UN
d

1g21ta

International Journal of Robotics and Mechatronics

A Smart Ultrasonic Actuator with
Multidegree of Freedom for Autonomous Vehicle
Guidance Industrial Applications

Mahmoud Shafik, M. Elvis Ashu, and B. Nyathi
College of Engineering and Technology, University of Derby, Derby, United Kingdom

Abstract—A piezoelectric ultrasonic actuator with multidegree of
freedom for autonomous vehicle guidance industrial application is
presented in this paper. The actuator is aiming to increase the visual
spotlight angle of digital visual data capture transducer. It consists of
three main parts, the stator, rotor and housing unit. The stator is a
piezoelectric ring made from S42 piezoelectric ceramics material,
bonded to three electrodes made from a material that has a close
Characteristics to the S42. The rotor is a ball made from stainless steel
materials.

The actuator working principles is based on creating micro
elliptical motions of surface points, generated by superposition of
longitudinal and bending vibration modes, of oscillating structures.
Transferring this motion from flexible ring transducer through the
three electrodes, to the attached rotor, create 3D motions. The actuator
Design, structures, working principles and finite element analysis are
discussed in this paper.

A prototype of the actuator was fabricated and its characteristics
measured. Experimental tests showed the ability of the developed
prototype to provide multidegree of freedom with typical speed of
movement equal to 35 rpm, a resolution of less than 5 pum and
maximum load of 3.5 N. These characteristics illustrated the potential
of the developed smart actuator, to gear the spotlight angle of digital
visual data capture transducers and possible improvement that such
micro-actuator technology could bring to the autonomous vehicle
guidance and machine vision industrial applications. Furthermore
research are still undertaken to develop a universal control prototype,
integrate the actuator with an infrared sensor, visual data capture
digital transducers and obtain the trajectory of motion control
algorithm.

Keywords—Multidegree of freedom actuator, autonomous vehicle,
machine vision, robot guidance, mechatronics.

I. INTRODUCTION

UTONOMOUS vehicles and driverless cars are key
development for future smart cities and villages across the
world. As the human eyes is one of the most important organs
of the human body. Our abilities and talents are greatly
depending on our ability to see, recognize, and distinguish
objects and to estimate distances. Most jobs depend on our
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ability of visual perception. As amazing as the human sense of
vision may be, we must admit that today's autonomous and
manufacture technologies more and more often broaden well
beyond the limits of human visual capacities. This is where
artificial machine vision, autonomous vehicle and robot
guidance technology comes in. It is one of the constantly
growing areas of research and development that dealing with
processing and analyzing of visual digital data capture [1-3]. It
Plays a key role in the development of autonomous systems and
enables decision making for some of the industrial applications
and manufacturing process.

The principal aim and objectives of this research is to
develop technology that has the ability to perceive, reason,
move with multidegree of freedom and learn from experiences,
at lower cost. The research is particularly focus on developing
of an actuation system that could provide 3D motions with
multidegree of freedom, to overcome the visual data capture
transducer spotlight focus angle (Figure 1) and enhance the
machine vision system ability to perceive and move in 3D.

Investigation into the state of the art of emerging cutting
edge actuators technology and possible approaches to develop a
creative, sustainable and simple design structure that meets the
3D motions and machine vision requirements, at lower cost was
a challenge. However with the potential characteristics, design
optimization and working mechanism that piezoelectric
ultrasonic actuator technology offers and that could bring to
this area of applied research industrial applications. There is a
strong believes that this technology will fulfill the requirements
and this is where this research programme has started.

The piezoelectric Ultrasonic actuators (USM) working
principles are based mainly on the perception of driving the
rotor by a mechanical vibration force generated on the stator
(Lead Zirconate Titanate (PZT) Transducer), via piezoelectric
inverse phenomenon. USM technology can be classified into
many categories however the two main common categories,
that based on the PZT working mode are, bonded type [5-9] and
bolt-clamped type actuators [10-12]. USM’s have many
advantages and disadvantageous. These advantages are
included compact size, high force density, and simple
mechanical structure, slow speed without additional gear or
spindle, high torque, non-magnetic operation, freedom for
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constructional design, very low inertia, fast dynamic time
responses, direct drive, fine position resolution, miniaturization
and noiseless operation. These criteria gave them the potential
to be used in a number of industrial applications [13-25].
Demanding and careful examination for piezoelectric
ultrasonic actuators industrial applications reveals that there are
apparent teething issues or disadvantageous. The first is in
regard to its dynamic time response and transfer function.
While a piezo-ceramic elements, typically PZT, expands in
direct proportion to the magnitude of the applied voltage, the
USM on the other hand accumulates those displacements over
time. Therefore the transfer function of the actuator, relating to
the magnitude of the driving signal to the displacement is an
integrator [18, 21-26] and this showed a delay in the dynamic
time response of the USM, but it is not nearly significant as that
in an electromagnetic actuators i.e. DC and or AC. The second
issue is that because motion is generated through a friction
force between actuator elements therefore it has a dead band.
Often USM does not move until the driving input signal is
greater than 10% of the maximum allowed voltage, to
overcome the friction, such a dead band limits the ability of
USM to accelerate quickly [5, 21-26].
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Figure 1 The camera (a) field of view in 2D showing the wide,
normal and tele angle, (b) depth of field and minimum object
distance [4]

