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Abstract-This paper explores the fundamental steps towards the 

development of a 6-axis piezoelectric Inertial Measurement Unit 

(IMU). The main specification of the reported device is its ability 
to concurrently detect 3-axis acceleration and angular velocity 

using a single mass-based design. This work represents a detailed 

numerical analysis based on a finite element model. Experimental 

reported data are exploited to validate the FEM model in terms 

of acceleration detection which is ensured through the direct 

piezoelectric effect. The angular rate is detected thanks to the 

Coriolis effect by ensuring drive and sense modes. Using a Finite 
Element Analysis (FEA), light was shed on the different basic 

parameters that influence the sensor performance in order to 

present an optimized design. A detailed geometrical investigation 

of factors such as anchor position, optimized locations for sensing 

electrodes, proof-mass dimensions, PZT thickness, and operating 

frequency is illustrated. The 6-DOF sensor outputs are extracted 
in terms of the original and the optimized design. The 

amelioration rate of sensitivity is found to be up to 165% for 

linear acceleration, while for angular rate sensing, the lateral 

sensitivity is ameliorated by about 330% and is multiplied by 

around ten times in the normal axis. The optimized design 

exhibits a good acceleration sensitivity of 260mV/g in the lateral 

axis and 60.7mV/g in the z-axis. For angular rate sensing, the new 
design is more sensitive along the longitudinal axis than the 

lateral one. Sensitivity values are found to be 2.65µV/rad/s for 
both x-and y-axis, and 1.24V/rad/s for the z-axis.  

Keywords-acceleration; Coriolis effect; angular rate detection; 

FEM simulations; inertial measurement unit; piezoelectric 

detection 

I. INTRODUCTION  

The development of multi-axis inertial sensors has been 
rising considerably. The scientific community has shed light on 
multi-motion sensing exemplified in Inertial Measurement 

Units (IMUs). Such systems are employed to measure linear 
and rotational motion data such as gravitational forces and 
angular rates. Nowadays, IMU systems are becoming important 
and are largely investigated [1-4] due to the fact that they are 
among the primary used systems in various fields, e.g. they are 
the main means of environment interaction for robotic 
applications and their system development [5, 6]. Also, IMU 
devices have shown great contribution in medical rehabilitation 
fields [7, 8], they have been broadly investigated in industrial 
quality control systems [9], navigation systems [10, 11], 
motion sensing and portable positioning systems [12, 13], and 
in smart sensors for Internet of Things (IoT) applications [14, 
15]. Multiple-axis sensing systems have been developed 
relying on several physical effects, most known for motion 
capture are capacitive, thermal, piezoelectric and 
piezoresistive. Nevertheless, piezoelectric materials have 
presented great performance in many inertial sensors. 
Especially, the piezoelectric effect exhibits many advantages 
compared to other sensing mechanisms such as low power 
consumption, wide dynamic range frequency, and 
compatibility with reduced device dimensions [16, 17]. 
Furthermore, their self-powering feature is the most attractive 
advantage of piezoelectric sensors. Indeed, the piezoelectric 
effect is manifested by a transfer of mechanical energy into 
electrical and vice versa, i.e. the direct effect is triggered by a 
deformation that will generate a mechanical stress which in 
turn produces an electrical voltage. Similarly, the converse 
effect is illustrated when an electric field input induces a 
mechanical deformation. For IMUs, the number of Degrees Of 
Freedom (DOF) reflects the number of axes that the system is 
sensitive to. Therefore, a 6-DOF motion sensing application is 
incorporating x-, y-, and z-axis measurement of all possible 
accelerations and 3-axis angular rate components. Several 3-
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DOF or multi-axis sensors for accelerometers and for 
gyroscopes have been reported [18-22]. These devices can be 
co-integrated into a single system to form a 6-axis IMU. 
However, their size and cost, composed by an assembly of two 
or more separate sensors, can be annoying for certain 
applications. In addition, each multi-axis accelerometer or gyro 
sensor requires generally separate drive and sense electronics, 
leading to an increase in cost and complexity of the designed 
inertial unit. Therefore, 6-axis detection for linear and angular 
motion sensors were proposed using piezoresistive [23], and 
piezoelectric principle sensing [24-25] based on a single 
inertial mass. In exploiting the Coriolis effect with 
piezoelectric sensors, a sole work has been carried out to co-
integrate these two different inertial measurement types into 
one device through the same detecting elements [25].  

