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1. Introduction

In strategic industries (aerospace technology, military 
equipment, testing complexes, research, etc.), various tech-
nical systems require the most precise sensors of physical 
magnitudes, in particular pressure sensors [1–5]. 

Among the large fleet of pressure sensors that are in use, 
a leading place is taken by tensoresistive sensors, which is 
predetermined by fundamental advantages [2, 3, 5].

One of the key requirements that the modern highly 
technological systems put forward to pressure sensors is 
the capability to perform measurements under conditions of 
fast-changing non-stationary temperature impacts. 

In this case, it is required that the temperature error is 
within the class of accuracy. This is why an analysis of the 
reasons that lead to the occurrence of error in a a sensor is a 
task with absolutely relevance [2, 5].

2. Literature review and problem statement

Paper [6] examines a problem of the effect of nonstation-
ary temperature on the accuracy of tensoresistive sensors. 
However, this worknot does not consider the phenomenon of 
a thermodeflection as a factor of influence on the sensor error. 

One of the ways to minimize the impact of nonstationary 
temperature on tensoresistive pressure sensors is proposed 
in [7]. The article proposes applying additional screening 
elements in the form of thermal-protective films. In gener-
al, this method, while reducing the rate of thermal impact, 

yields a positive effect, however, it does not fundamentally 
eliminate thermal stresses and thermal deformations of the 
sensor membranes due to the effect of temperature. This is 
especially true for the thermodeflections of membranes as 
the immanent phenomena during thermal effect.

In order to solve the problem of pressure measurement 
in a hard environment, a tensoresistive pressure sensor 
was designed that can be used at high temperatures (above 
200 °C) and is capable of enduring an instantenous impact of 
ultra-high temperature [8]. Such properties are based on the 
use of special technology for the formation of tensoresistive 
structure and specially designed mechanical construction of 
the sensor. However, the paper does not consider a possibility 
of applying the sensor for measurement under conditions of 
nonstationary temperature and does not solve the problem of 
accuracy at that. In particular, the problem of the membrane 
thermodeflection.

Article [9] analyzes thermal stresses in a pressure sensor. 
In particular, the author considered a problem of thermal 
stresses, which occurred as a result of thermal mismatch 
between the sensing element and the structure where it was 
located. As a result, there may occur a thermodeflection of 
the sensor membrane. However, this does not apply to the 
thermodeflection that occurs because of the direct effect of 
nonstationary temperature on the element. 

The system of temperature compensation for pressure 
sensors is outlined in [10]. This system employs a high-pre-
cision temperature sensor and a digital circuit to implement 
temperature compensation. This method makes it possible 
to significantly influence the accuracy of pressure mea-
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surement under conditions of thermal effect, but is totally 
ineffective when it is necessary to compensate for the impli-
cations of nonstationary thermal effect.

Paper [11] reported a research into temperature compen-
sation during measurement of pressure. It is proposed to use 
on the sensor membrane the tensoresistors, which form two 
measurement circuits. One circuit measures the deformation 
of sensor membrane due to the joint action of temperature 
and pressure, while another one – only due to temperature. 
The thermal compensation of measuring signal takes place 
by the difference in signals from these circuits. However, it is 
unclear how tensoresistors "tell" thermal deformation from 
the joint deformation due to pressure and temperature. In 
addition, the application of an additional measuring circuit 
requires further coordination of signals from these circuits, 
individual calibration of each sensor, which in general can 
greatly affect the accuracy. That is why it appears relevant 
to study the impact of various phenomena on the accuracy 
of pressure sensor, which are initiatiated by the temperature 
of measuting environment, in order to compensate for these 
phenomena at the structural level, without employing addi-
tional measuring circuits.

A method of thermocompensation, described in [12], 
utilizes new possibilities of semiconductor technologies and 
implies using additional polysilicon resistors with a negative 
coefficient of resistance (TCR). However, the results of this 
study cannot be applied to eliminate the implications of 
effect of nonstationary temperature on the sensor, especially 
to compensate for the effect of membrane thermodeflection. 