The development of the proposed piezoelectric actuator
with multidegree of freedom presented in this paper have
passed through three main phases, phase one focused on: an
investigation into the current actuators technology, phase two
concentrated on: the actuator design and structure, phase three
dealt with: finite element analysis, to test the actuator design
structure, optimization and material micro deformation. The
final stage focused on material selection, prototype fabrication,
test and measurements.

1. USM WITH MULTIDEGREE OF FREEDOM AND STRUCTURE

Figure 2(a) and (b) shows the actuator design, structure and
CAD sold model. Figure 3 shows side view cross section of the
actuator structure. The proposed actuator consists of three main
parts, the rotor, stator and housing unit. The stator is a
piezoelectric transducer ring made of Lead Zirconate Titanate -

S42 piezoelectric material. Three titanium rods and a magnet
were designed and attached to the stator, to support the rotor at
three tips. The three rods has been detached at 120 degree and
located at the transducer driving tips, to transfer the micro
elliptical motion to the rotor. The rotor is a sphere of steel of
size 28mm that rests on the stator intersecting at the tips of the
rods. The structure is housed by Perspex, a transparent
thermoplastic material.
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Figure 2 Design and structure of the proposed 3D USM for
machine vision industrial applications: (a) design & structure,
and (b) CAD solid model
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Figure 3 Cross section side view of the proposed 3D USM for
machine vision and robot guidance industrial applications




The shape of three titanium rods is circular. This is to make
sure that each rod is intersected with the sphere rotor in one
single point. This is to minimize the friction force and avoid
any possible loss of the stator thrust driving force. The three
rods are fastened to the ring and the transducer ring is bonded to
the housing using silicon rubber. This is to avoid any
interference with the stator modes of vibration and provide the
necessary degree of freedom, to transfer the micro elliptical
force from the PZT ring to the rotor, through the three titanium
rods. The magnet was design and its force has been determined
carefully to keep the rotor attached to the rods and ensure
efficient transfer of the stator vibration force.

The proposed actuator design in this paper has many
advantageous over any other recently developed multidegree of
freedom actuator. It presents a very creative, sustainable and
simple design that is easy to manufacturer and maintained. The
principles of motion is based on material deformation and
friction force, therefore there is no much risk of interference
and influences by any other system in the same working
environment. This is in addition to the parts can be replaced if
its performance deteriorated with the time as a very good
example of sustainable innovation design approach. The design
structure and working mechanism also presents for the first
time a new approach that allows transferring the piezoelectric
phenomenon through a material that has close characteristics
(titanium materials) and performing the same principals of
creating motion using friction between sold parts.

I, USM wiITH MULTIDEGREE OF FREEDOM WORKING
PRINCIPLES AND MATHEMATICAL MODEL

The proposed actuator is designed using bending and
longitudinal vibration modes in a single ring transducer, which
has a fixed wavelength. The concept is to utilize two modes of
vibrations, to obtain the desired motion of the piezoelectric
element, bending and longitudinal vibration modes. One mode
of vibration produces a normal force while the other vibration
generates thrust force, which is perpendicular to the normal
force, resulting in an elliptical trajectory of micro elliptical
motions, at a number of the rig surface tips.

Figure 4 USM actuator showing the arragement of the rods A, B,
and C on the piezoelectric flexural ring

The longitudinal and bending vibration modes are coupled
by asymmetry of the piezoelectric ceramic vibration ring [8,
18-24]. By attaching three perpendicular rods A, B and C, with
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120° separation angle, to the piezoelectric ceramic ring surface,
the micro elliptical motions are transferred to the rods tips,
causing the rotor to move in 3D. The rotor movement is caused
by the sequential frictional force generated at the tips of each
rod. Obtaining the trajectory of these points across the sphere
rotor will help to control the actuator movements. Figure 4
shows the arrangement of the three rods and the sphere rotor of
the actuator.