In the current study, an in-depth analysis of a single-mass 
piezoelectric IMU structure to be used as a 6-axis inertial 
sensor was carried out. The output of this Sensor Under 
Development (SUD) is proportional to each of the 3-axis 
angular rate components in addition to the 3-axis linear 
accelerations. The structure of this SUD is inspired from the 
one presented in [25, 26]. Using the reported experimental 
values, a newly developed FEM model, using COMSOL 
Multiphysics software, has been performed and validated. This 
3D FEM model was then used for the performance analysis of 
the SUD behavior in both drive and sense modes. The novelty 
of this work is mainly manifested through the investigation of 
key parameters that influence the performances of the reported 
structure and their analysis. The main aim of this study is to 
evaluate a 6-DOF piezoelectric detection system and enhance 
its sensing performance through the optimization of its key 
geometrical parameters. 

II. IMU DESIGN PRESENTATION  

The SUD structure is able to detect 3-axis accelerations and 
3-axis angular velocities using a single-mass design. The 
analyzed design, based on the scheme reported in [25], uses 
nine electrodes implemented on the top of a piezoelectric 
membrane for both drive and sense modes as presented in 
Figure 1. Sense electrodes, placed on the inner and outer rings, 
are used to detect induced stresses and are denoted Sx1, Sx2, Sy1, 
Sy2, and Ring. Drive electrodes, located on the middle ring, are 
used to actuate the IMU design and are denoted as Dx1, Dx2, 
Dy1, and Dy2. A circular bottom conductive membrane, made of 
high precision Elinvar (nickel-iron-chromium alloy), is used as 
a potential reference and a supporting substrate (anchor). A 
proof-mass is attached at the bottom center of the Elinvar thick 
membrane and used as an oscillator. The linear acceleration 
detection is based on the use of the direct piezoelectric effect. 
Hence, an incident acceleration motion on the seismic mass 
induces strain in the piezoelectric membrane and the generated 
voltage is collected by the corresponding sensing electrodes 
placed on the top piezoelectric membrane. For angular rate 
detection, the Coriolis Effect is exploited. This phenomenon is 
designated when a moving object is subjected to an angular 
motion in a rotating frame. Practically, the act of the applied 
rotation on the oscillated proof-mass gives rise to a new 
fluctuation component that is produced by the Coriolis Effect. 

 
Fig. 1.  Design presentation of the piezoelectric 6-DOF IMU. 

III. FEM MODEL VALIDATION 

No dimensions’ details were given in [25] concerning the 
proof-mass. Only the used material, stainless steel (or SUS), 
and its weight, 0.65g were declared. Thus, the length and radius 
of the seismic mass will be determined based on a comparison 
study between our FEM simulations and the experimental 
values specified in [25]. FEM simulations have been extended 
for an acceleration range of 1 to 10g. In response to 10g of x- 
and z-axis linear accelerations, distributions of output voltages 
on the membrane are shown in Figures 2(a)-(b). For normal 
acceleration input, the output voltage is collected from the sum 
of all four sense electrodes (Figure 2(a)). For longitudinal 
accelerations, the voltage is collected from the potential 
difference between the two electrodes located in the direction 
of acceleration (Figure 2(b)). The corresponding results of 
output voltages are plotted in Figure 3. This good agreement 
between simulation and the reported experimental results is 
obtained for radius R=1mm and length L=26.52mm. 

 

 
 

(a) (b) 

Fig. 2.  Distribution of the output voltages on top of the IMU membrane 

using R=1mm and L=25.83mm in response to a 10g acceleration along the 
(a) x-axis and (b) z-axis. 

