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Abstract— A new design of the three-axis thermal capacitive [4] MEMS accelerometers. The main

accelerometer with a set of temperature sensing elements
(thermistors) in the direction of each axis located on a thin-film
SiO2 membrane is proposed. Finite-element study of the
accelerometer with the selected design shows that the
temperature difference between the symmetrically placed
thermistors linearly increases with acceleration in the range
from 1g to 10g. At the same time, with increasing their distance
from the central heater the sensitivity of thermistors reaches a
maximum value, and then gradually drops to zero near the
edge of the membrane. It was also found that in order to
achieve the maximum thermal sensitivity when detecting
acceleration in the lateral direction, thermistors should be
asymmetrically placed relative to the heater along the
corresponding axis, and the asymmetry of their optimal
location on the membrane increases with acceleration. The
results obtained can be used to improve the design of MEMS
(Micro-Electro-Mechanical-System) accelerometers based on
thermal effects.
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I. INTRODUCTION

Nowadays, sensorics plays an important role in the
development of mobile phones, high-tech gadgets, smart
health monitoring devices (control of body temperature,
blood pressure, pulse rate, etc.), as well as for the integration
of intelligent electronic systems in cars, space satellites and
unmanned aerial vehicles (drones) for civilian applications
[1]. Small-scale MEMS accelerometers, which can provide
the user with information about the static (gravitational) or
dynamic acceleration, like shock or vibration, take a leading
place in this direction. For example, they become
indispensable for preventing the crash of portable electronic
devices (hard drives, handbooks) after their free fall,
structural health monitoring of buildings, bridges and
predicting possible causes of equipment failure, improving
human safety in road traffic accidents (in anti-lock braking
systems, airbags) and to detect the angle of rotation and
orientation in digital cameras, drones, tablets. There are
various types of MEMS accelerometers whose design
involves the use of proof mass to determine the value of
acceleration — field-emission [2], piezoresistive [3] and
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disadvantage of these kinds of accelerometer is the low
resistance to shocks, in particular, when working in extreme
conditions, which is caused by the mechanical mobility of
the solid proof mass, which leads to irreversible destruction
of fragile parts of the accelerometer design. In contrast, the
principle of operation of thermal MEMS accelerometers is
based on the displacement of the hot fluid on the top of the
heater within the cavity under the action of acceleration,
which does not require the use of moving mechanical objects
(Figure 1).
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Fig. 1. The principle of the thermal accelerometer. (a) In the case of zero
acceleration, there is thermal equilibrium between the sensing elements
Sensor 1 and Sensor 2 and no temperature difference is observed, i.e.
T,=T>. (b) The applied acceleration shifts hot fluid bubble in the direction
opposite to its action. Thus, the temperature difference dT=T,-T, due to the
shift of the temperature profile is detected by sensing elements Sensor 1
and Sensor 2 (thermal resistors or thermopiles) located on both sides of the
heater.



As shown in Figure 1, the shift of a hot fluid bubble
located above the heat source opposite to the direction of
acceleration vector due to free-convection heat transfer leads
to the difference in temperature of sensing elements (Sensor
1 and Sensor 2) placed on both sides of the heater along the
given direction of acceleration. This, in turn, causes the
appearance of a non-zero voltage signal, taken from the
sensing elements, which is determined by the thermoresistive
[5] or thermoelectric effect [6]. To detect X-axis or Y-axis
acceleration, as a rule, symmetric sensing elements are
placed in the plane of accelerometer along the respective
axes [7, 8]. Previously, a large number of studies were
carried out to optimize the design of a two-axis thermal
accelerometer [9, 10], mainly aimed at increasing the
sensitivity and expanding the operating frequency range of
the sensor, which are complementary tasks. These tasks can
be solved by selecting the appropriate gases, choosing the
optimal shape of the heater, parameters of the conductive
substrate, etc.