The following Equations (1), (2) and (3), represent the
vibrations of the displacement in the parallel and perpendicular
direction of the travelling wave generated by the flexural
vibration ring transducer that transferred through the three rods,
respectively.

Xa=W, cos(27zf t+ al)
Yo =W, cos(27ft + a, )
Z 5 =Wj cos(2ft + a;)

where: Xa, Ya, and Z, are the possible displacements in parallel
and perpendicular direction, respectively. Wy, W,, and W3 are
the maximum vibration amplitudes in the X, Y and Z directions,
respectively. f is the resonant frequency, t is the time and o is
the phase difference.

Obtaining and investigating the dynamic and mathematical
model of the design structure could help to optimize the design
and improve the performance of transferring the piezoelectric
ring material deformation.

Figure 5 shows the coordinate system of the titanium rod A
as the piezoelectric flexural ring start to vibrate.

Figure 5 showing the coordinate of the titanium rod A attached to
the piezoelectric flexural transducer ring

The piezoelectric actuator stator is a ring transducer and its
model is the main principles to ensure the development of
accurate results (Lizhong Xu & Shanjie Du 2013). According
to Lizhong and Shanjie, the dynamic equation of the vibrating
transducer (stator) as per figure above is given as:

2%w, 1-u 8%wq 1+u 9%ws ow, _ ph 22w,
da? 2 12992 2 rdade rda  k ot?
1+u 9%w, 1-pu 9%ws 9%ws dw, _ ph 9%w; 1)

2 rdade 2 0da? r20¢?2 r29¢p  k 012

12 ( owq ows

v \Froe

roa r20¢ + %) + VIV = %(_ph azwz)

12
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where wy, W, and ws Are the axial, radial and tangential
displacements of the vibrating transducer, respectively. The
constants K and D could by obtained using:

Eh

K =
1—u?

D= ER3
T 12(1- w3

where p is the Poisson’s ratio for the transducer material, E is

the elastic ratio of the vibrator transducer material, T is the time,

h is the thickness of the transducer disc, r is the radius of the

transducer ring and p is the density of the transducer ring

material.

According to lizhong and Shanjie in any circumferential
mode n, the is a general relationship of a displacement for a free
vibration mode and could be represented as:

wy (a, ¢, T) = wy (@) cos(ng) .e/™*
ws(a, ¢,7) = wz(a) sin(ng) . /" (2)
w,(a, @,7) = wy(a) cos(ng) . e/"*

where w; (), ws(a) and w,(a) Are correspond to the
axial, radial and tangential displacement of the transducer
respectively in the X, Za and Y 4 direction of the electrodes A
in the actuation system. Figure 6 shows the displacement
forces with a radius (r).

Figure 6 with estimated radial and the angle of rotation at
electrode A of the actuation system (stator)

~((=?)/20)wos T mna

Substituting the displacement relationships into the
dynamic equation and carry solving the differential equation
will result to;

",.2 2 _ 77-2(1_#) nr(1+u)

[Q 2 ] 1t

wy''rs + ws' + prw,’ =0

r2(1-p
2

nr(1+u)
: [ W1, _

w;"+ (M2 =QHDw; + nw, =0 (3)

purw,’ + nws + Kr*w,* — 2Kn?r?w,” + [1 + Kn* — Q2 ]w, = 0

hZ
12r2

h 2
where Q2 = %wz and K =

According to Lizhong and Shanjie the modal function can
be describe along the axial direction can be described by a sum
of linear combination of Fourier series that are orthogonal. The
Fourier series in the axial, radial and tangential coordinates of
the piezoelectric transducer disc motor can be express as:

wi(@) = Apn + Y1 Amn cos@ O<a<sD @

mna

W3(@) = Efier Bn 5™ (0 <@ <1) ©)

With phases limit ranges with length | from:

lim - — (g) w, with (a = 0) and (g) w; with (@ = 1)

Wy (@) = Tt Com sin™— (0 S @ < 1) (6)

Relative derivatives of the above modal functions can be
obtained to form the matrix in the form of:

D, Ei 1P
D2 = 60 E2 |:Pz » VD = O (7)
D E31LP;

where D is the electric displacement, ¢, is the vacuum
permittivity, E is the electric field and P is the polarization
density. The relative derivative of the modal functions,
wy, ws and w, in the axial, radial and tangential direction is
given as

wi () = (22w —TZ;ﬁ:lmAmn cos —— O0<a<) (8)
ws'(a@) = ?{@ + Y _i[wsg + Vg (—=1)™ 4+ mB,,,,] cos @} 0<a<) 9)
w,' (@) = ?{@ + Y _i[wye + wy (—1)™ + mC,y,] cos @} O0<a<) (10)
wi(a) = (? )2 [WlOTJ'W“ + Y1 [Wigr + Wi (—1D)™ — m?A,,] cos@ O<a<l (11)
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ws'' (@) = (1) ()2 [{ Yo _1lwsom + Vaym(—1)™ 4+ m*B,,,,] sin z } 0<ac<l 12)
" 2 —(()/212) w0z o 2 . mna

w,'" (a) = (7) ()22 [{ Y i[woom + Vom(—1)™ + m*Cypy] sin T} 0<a<l (13)

3
Wzm(a) = (?) {Wzoszm + Ym=1lwaoz + worp (=)™ — wyem? —wym?(=1) — m?Cpyp] cos @} O<a<) (14)
w. 4
wyt (@) = {sz(z]: (?) Ym=1l=Wa02m = wa (= 1)™ + wpem?® + wym?(—1) + m*Cpyr] sin@ O=<sa<)) (15)

Substituting Equations 4-15 into Equation 3 to obtain the
form of Equation 7 for piezoelectric phenomenon yield for
electrode A, B and C.

As per Lizhong and Shanjie the constants in Equation 16
above are given as

n(l- 1)

)
ar ar n(l+ ) uar =1 3
o =———.0,=| —|.0,=——T.a,=""—. o, =—a,.q,=ka,".
2 S [ 2 I ’
a2 2 /A _ e VS
ay,=2kn"a,. f,=(0" —s,5,)/ Aty =mlan—asg)/A, .
/ f02 2 [ A
fy=mlan—aysy )/ A, . 6y =(a,m =555/ A,
3 1) _ 1 P
by =(nsy —aa )ALty = (a7 m s 5,) A, 5 =mray +a, =00,
—“H 22 14 1) PR
Sy ==+ =S sy =kaym + 2k am” + 1+ k" -4
-
S, = —a,n
A, =lmagm sy, n
—agn n sy

Equation 16 shows the dynamic equation of the actuation
system with a transfer function represented in a piezoelectric
matrix form which is the desire dynamics of the system.

IV. 3D USM FINITE ELEMENT ANALYSIS AND MODELLING

There are two methods of analysis can be used to model
such USM’s [6, 8, 10, 16-17, 24] since they have a number of
complex non-linear characteristics. These methods are: the
Analytical Analysis and the Finite Element Analysis (FEA)
methods. FEA has been used in the design and development
process lifecycle of this proposed actuator design. This is
mainly aiming to evaluate the actuator structure, by performing
an algebraic solution of a set of equations that describing an
ideal model structure, with a finite number of variables. Some
samples of the data used in the proposed actuator modelling are
illustrated in TaBLEs | and I1.

The solid structure is divided into small portions named
finite elements, an approximate solution for each finite element
is generated. A summation of all the approximate solutions of
the finite elements is obtained. The ring has been defined as
made of piezoelectric Ceramic PZT-S42 material and the three
rods have been selected as made of titanium material. ANSYS
FEA CAD simulation software tools have been used in this
analysis and simulation.

Tantalum
ARgds A

Tantalum
Rods B

Figure 7 Actuator stator and rotor arrangements and principles
used to generate 3D motions

As stated in TABLE I, the piezoelectric charge constant Dy
rated as -155 is the working mode of the piezoelectric ring used
to excite the bending vibrations of the ring. The D3; mode has a
lower electromagnetic coupling efficiency compared to the Da3
(320). The design dimensions of the stator for such actuator are
mainly based on the vibration modes, capacitance ratio, and
direction of vibratory displacement obtained using FEA [21,
22, 29-30]. Figure 8 shows the FEA variations of the
displacement of the PZT Transducer ring versus the exciting
frequency, for the proposed USM actuator structure. This
shows the natural frequency of the proposed structure is close
to 40 kHz. It also shows the possible displacement and
vibration amplitude that can be generated in the three
dimensions due to the material deformation. The graph also
evident that with any of the variable voltage or frequency could
be used to vary the natural frequency of vibration of the
actuation system and hence both variables could be used to in
the control system of the actuator.
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TABLE | PZT-S42 PIEZO-CERAMIC MATERIAL, TITANIUM SOLID
RODS MATERIAL, AND THE STEEL BALL MATERIAL USED IN THE
PROPOSED USM