(a) (b) 

Fig. 3.  FEM simulation values and experimental results from [25] of the 

IMU using R=1mm and L=25.83mm in response to accelerations along 
(a) x-axis and (b) z-axis. 
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IV. GEOMETRY OPTIMIZATION 

In this section, an in-depth analysis of the structural 
system’s behavior in response to different design factors is 
introduced. FEM simulations of the basic structure design are 
investigated in order to highlight the geometrical parameters 
that influence the system’s performance. The structure 
optimization is based on the specific location of the anchor 
position, sense and drive electrode locations and proof-mass 
dimensions, PZT thickness, and optimum operating frequency. 
Thus, our contribution is to enrich the characterized sensor with 
an FEA study in order to optimize the design. 

A. Position of Anchor and Sense Electrodes 

The anchor design and the electrode positions are important 
design parameters. Three different positions are inspected to 
explore and then determine the most efficient anchor position 
in order to localize the induced optimum stress. As illustrated 
in Figure 4(a), position 1 consists in fixing the middle bottom 
surface between the Elinvar and the PZT cylinders. In position 
2, which is the original anchor position, the bottom of the 
Elinvar cylinder is fixed up to the limit of the PZT cylinder and 
position 3 consists in fixing the bottom of the Elinvar cylinder 
beyond the limit of the PZT element. 

 

 

 
(a) (b) 

Fig. 4.  (a) Illustration of the three possible IMU structure anchoring cases, 

(b) 2D stress profile on the top piezoelectric membrane under a 10g z-axis 
acceleration for the 3 case position. 

For each of the three anchor positions given in Figure 4(a), 
x- and z-axis excitation accelerations are applied on the IMU 
structure through FEM simulations, and lateral stress on the 
PZT cylinder top surface is inspected. This provides 
preliminary valuable information that help choosing the 
optimal anchor setting between the three examined ones. In 
Figure 4(b), the generated stress distribution is shown using 
position 3 when the IMU is submitted to 10g acceleration along 
the z-axis. Stress distribution along the PZT diameter when the 
IMU is submitted to x- and z-axis accelerations are plotted in 
Figure 5(a) and Figure 5(b) respectively. We note that the 
stress is opposite and symmetrically distributed along the 
piezoelectric membrane with respect to its center. For the x-
axis force, the stress values produced with position 2 and 
position 3 are close. Nevertheless, our choice is pointed to 
position 3 since it is the only position that provides optimum 
stress in ring location which is useful for z-axis detection. It is 
worth noting that the structure is less sensitive to vertical 
excitations, and especially at the external ring, which could be 
explained by the fact that the seismic effect of the mass is 
reduced during a vertical excitation due to the high normal 

stiffness of the IMU structure. Consequently, priority will be 
given to placing the Ring in the zone of maximum stress. 

 

(a) (b) 

Fig. 5.  Illustration of 1D stress profile relative to positions 1 to 3 of the 

anchor when the IMU is under (a) x-axis and (b) z-axis acceleration. 

By analyzing Figure 5, we can conclude that all sense 
electrodes (i.e. Sx1, Sx2, Sy1, Sy2 and Ring) should be localized 
in such a way that their median lines coincide with the stress 
peak. This will ensure that they will cover the distributed 
stressed area as depicted in Figure 4(b). The electrodes’ width 
has been set to 575µm with a spacing of 125µm. These 
dimensions allow placing all electrodes properly in the 
available area where the stress is maximum. 

B. Proof-Mass Length vs. Mechanical Resonance Frequency 

The seismic mass is considered as a key performance 
element since it is used as an oscillator for drive mode 
generation and motions are transmitted to the piezoelectric 
membrane only through the proof-mass causing its deflection. 
Hence, proof-mass dimensions should be carefully optimized 
for best performance. The cylindrical proof-mass length L is 
related to its weight, m, radius R, and material density, 
ρ=7800kg/m3 by: 

� � �����    (1) 
For maximum proof-mass oscillation, the frequency of the 

Drive signal used for excitation should be set around the mass 
resonance frequency, which is closely related to the mass 
length. Therefore, the effect of the proof-mass length on the 
natural frequency of the structure has been examined. On the 
other hand, it is essential to examine the proof-mass tip 
flexibility along the x- and z-directions to find which direction 
is more sensitive. Hence, the SUD design is simulated under x- 
and z-axis acceleration excitation motion (10g) as a function of 
the proof-mass length. In Figure 6, natural frequency and 
displacement magnitude are plotted, in both x-and z-directions, 
of the seismic mass middle tip for different mass lengths. A 
point worth emphasizing is that displacement and frequency 
are inversely proportional, i.e. when the mass is longer, 
displacement increases, but natural frequency decreases. 
Moreover, it should be noted that the structure is more sensitive 
along the x-axis than the z-axis since x-axis displacement is 
much more pronounced. This would certainly influence the 
sensor outputs versus lateral and longitudinal excitations. 

