtained as shown in Fig. 8. 

 
 

 
 

Fig. 7. Saccharomyces cerevisiae cell temperature 
measurement at normal atmospheric condition. 

 

 

 
 

Fig. 8. Saccharomyces cerevisiae cell temperature 
measurement based on the variation of the capacitance 

and dielectric of the cell at normal atmospheric condition. 
 
 
Furthermore, between 30 °C to 37 °C there is 

significant increase in the dielectric constant values of 
the cell because that is the optimal temperature for the 
Saccharomyces cerevisiae cell growth. In fact, the 
dielectric constant value is function of area. From 
Fig. 8, at 37 °C using interpolation technique and 
measure of dispersion the capacitance and the 
dielectric constant value of the Saccharomyces 
cerevisiae cell are (0.5416±3.5581×10-3) nF and 
(0.7582±5.1366×10-3) μFcm-2 respectively. The value 
of the dielectric constant obtained is in good 
agreement with the value obtained by [24]. 
Furthermore, we observed that at 0 °C the rate 
metabolism of Saccharomyces cerevisiae cell is very 
low. For this reason, a very low value of the dielectric 



Sensors & Transducers, Vol. 216, Issue 9-10, September-October 2017, pp. 21-28 

 27

constant has been obtained. Similarly, at high 
temperature around 50 °C, when the cell is dead an 
appreciable value of dielectric constant has been 
obtained because the sensor used the dead cell as 
dielectric material. For 5 °C change in temperature the 
corresponding change in value of the dielectric 
constant of Saccharomyces cerevisiae cell is 
(1.5700×10-3±7.5000×10-4) μFcm-2. Indeed, using the 
value above and interpolation technique the 
temperature of a single Saccharomyces cerevisiae cell 
can be obtained accurately. 

 
 

5. Conclusions 
 

This research work demonstrates for the first time 
how to measure the temperature of a single cell using 
PZT-integrated micro-capacitive sensor. The sensor 
was successfully modelled using rectangular geometry 
validating models from [2-3, 22]. The model was 
optimised using parabolic geometry integrated with 
PZT material for optimal separation between the 
plates. Similarly, Saccharomyces cerevisiae cell was 
modelled and confirmed using previous work [1]. The 
models were assembled for single Saccharomyces 
cerevisiae cell non-invasive temperature 
measurement. Further investigation established the 
effect of temperature on the capacitance of the 
capacitive sensor, which is directly proportional to the 
dielectric constant provided other physical quantities 
remain unchanged. The main advantage of our 
technique is that, it is a non-invasive method contrary 
to the current method used for single cell temperature 
measurement. For this reason, further investigation 
can be carried out using the same cell sample. The 
researcher’s technique proves to be quick and accurate 
compared to the current conventional methods. In the 
future, the technique will supplement current 
biochemical method for disease diagnosis at cellular 
level for effective treatment. 
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