Material Coefficient (Unit) Value
PZT-842 Relative permittivity (Qm) 1450
Dissipation Constant (%) 0.4
Mechanical Quality factor 600
Density (g/cm®) 76
Titanium Rod Poisson’s ratio 0.32
Young's Modulus of elasticity (Gpa) 116
Density (g/cm?) 16.69
steel Ball Poisson’s ratio 0.3
Young's Modulus of elasticity (Gpa) 70
Density (g/cm?) 2.7

TABLE |l TRANSFORMATION OF E-COEFFICIENT TO D-COEFFICIENT
FOR PIEZOCERAMIC MATERIAL USED IN USM MODELLING

Material Coefficient Value (m/v)
Piezo-ceramics Day x 10 -155
Dy x 102 320
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Figure 8 The variations of the PZT vibration ring displacement vs.
frequency at 40 volt of the proposed USM actuator using single
flexural vibration transducer
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Flgure 9 FEA model at drawn frequency of 39.709 kHz of the
proposed USM actuator using single flexural vibration transducer
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Figure 10 FEA model at drawn frequency of 39.709 kHz of the
proposed 3D USM actuator using single flexural vibration
transducer

The natural frequency of the actuator stator indicates the
dynamic time response of the USM and in this case it is on the
order of microseconds. This can be calculated roughly as Q
times the vibration period. Where Q is the quality factor of the

actuator, which can be determined using the following
relationship [17-18]:
Q=—_m
L
)

where R, is the equivalent resistor of the vibrating transducer,
at a fixed operating frequency, L is the inductance of the
LC-driving circuit and Cy is the total capacitance which is not
constant and depends on the vibrating transducer internal
capacitance, cable internal capacitance and LC-driving circuit
capacitance. Figures 9 and 10 show the 3D USM FEA model at
drawn frequency of 39.709 kHz for bending & longitudinal
vibration mode. It shows also the material deformation,
actuator structure and intersection between the actuator parts.

The FEA simulation and modelling enabled to test actuator
structure, investigate material modes of vibration, material
deformation, and select the PZT material of the flexural
transducer ring, defining the operating parameters for the
actuator, determining the principles of motion and possible
technique to control the trajectory of motions, by controlling
the phase between the modes of vibrations.

A prototype of the USM actuator was fabricated. The
elements of the manufactured prototype were integrated
successfully into the housing of the actuator and a series of
experimental tests and measurements were carried out, to
examine the potential characteristics of the developed
prototype. Figure 11 shows the fabricated prototype and
Figure 12 shows the arrangement used for testing. The



arrangement shown in Figure 13 has been used to test and
measure the actuator main characteristics. A piezoelectric
driver was used to provide the Piezo-ceramic vibrating
transducer ring with the alternative driving voltage and current.
A function generator was used to provide various shapes of
signal including sinusoidal, saw-tooth and square wave. A
display unit, which consists of a digital oscilloscope and PC
computer, was used to trace the signal and determine the
actuator operating parameters.

Figure 11 Fabricated prototype of the proposed USM using a
single piezo-ceramic flexural vibrating ring transducer
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Digital Oscilloscope

& Iﬁ
= A .
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. Load Switching ]
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Figure 12 Block diagram of the arrangement used to measure
characteristics of the fabricated USM prototype using single
vibration ring

Figure 13 Practical test rig arrangement used to measure the
characteristics of the fabricated USM actuator prototype using
single flexural vibration transducer