C. PZT Thickness Influence  

Piezoelectric properties and device sensitivity can be 
dependent on several factors, one of them being the PZT 
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thickness [29, 30]. In this context, we exhibit the effect of the 
PZT film thicknesses, ranging from 200 to 400µm on the 
produced tensor stress under an applied static acceleration force 
to the SUD design. The results are exhibited in Figure 7.  

 

 
Fig. 6.  Tilt displacement of the proof-mass middle tip and structure 

resonance frequency versus length of the proof-mass under 10g accelerations. 

 
Fig. 7.  Stress profile in response to different PZT thickness under static 

acceleration input. 

It has been underlined that the stress tensor is directly 
dependent on the PZT film thickness. The optimal film 
thickness for maximum mass-sensitivity of the design is in the 
range of 200µm. However, two points worth noting must be 
considered: firstly, the optimum PZT thickness must be chosen 
not only in terms of highest stress values but also in terms of 
respect to the maximum stress allowed by the material in order 
to avoid structural damages during system operation. In fact, 
the maximum allowable stress is commonly evaluated at 
50MPa for soft PZT ceramics [28]. Secondly, we have to pay 
attention to the additional stress generation by the mass 
oscillation. Thus, stress values are considered in response to 
linear and angular motion under drive mode and it has been 
found that with 200µm of PZT thickness, a safety factor of 12 
and 3 is ensured for linear and angular motion sensing 
respectively. These values are listed in Table I. Therefore, with 
this optimal thickness, IMU outputs can be significantly 
ameliorated with no mechanical damages.  

TABLE I.  STRESS TENSOR OF THE SUD DESIGN (200µm PZT 
THICKNESS) IN RESPONSE TO MAXIMUM LOAD VALUES UNDER 

DRIVE MODE 

Load (max) Stress tensor Safety factor 

Acceleration 10g 4MPa 12 

Angular rate 2000 rad/s 14MPa 3 

D. Frequency Response 

The operating frequency is very important since it defines 
the drive mode frequency which is the basic part of the angular 
rate detecting system. This mode must be accurately set to 
ensure a proof-mass oscillation in the x/y plan for 3-axis 
angular rate sensing. The choice of the drive signal frequency 
is preliminarily extracted from an eigen frequency study of the 
SUD structure showing its behavior under each mode (Figure 
8). This study shows that the first resonant frequency mode is 
manifested by two symmetrical modes (mode 1a and mode 1b) 
showing deformations along x- and y-axis respectively which 
corresponds well to our desired case. Furthermore, the dynamic 
system response of the SUD is analyzed under the acceleration 
motion input in order to assure that the chosen frequency is 
suited for both linear and angular motion sensing. The dynamic 
response is based on (2) governing a second order system of 
the acceleration sensing model [27] (mass-spring damper 
system):  �	
 � �	
 � �	 � ��� � ��    (2) 
where m is the mass of the proof-mass, a is the acceleration 
experienced to the proof-mass, x is the corresponding 
displacement, c is the damping coefficient, and k is the spring 
constant. By taking the Laplace transform of this equation, the 
dynamic response is depicted in (3): 

���� � ������������   (3) 
 

 
Fig. 8.  Modal analysis of the analyzed IMU structure. 

 
Fig. 9.  Bode plot of the dynamic response of the SUD. 