However, despite notable progress in this area, there is
still no definitive answer to the question of what is the best
way to build a three-axis accelerometer design, where the hot
bubble also shifts in a direction perpendicular to the plane of
the thin-film membrane, on which the heating element is
usually located. The arrangement of thermistors (or
thermocouples) along the out-of-plane axis complicates the
technological process of creating an accelerometer, as well as
its mass and compactness. Previously, the idea was proposed
to locate all sensing elements in the plane of the heating
resistor on the membrane, which can be realized by creating
an asymmetric cavity along the OZ axis, which makes it
possible to laterally change the shape of the shifted heat
bubble depending on the direction of out-of-plane
acceleration and, therefore, detection of this acceleration
component [11-14]. However, the out-of-plane sensitivity of
the thermal accelerometer with the design proposed in these
works is orders of magnitude less than the sensitivity in the
lateral direction [15]. At the same time, when adding both in-
plane and out-of-plane acceleration to the thermal
accelerometer leads to cross-axis sensitivity and the
impossibility  of  unambiguously  determining  the
correspondence between the temperature difference along a
given axis and the related acceleration component [16]. Due
to the above reasons, the search for the optimal design of a
three-axis accelerometer is an urgent and important issue up
to date.

II. THEORY AND SENSOR DESIGN

To optimize the operating parameters of the three-axis
thermal accelerometer, the Comsol Multiphysics software
package was used [17], on the basis of which the finite-
element model of the three-axis thermal accelerometer
design proposed in this work with a set of sensitive
thermoresistive elements on a thin dielectric membrane was
built.

A. Background

To calculate the change in temperature distribution of
fluid under the action of acceleration, the following system
of equations was used in the model of three-axis thermal
accelerometer, based on the law of conservation of mass,
momentum and energy:

dp
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where u is the flow velocity vector, p is the pressure,
T is the temperature of the fluid flow,

‘r:,u(Vu+(Vu)T)-2,u(V-u)I/3 is the viscous stress

tensor, I is the identity matrix, F, = —pa is the volume

force vector, a = z a.e; is the acceleration vector, a, and

i=x,y,z
e, are the acceleration and the unit vector along i-axis,
P, ,u,k,Cp are the density, dynamic viscosity, thermal

conductivity and specific heat of the fluid, respectively. For
the final description of the governing equations predicting
the temperature distribution in a thermal accelerometer
further we use the ideal gas law for the fluid density p

which is valid in the case of compressible flow (when the
Mach number is less than 0.3):

p=pM,/RT, )

where M, is the molar mass of the gas, R is the

universal gas constant. As the boundary conditions for the
fluid flow, we assume that there is no slip condition (u=10)
at the interface solid/fluid. This system of equations (1) and
(2) was implemented in Comsol MultiPhysics by linking
three different physical modules, describing the effect of
Joule heating (module "Electric current”), heat dissipation
(module “Heat transfer””) and the convective heat transfer in
the fluid under the applied acceleration (module “Laminar
flow” ). The interactions between these modules are
schematically presented in Figure 2.
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Fig. 2. Interactions between the modules of Comsol Multiphysics to
describe the model of a thermal accelerometer.

The “Electric current” module is used to set the power
supplied to the heater, on the basis of which the “Heat



transfer” module determines the amount of heat transferred
to the fluid medium. In turn, the “Laminar flow” module
determines the shift of the heat bubble and the corresponding
change in the temperature profile, which according to
formula (1) is associated with a change in the fluid density at
non-zero acceleration.

B. Proposed Design of the Thermal Accelerometer

In this paper we propose the design of a three-axis
thermal accelerometer, shown in Figure 3.
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Fig. 3. The proposed design of the three-axis thermal accelerometer.