A measurement of the operating parameters is carried out
using the same arrangement used in the modelling of the
actuator, as shown in Figures 2 and 7. The PZT ring transducer
is connected to a single phase AC power source with a wide
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range of amplitude and frequency. A switching unit has been
used to regulate the AC input power to the PZT ring transducer.
Then a measurement of both the amplitude and frequency of the
AC input signal is carried out. A sine wave input signal is
obtained from a signal generator with the frequency sited to 100
kHz range. The input signal is monitored using the digital
oscilloscope and the current is monitored using a digital
Multi-meter. A gain of-25-amplification factor was obtained by
changing the load range of the piezo driver model 603. The
high voltage output is connected to the positive side of the
piezoelectric ring and the ground of the piezo driver is
connected to the negative one. The input signal from the signal
generator is monitored on the oscilloscope. Voltage ranges of
1V -5V are selected. The voltage was increased in 1Volt
intervals by adjusting the amplitude of the signal generator. The
frequency of the input signal is adjusted on the signal generator,
by gradually increasing it in 3-5 kHz intervals. The voltage and
frequency is sequentially increased until the resonance
frequency of the piezoelectric ring transducer is reached. The
voltage is kept constant, and the frequency is adjusted until a
trajectory is obtained. The trajectory is controlled by varying
the frequency on the signal generator until a 3D rotational
motion is obtained.

The frequency fixed at 39.53 KHz and the input voltage
increased in sequential steps until reached 45Volt that when the
rotor start move. The current and movement has been measured
in revolution per minute (rpm) and the voltage has been
recorded. Figure 14 shows the variation of the current vs. input
voltage for the fabricated USM prototype. This shows that the
actuator is a capacitive load and the relationship graph can be
used to determine its actuator internal impedance.

A constant voltage has been chosen of 100VAC, varying the
frequency up and down between 38 kHz to 42 kHz, the
movement trajectory of the rotor was moving in 3D. The
frequency of USM driver has been altered incrementally. The
speed of the actuator has been measured for each increment. It
was noticed during this process that the speed of the actuator
increases as the frequency of the actuator driver increased as
shown in Figure 15. These measurements show the potential of
using the voltage and or the frequency to control the 3D
motions of the developed actuator. These measurements shows
that the overall power consumption is in order of 5-watts. The
resolution of the actuator was also measured and this found less
than 5 micrometer.

A constant frequency has been chosen of 39.2 kHz, the
voltage of USM driver has been altered incrementally. The
speed of the actuator has been measured for each increment.
Figure 16 shows the relationship between the input voltage and
the speed on rpm.

For autonomous vehicle and machine vision industrial
applications, there is no much load will be carried out by the
actuator. The maximum load that could be expected is the load
of lenses and any other wireless sensors that could be integrated
into the rotor. Therefore, the maximum load that the developed
actuator can carry out was measured. This shows that the
maximum load the prototype can carry out is equal to
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3.5-Newton. Figure 17 shows the variations of the speed of
movement against the increase of the load attached
incrementally to the sphere.

Input Voltage vs Current

100
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40
20

Current - mA

35 55 75 95 115 135

Input Voltage in Volts

Figure 14 The variation of the current vs. input voltage for the
fabricated 3D USM prototype using single flexural vibration
transducer

Speed of movement vs Operating frequency
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Figure 15 The variation of the speed of movement vs. the applied
frequency for the fabricated 3D USM
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Figure 16 The variation of the 3D movement speed vs. input
voltage for the fabricated 3D USM prototype using single flexural
vibration transducer
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Figure 17 The variation of the speed of movement vs. load for the
fabricated 3D USM prototype

The power was calculated as the operating parameters were
found. Current is equal to 50 mA and voltage is equal to 100
volt. This shows that the overall power to drive such USM is
low. The resolution of the rotor was measured and was found
less than 5 micrometers, at nominal operating parameters of
voltage of 100VAC, current of 50 mA and frequency of 39.53
KHz.

V. CONCLUSIONS

The development of a smart actuator with multidegree of
freedom for autonomous vehicle industrial application have
been developed and presented in this paper. The development
life cycle of this actuator has passed through a number of
stages. Finite element analysis has been utilised during the
design process and has helped in design structure optimisation.

A prototype of the actuator fabricated and its characteristics
were measured. Comprehensive experimental tests showed the
ability of the developed actuator to provide 3D motions with
multidegree of freedom, typical operating parameters are:
frequency: 39.2 KHz, voltage: 100 volt and current: 50
m-amperes. This has indicated a close agreement with FEA
results. The developed prototype has a speed of movement
equal to 35 rpm, and a resolution of less than 5um. It can also
handle maximum load of 3.5-Newton.

These results shows the potential of the developed actuator
to meet the essential requirements for machine vision digital
visual data capture transducer for autonomous vehicle
industrial application and could potentially increase the visual
spotlight angle of digital visual data capture transducer.

It has been observed that there are few teething issues
relevant to actuator motion trajectory and control algorithm.
Research is still ongoing to tackle these issues and optimise the
actuation system final design.
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