16 18 20 22 24 26 28

Proof mass length (mm)

0

200

400

600

800

1000

1200

1400

D
is
p
la
c
e
m
e
n
t 
(n
m
)

2000

3000

4000

5000

6000

F
re
q
u
e
n
c
y 
(H

z
)

x-axis displacement

z-axis displacement

1st natural frequency



Engineering, Technology & Applied Science Research Vol. 10, No. 5, 2020, 6282-6289 6286 
 

www.etasr.com Almabrouk et al.: Geometry Investigation and Performance Optimization of a Single-Mass Piezoelectric … 

 

The transfer function is numerically examined and the 
magnitude (in dB) and phase (in degrees) of the system 
response are depicted in Figure 9. Through this illustration, the 
first eigen frequency mode is manifested and the bandwidth of 
the SUD is found to be 110Hz. Accordingly, the excitation 
frequency to be chosen is in the vicinity of the oscillation mode 
1. Indeed, exciting in the vicinity of the first resonant frequency 
avoids the appearance of nodes during the oscillation, and it 
permits consequently full exploitation of the seismic effect of 
the proof-mass. 

V. SIX-DOF DETECTION EVALUATION 

Taking in account all the optimized parameters, the 6-DOF 
outputs of the new design have been investigated. FEM 
simulations were performed on the oscillating design to 
estimate acceleration and angular velocity responses retrieved 
directly from the detection electrodes, i.e. before being 
processed by the conditioning electronic blocks. Applied 
accelerations are converted into a mechanical force given by 
Newton's second law. The movements of the seismic mass are 
firstly transformed into a corresponding displacement on the 
piezoelectric surface, and then into an output voltage produced 
on sense electrodes thanks to the direct piezoelectric effect. In 
the presence of a rotational motion, a Coriolis force Fc is 
generated and acts always perpendicularly to the directions of 
angular rate to be measured and the proof-mass oscillation. 
Thus, the new displacement amplitude raised by the Coriolis 
effect is proportional to the angular rate to be measured using 
the direct piezoelectric effect. The efficiency of the 
piezoelectric effect, used for both excitation and detection 
modes, contributes significantly to the determination of the 
IMU performance. The Coriolis force is given by: 

������ � 2����� ! " Ω��!    (4) 
where v is the applied drive velocity component on the 

oscillator having a mass mosci and Ω is the angular rate to be 
measured. The Coriolis force expression depends directly on 
the drive velocity of the proof-mass which represents the 
derivative of its displacement. Hence, in order to improve the 
generated Coriolis force, proof-mass displacement should be 
maximized.  

A. Drive Mode Setting 

Drive mode must be configured in such a manner that an 
oscillation motion of the proof-mass in the x/y- plane is 
ensured. This is obtained through the application of four 
different AC signals that are phase shifted by 90o with the same 
magnitude to the four drive electrodes. Under these specific 
applied drive signals, the three displacement components of the 
seismic mass are extracted through FEA in response to a 
frequency sweep. Figure 10 exhibits the displacement 
magnitude of the central point of the proof-mass as a function 
of the excitation frequency under 300mV drive signal 
amplitude. Indeed, displacements along both x- and y-axes are 
equal and optimum exactly around the first eigen frequency 
(1681.5kHz). Displacement along the z-axis exists with very 
low amplitude, so it will not be taken into consideration and we 
can confirm that the proof-mass undergoes a circular oscillation 
motion in the x/y-plane. As the excitation frequency is in the 

vicinity of the resonance frequency, it is expected that the 
structure's vibration will increase, and thus the bias drive 
voltage will decrease. The choice of the excitation voltage 
amplitude (Drive mode amplitude) is also essential since it 
influences the mass tip oscillation magnitude which increases 
linearly with the applied drive voltage as shown in Figure 11. 

 

 
Fig. 10.  Proof-mass middle tip displacement in x-, y- and z-axes vs 

frequency under drive mode. 

 
Fig. 11.  Proof-mass middle tip displacement in response to varying drive 

voltage amplitude. 

Indeed, the choice of the excitation amplitude must respect 
the fact that the delivered voltage on sense electrodes due to 
drive oscillation must be minimal in order be able to visualize 
acceleration and angular rate effects on sensing voltages. When 
respecting this assumption, it will be always possible to 
distinguish motion response, from the oscillation one which is 
permanently present. It is worth noting that during the 
oscillation (i.e. in drive mode), the recovered voltage from the 
ring electrode is insignificant since half of its surface is located 
in an expansion zone, while the other half is located in a 
compression zone. Hence, the average stress at the level of the 
whole connected ring is very weak unlike the S-ring (where the 
four sense electrodes are located) which is divided into four 
zones. The velocity components of the proof-mass versus time 
can be extracted and examined as shown in Figure 12. In fact, 
as a very much lower displacement of the proof-mass is 
obtained in the z-direction, velocity would also be too low 
compared to the in-plane components. 