We shall note that the problems of temperature stresses 
in the elements and structures were addressed in fundamen-
tal studies [13, 14]. These papers tackled a series of problems, 
which in one way or another could be applied in the consid-
eration of tasks related to a temperature error of sensors. 
However, the problem of a temperature error of tensoresis-
tive sensors under conditions of transient and non-stationary 
temperature impact has remained unresolved in terms of 
today’s requirements.

3. Research goal and objectives

The goal of present work is to evaluate the impact of a 
membrane thermodeflection on temperature error of a ten-
soresistive pressure sensor when measuring under conditions 
of nonstationary temperature.

To accomplish the goal, the following tasks have been set:
– to analyze the character of temperature field in the 

sensor membrane during nonstationary thermal effect and 
to identify its features;

– to establish a relation between the features of tempera-
ture field in the membrane and its thermodeflection;

– to assess the degree of impact of thermodeflection on 
a temperature error of tensoresistive pressure sensor when 
measuring under conditions of nonstationary temperature;

– to develop recommendations for eliminating the given 
impact based on the research conducted.

4. Analysis of the membrane temperature field

Modern design practice of tensoresistive pressure sen-
sors is characterized by certain trends regarding a funda-
mental solution to the design of the instrument [4–9]. Such 

trends are predetermined by physical-technological aspects 
and features of the utilized construction materials. 

Thus, the structure of a tensoresistive pressure sensor 
consists of a membrane in the form of a circular plate, which 
is rigidly fixed in a massive casing, and tensoresistors, which 
are placed on the membrane (Fig. 1).

 

Fig.	1.	Structural	diagram	of	a	typical	tensoresistive	pressure	
sensor:	1	–	casing,	2	–	membrane,	3	–	tensoresistors,		

p(t)	is	the	measured	pressure

When measuring pressure under conditions of a non-
stationary change in the medium temperature, structural 
elements of the sensor undergo quite complex thermome-
chanical processes. One of such specific processes is a ther-
modeflection of membrane, which is caused by a non-uni-
form temperature field in it [14]. 

In order to implement the set goal, we shall analyze the 
dynamics of temperature field T(r, z, t) in the membrane un-
der boundary conditions typical for sensor operation. That 
is, there occurs a convective heat exchange in the contact 
plane of the membrane with the measurement environment 
at nonstationary temperature T(t) (Fig. 2).

 

Fig.	2.	Diagram	of	heat	exchange	on	the	membrane	surfaces:	
R	and	h	–	radius	and	thickness	of	the	membrane;		

T	–	temperature	of	the	medium	in	contact	with	the	perimeter	
and	inner	membrane	surface;	T(t)	–	temperature	of		

the	measuring	environment;	r	and	z –	coordinates	along		
the	radius	and	by	thickness	of	the	membrane

In order to evaluate the effect of membrane thermod-
eflection on the accuracy of a tensoresistive sensor when 
measuring pressure in the environments with arbitrary and 
unpredictable nonstationarity, it is proposed to perform an 
analysis of thermoelastic processes at the largest thermal 
effect – a thermal shock. This technique will yield an as-
sessment of the effect of temperature on the sensor "from 
the top", while at less severe thermal effects it would be 
overstated. However, given the complexity in the design of 
experimental equipment for the reproduction of a thermal 
effect that changes over time, the proposed technique is 
universal as it will provide the assessment of thermoelastic 
processes in the sensor elements at the largest thermal effect. 
In addition, there is experimental equipment to create ther-
mal shocks [15–17].

In order to "strengthen" the effect of a thermal shock, 
we shall assume that the inner side of the membrane and the 
perimeter are in contact with media of constant tempera-
ture. Under actual conditions, both on the inside and on 
the perimeter of a membrane the media temperatures would 
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change in proportion to the «warming up» of the entire sen-
sor. That is why the nonuniformity of temperature field in 
the membrane will be smaller. 

In this case, the membrane, which is a round plate with 
radius R, thickness h, made of isotropic material and has 
the following constants: K is the coefficient of thermal  
 
conductivity, κ is the specific heat capacity, ,χ =

ρ⋅κ
K

 is the 

coefficient of temperature conductivity, ρ is the membrane 
material density. 