The heating central resistor (heater) and a set of sensing
thermoresistive elements in the three directions of detection
are located on a thin-film dielectric SiO, membrane in the
cavity of the silicon substrate. The location of sensitive
thermistors at different distances from the heater allows you
to increase the overall sensitivity of the thermal
accelerometer and set their optimal location during the
simulation. Platinum with a high coefficient of thermal
resistance equal to 3-107°°C™" according to our
measurement results was chosen as the material for
thermistors [18]. Also, as an alternative to thermistors,
Al/Si* thermocouples can be used as sensing elements to
improve measurement accuracy [19].

III. SIMULATION RESULTS AND DISCUSSION
We consider the case when the acceleration along the
axis OY (a, ) is equal to 5g, along the axis OZ (a, ) — g, and
the acceleration a, along the axis OX varies in the range

from 1g to 10g. Figure 4 shows the temperature profile along
the XOZ cross-section of the thermal accelerometer, the

heating resistor of which is supplied with a power of 3.1 mW
during the action of acceleration component a, =5g . As it

follows from the figure, at this power, the maximum
temperature T on the heater changes by 120 K from the
initial room temperature TO equal to 293.15 K. In this case,
steps are visible on the temperature profile corresponding to
the arrangement of the thermistors R, Rx2, Rx3 on the left
and Rixi, Rixo, Rixs on the right in relation to the position of
the heater along the axis OX.
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Fig. 4. (a) The temperature profile T-T in the XOZ cross-section of the
thermal accelerometer and (b) the temperature distribution (in K) along the
membrane plane in the case, when the input heat power is equal to 3.1 mW,

a,=g,a,=5g and a, =5g .

Figure 5 (a) shows the temperature change AT along

the line along the OX axis when the acceleration a, varies
from 1g to 10g with respect to the case when this
acceleration component is zero, ie. a, =0g . With
increasing acceleration, the temperature of the right-side
thermistors R.xi, Rix2, Rix3 increases, while the temperature
of the left-side thermistors R.yi, R.xo, R3 drops, which is due
to the shift of the hot fluid bubble in OX direction under the
acceleration. In this case, the maximum temperature change
is observed in the position of the thermistors corresponding
to the distance from the heater equal to about 0.27 pm.
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Fig.5. (a) The temperature change AT, =AT, (a,)-AT, (0g) along
the axis OX, when the acceleration a, varies from 1g to 10 g. (b) The
temperature difference AT (R,)=AT(R,,)—AT(R_,) at thermistors as a

function of the acceleration component a, , where i=1,2,3, a,=g,

a, =5g , and the input heat power is equal to 3.1 mW.

At the same time, it is clear that the temperature change
AT (R,)=AT(R,,)-AT(R_,) , where i=1,2,3, is a
linear function of acceleration and increases almost 8 times
with increasing a, from 1lg to 10g, which is easily seen
from Figure 5 (b). In turn, for the case of a change in
acceleration a, in a similar range, such an effect of an

increase in the temperature difference is not so noticeably
observed (Figure 6).
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Fig. 6. The temperature difference AT (R, )=AT (R, )-AT(R..) at

thermistors as a function of the acceleration component a_ , where
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a,=0g, a, =0g, and the input heat power is equal to 3.1 mW.

IV. SUMMARY AND CONCLUSIONS

Thus, this paper presents a numerical model of the
MEMS-based three-axis thermal accelerometer with
proposed design, on the basis of which an analysis of
possible ways to optimize its performance for detecting
acceleration in three directions was carried out. This issue
can be solved by using a set of thermoresistive sensing
elements that are separated at different distances from the
heater, which also allows you to choose their optimal
position. The asymmetrical arrangement of the thermistors
along the corresponding axis serves to increase the
sensitivity for detecting accelerations in the range from 1g to
10g, respectively. The results obtained can be also applied to
evaluate the performance of a multi-axis accelerometer with
a given design. Further improvement of the proposed three-
axis accelerometer model can be associated with
modification of the geometry of the membrane and cavity
within the existing technological capabilities to enhance the
out-of-plane sensitivity, and with the implementation of this
study on the detection of variable acceleration components at
a given frequency.
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