Engineering, Technology & Applied Science Research Vol. 10, No. 5, 2020, 6282-6289 6287 
 

www.etasr.com Almabrouk et al.: Geometry Investigation and Performance Optimization of a Single-Mass Piezoelectric … 

 

 
Fig. 12.  x-, y- and z-axis velocity components of the proof-mass oscillation. 

B. Linear Acceleration Sensing Evaluation 

Under a lateral acceleration along the x- or y-axis, the 
seismic-mass will tilt in the opposite direction, and thereafter 
the distributed stress in sense electrodes located on the line 
application of the acceleration will be positive on one side and 
negative on the other. Then, a continuous offset voltage, which 
is proportional to the acceleration undergone by the mass, will 
be superimposed to the drive voltage generated by the proof-
mass oscillation as depicted in Figure 13(a). Similarly, in the 
case of z-axis acceleration, the summation of the four sense 
electrodes together will register an offset voltage which will 
also be superimposed on the excitation voltage. We note that 
the offset value of each acceleration output signal under proof-
mass oscillation is equal to the value corresponding to the pure 
acceleration effect (Figure 13(b)) which validates the 
simulation results. 

 

  
(a) (b) 

Fig. 13.  x-axis acceleration response with the application of (a) drive mode 

and (b) static mode. 

C. Angular Rate Sensing Evaluation 

When subjected to a rotation motion, the Coriolis force 
triggers a tilt force and excites the vibration of the second 
mode, called sense mode. The oscillation amplitude of the 
generated force will be proportional to the applied angular rate: 

�$ � 2	����� 	 & ' ( )*˄,
-'-(-)

.    (5) 
1) Case 1 

In the presence of angular velocity around the x-axis Ωx, 
two components of Coriolis force are created: one along the z-
axis and another along the y-axis, given by (6) and (7): 

�( � 2����� )-'    (6) �) � �2����� (-'    (7) 
The numerical values of displacement and velocity 

components are extracted through FEM simulations,. This 
allows us to get the magnitude of the produced Coriolis force in 
z- and y-directions as exhibited in Figure 14(a). It is obvious 
that the z-axis component of the Coriolis force dominates since 
the x-direction displacement amplitude is much higher than in 
the z-direction one. Consequently, in response to the x-axis 
angular rotation, the planar oscillation trajectory of the proof-
mass will be affected by the Coriolis force along the z-axis and 
the effect of this force could be measured from the ring 
electrode by substituting the shifted new voltage from the 
initial drive voltage as shown in Figure 14(b). Indeed, the ring 
voltage keeps its sinusoidal shape, with a higher amplitude 
which is proportional to the undergone angular rotation. In 
addition, attention must be paid to the fact that because of the 
presence of the y-axis component of the Coriolis force, the 
seismic mass will undergo a little additional oscillation 
stretched in the y-direction which can slightly increase the 
voltage recovered from the Sense electrodes in the y-direction. 
Consequently, the seismic mass will then undergo an elliptical 
curve oscillation stretched in the y-direction instead of a perfect 
circular trajectory which will increase the amplitude voltage 
recovered from the electrodes Sy1 and Sy2, compared to the one 
obtained from Sx1 and Sx2.  

 

 
 

(a) (b) 

Fig. 14.  (a) Illustration of Coriolis force along the z-and y-axes in response 

to x-axis angular rate, (b) output voltage from the Ring electrode when 
subjected to x-axis angular rate. 

2) Case 2 

In response to the y-axis angular velocity input, Ωy, two 
Coriolis forces are induced. However, only the dominant one is 
considered, which is along the z-axis (same logic as in Case 1). 
In fact, the velocity oscillator along the x-axis is combined with 
Ωy to give rise to a dominant Coriolis force along z-axis as: �) � 2�	 '-(    (8) 
Similar to Ωx, the ring electrode will be used to detect the y-

axis angular rates. However, since x- and y-axis proof-mass 
velocities are π/2 phase shifted, then the output signal of Ωx and 
Ωy will also have a π/2 phase shift. Hence, a phase detector is 
proposed to distinguish Ωx from Ωy. 