To determine a temperature field in the membrane, it is 
necessary to solve equation [18]
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where l1, l2, l3 are the normalized heat exchange coefficients 
on the contact and inner surfaces and perimeter of the mem-
brane; T1 is the temperature of medium in contact with the 
perimeter and inner surface; T0 is the initial temperature of 
the membrane, which is the same all over its body. 

Solution (1) is the equations
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an established component. 
In these equations: ΔT is the amplitude of the thermal 

shock, and
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Equation (3) describes thermal field in the membrane 
during thermal shock. 

In order to evaluate the "weight" of membrane ther-
modeflection w(r, t), we shall solve a differential equation 
that describes its deflection during a nonstationary thermal 
effect [14]
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the bending moment MT(r, t), predetermined by a variable- 
along-the-radius difference in temperatures by thickness of 
the membrane is
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where λ is the coefficient of linear thermal expansion. 
As is known [18], solution (9) will be written in the form
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are the eigenfunctions of the corresponding boundary prob-
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where 0 0(0) ( ) ( ).n n nI Jφ = µ − µ
Expression (11) allows us to simulate the dynamics of 

a sensor membrane thermodeflection depending on the 
temperature field in it and at its different parameters. 
Thus, for example, during thermal shock with an amplitude 
of ΔT=400 оC and membrane parameters: R=0.005 m and 
h=0,00025 m, the thermodeflection of its center is 5.5 μm 
(Fig. 3), which for many types of sensors is quite significant.

 

Fig.	3.	Dynamics	of	thermodeflection	of	the	center	of	
membrane	during	thermal	shock

In order to evaluate the effect of membrane thermodeflec-
tion on the sensor error, we shall compute the values of defor-
mations that occur in the membrane due to thermodeflection. 

As is known [19], relative radial and tangential deforma-
tions on the membrane surface (Fig. 4) during deflection of 
its centre 0( )w t  are
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For example, for a membrane with R=0.005 m and 
h=0,00025 m, Fig. 5 shows a relative radial deformation εr(t), 
calculated by (13), during thermodeflection due to a thermal 
shock ΔT 400 оC. 

This example demonstrates that although the maximal 
value of thermodeflection (Fig. 5) was only 5.5 μm, but 
the maximal value of radial deformation of the membrane 
amounted to 7.8×10–5. If for the tensoresistors that are 
typically used in sensors [20, 21], the working level of 
deformation is ~1×10–4, then deformations due to thermo-
deflection will have a significant impact on the result of 
measurement.

 

Fig.	4.	Relative	deformations	on	the	membrane		
surface	during	deflection:	R –	radius	of	the	membrane;		

p(t)	–	measured	pressure;	r	–	coordinate	along	radius	of	
the	membrane;	εr and εφ –	relative	radial	and	tangential	

deformation	on	the	membrane	surface	during	
	deflection	w0(t) of	its	center

 
Fig.	5.	Dynamics	of	relative	radial	deformation	in		

different	points	of	the	membrane	due	to	its	thermodeflection:		
1 –	at	r=0	mm;	2 –	at	r=1	mm; 3 –	at	r=2	mm;  
4 –	at	r=3	mm; 5 –	at	r=4	mm; 6 –	at	r=5	mm

However, when modeling a nonstationary thermal field 
in the diaphragm at its different geometrical parameters and 
heat exchange coefficient on the perimeter, it was found that 
even at temperature gradient by thickness (Fig. 6), the tem-
perature gradient along the radius may exist (Fig. 7), and 
can be absent (Fig. 8).