3) Case 3 

Two Coriolis force components are generated with the 
same magnitude under the z-axis angular rate. This is because 
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the z-axis angular input is perpendicular to the x-y oscillation 
plane. Hence, the produced Coriolis force will enclose two 
compounds: �( � 2����� '-)    (9) �' � �2����� (-)    (10) 
As noticed, the produced forces in x- and y- directions are 

equal but they are phase-shifted due to the phase shift of the 
initial Drive signals in x- and y-directions. Using FEM 
simulations, under the z-axis angular rate, we were able to 
evaluate the generated Coriolis effect on sense signals. In fact, 
the diameter of the oscillation circle of the seismic mass will 
either increase or decrease. Then, the amplitude of the 
sinusoidal component of all sense electrodes located in the 
inner ring will either increase or decrease, depending on the 
direction of the angular rotation. The simulation result of the 
output voltage is plotted in Figure 15. The output voltage 
versus time is extracted with the use of the potential difference 
between electrodes Sx1 and Sx2 as well as Sy1 and Sy2. 

  
(a) (b) 

Fig. 15.  Sense voltage in response to the z-axis angular rate input: 

(a) Output voltage (Sx1-Sx2) vs. time and (b) output voltage (Sy1-Sy2) vs. time. 

VI. COMPARISON AND DISCUSSION 

The sensitivity of the studied design is calculated in the 
three axes for angular velocity and linear acceleration sensing. 
When the results of the optimized design are compared to the 
results of the original one, an amelioration rate of sensitivity is 
found to be up to 165% for linear acceleration, whereas for 
angular rate sensing, the lateral sensitivity is ameliorated by 
about 330% and is multiplied by a factor of around 10 in the 
normal axis. Sensitivity values relative to the original and the 
optimized design are listed in Table II.  

TABLE II.  PERFORMANCES OF THE ORIGINAL AND THE OPTIMIZED 

DESIGN IN TERMS OF LINEAR AND ANGULAR SENSITIVITIES 

 
Angular rate sensitivity Acceleration sensitivity 

x- and y-axis z-axis x- and y-axis z-axis 

Original design 0.62µV/rad/s 0.13V/rad/s 98mV/g 45mV/g 

Optimized design 2.65µV/rad/s 1.24V/rad/s 260mV/g 60.7mV/g 

 

The new 6-axis IMU presents very good sensitivity 
especially in terms of z-axis angular velocity and 3-dimentional 
acceleration detection. This good performance is related to the 
precise setting of the geometrical design parameters that 
directly influence the output of the sensor. In fact, taking 
advantage of the most suitable anchor position, the optimized 
locations for sensing electrodes, the perfect choice of the 
operating frequency, and the minute thickness of the detecting 

element allows designing a high-performance sensor. This 
method of geometry investigation represents a reliable and 
efficient way to improve the mechanical and electrical sensor 
outputs. 

VII. CONCLUSION 

Inertial measurement unit sensors are widely used in 
various applications due to the important information they can 
provide including acceleration and angular rate data of a 
movable object. However, because of the use of two separate 
blocks, one for the accelerometer and one for the gyroscope, 
there are several limitations bound the IMU development, 
consisting mainly in size, cost, and energy consumption. 
Therefore, IMUs are restricted to relative bulk application and 
thus, despite its importance, the conventional IMU becomes 
unsuitable to consumer applications unless the size of the 
devices is reduced. In this paper, we have detailed the design 
performance of a 6-axes single-mass piezoelectric IMU. The 
derived FEM model was based on an original design proposed 
in [25]. A meticulous analysis of geometry investigation was 
performed including anchor position, optimized locations for 
sensing and driving electrodes, proof-mass dimensions, and 
resonance operating frequency. This geometrical analysis 
highlighted the design optimization and presented a 
considerable amelioration in terms of linear and angular 
sensitivity. 
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