 Fig.	6.	Temperature	gradient	by	thickness	of		
the	diaphragm	over	discrete	time	moments	(in	the	center	of	
the	membrane	(r=0	mm)):	1	–	at	t=1	ms;	2	–	at	t=10	ms;  

3	–	at	t=0.1	s; 4	–	at	t=10	s
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 Fig.	7.	Temperature	gradient	along	radius	of	the	diaphragm	
over	discrete	time	moments:	1	–	at	t=0.1	ms;		

2	–	at	t=0.1	s; 3	–	at	t=1	s; 4	–	at	t=3	s;  
5	–	at	t=6	s; 6–	at	t=10	s

 Fig.	8.	Dynamics	of	temperature	along	radius	of		
the	diaphragm	over	discrete	time	moments:	1	–	at	t=0.1	ms;	

2	–	at	t=0.01	s; 3	–	at	t=0.1	s; 4	–	at	t=1	s;  
5	–	at	t=6	s;	6	–	at	t=10	s

In the case of absence of the gradient, we receive from 
formula (11)
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That is, by minimizing the temperature gradient along 
radius of the membrane, it is possible to obtain minimization 
of the thermodeflection.

5. Discussion of results of the study of effect of 
membrane thermodeflection on the accuracy of  

a tensoresistive pressure sensor

The obtained results show that thermodeflection sig-
nificantly increases temperature error of the pressure sensor 
when measuring under conditions of nonstationary tem-
perature of the medium, which that significantly affect the 
accuracy of the pressure sensor. Under a stationary thermal 
effect, by using different methods of thermocompensation, it 
is possible quite effectively to correct a temperature error of 
the sensor. However, at a nonstationary thermal effect, it is 

the existence of thermodeflection that renders these meth-
ods ineffective, as it is not possible to recognize deflection of 
the membrane due to pressure from that due to temperature. 
Therefore, it is required to minimize and ideally eliminate 
the thermodeflection. This can be achieved by minimizing 
the gradient of temperature field along radius of the mem-
brane by the thermal isolation of its perimeter, or through 
a special selection of parameters and materials of the casing 
of sensor and membrane that possess the according thermal 
conductivities.

The analytical dependences derived in the course of pres-
ent research allow us to calculate possible thermodeflection of 
membrane of the pressure sensor based on actual conditions 
of operation. In addition, by employing a condition of the 
thermodeflection minimum, it is possible to select appropriate 
physical-mechanical parameters for the sensor elements. 

Given that the analysis of temperature field in the 
membrane was performed during thermal shock as the most 
severe thermal effect, then for other forms of thermal effect 
results will be somewhat «overstated». That is, in reality, the 
thermodeflection and its effect on the temperature error may 
appear smaller. However, the use of thermal shock conditions 
simplifies the calculation, since there is no need to determine 
coefficients of heat exchange between the medium and the 
membrane, which is a challenging task.

In addition, the results obtained demonstrate that at os-
cilating character of the thermal effect, there may occur the 
thermal oscillations of the membrane. All this leads to the 
formation of a rather complicated character of temperature 
error of the sensor and unpredictable accuracy in the mea-
surement of pressure. 

The results received will be particularly valuable when 
designing pressure sensors for automated control systems, 
where a rapid correction of additional errors in measurement 
is required. 

In further research, it would be appropriate to verify theo-
retically and experimentally possible methods for eliminating 
thermodeflection, as well as to establish the influence of the 
character of thermal effect and of the main membrane param-
eters on the amplitude and character of thermodeflection.

6. Conclusions

1. We derived analytical dependences that describe a 
nonstationary temperature field in the membrane of a ten-
soresistive pressure sensor, which allows performing an 
analysis of the character of the field, as well as discovering its 
features depending on specific parameters of the membrane.

2. It is found that the temperature field of membrane, 
despite a change in its thickness, may or may not have a 
gradient along the radius. The existence of a gradient along 
radius of the membrane results in its thermodeflection, while 
there is no thermodeflection in the absence of the gradient.

3. It is demonstrated that during a fast-changing thermal 
effect the thermodeflection value significantly affects the ac-
curacy of the sensor, as it can be comparable to the working 
deformations of the membrane and, thereby, create a 100 % 
additional error.

4. To eliminate the negative influence of thermodeflec-
tion, it is necessary to minimize the gradient of temperature 
field along radius of the membrane by the thermal isolation 
of its perimeter, or by a special selection of parameters and 
materials of the casing of the sensor and the membrane.
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