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Abstract. This paper describes a micro-robot with the \ibreal piezoelectric actuator that
was developed and tested using finite element ndetbependency of the robot motion speed
on vibration frequency and coefficient of frictiof the actuating elements and bearing surface
has been investigated. The principle for motiontadrof the robot has been described and
potential domains for its application have beeuised.
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Introduction.

Recently, vibrational piezoelectric actuators-bage®A-based) moving systems have
become highly prevalent in fields of engineeringl anedicine as such actuators feature an
extremely high coefficient of efficiency, low engrgconsumption, and can be easily
miniaturized [9]. The following represent the maiftomains for application of VPAs:
development of precision systems for micro- and oRamsitioning of different objects,
development of mobile micro-robots and micro-autedadevices intended for different
technological task-solving. The object of currezgaarch paper — a single VPA element-based
micro-robot. Fig. 1 illustrates conceptual diagraftthe robot structure as well as images of the
actual prototype.

The robot under consideration consists of bimorpézgelectric component 1, that
generates bending vibrations, and spatially cureade segments 2 (actuating elements or
“legs”), attached to the lateral surface of thezpaectric element that transform its vibrations
depending on amplitude and direction. In resultrahsformation of vibrations depending on
direction, ends of “legs” that interact with theabeg surface 3, shall represent a complex
trajectory, i.e., elliptical, while ensuring movemiend relocation of the robot in relation to the
bearing surface. Increase in vibration amplitud¢hefactuating elements allows for increasing
speed of such movement. In order to add more stesslito its operation, it is additionally
provided with the bearing element 4 (“tail”). Caritrof robot movement is accomplished
through asymmetry in its “legs” operation, i.e.,raigh assigning different geometric
parameters. Due to asymmetry in its operation,s‘lexf the robot will have different resonant
frequencies, and will generate near-resonant vidmatwith different amplitudes. Direction of
the robot movement will change depending on thie itthese amplitudes.
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a)

b)

Fig.1. VPA-based micro-robot: a) diagram of structurg;pboto image of the actual device: 1 —
bimorph piezoelectric component, 2 — curved camgnsats, 3 — bearing surface, 4 — bearing
element

Similar principle of mobile robot control is dedmed in paper [2]. In order to ensure high
speed of the robot relocation in relation to tharbg surface and enable the robot to move on
rough bearing surface, it uses the actuating elésrbat are realized in the form of lever-type
four-link chains with the flexible hinges and eresimcrease in vibrations amplitude. Actuating
elements are made with different specific vibratibaquencies, which in turn allows for
controlling direction of the robot relocation witkspect to the bearing surface by changing
vibration frequencies. VPA operation involves twarnorphic piezoelectric elements. A phase-
shift appears between vibrations of piezoelectiéenents which allows generation of elliptical
trajectory of the movement of actuating elementdsetihat are interacting with the bearing
surface.

The main disadvantage of the robot is a complaxcsire of its actuating elements that in
turn limits its miniaturization chances. Anotherdeiy known structure of the micro-robot
involves robot control by means of external viloatifield [3]. The robot is present on the
vibrating surface and has bearing elements witferdint resonant frequencies resulting in
vibration of bearing elements at different amplésgdthe ratio of which defines direction of the
robot movement.

In the context of selecting the optimal parameflersthe structure of the robot under
consideration, and development of algorithms fernitovement control, its mathematical and
computerized simulation is of high interest. Giwbe fact that simulation of robot operation
represents an extremely complex task involving mitiog of phenomena such as piezoelectric
effect, contact interaction of actuating elemenith Wwearing surface, as well as transformation
and amplification of vibrations in a body by actogtelements, the finite element method was
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selected for the purpose of simulation as it repmesa flexible tool applicable for the research
of complex technical systems, and is successfultplemented in several computer
programmes available on the market, for exampNSYS Multiphysics and COMSOL
Multiphysics[8,10].
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Fig. 2. Effects of vibration frequency and coefficientfa€tion on micro-robot movement speed were

examined

Simulation methodology

Since research of 3D finite element model of thbotounder consideration requires
significant computational time, a 2D model was gpedl as the first approximation (Fig. 2).

Simulation was performed by using module Sfuctural Mechanics in COMSOL
Multiphysics. Body and actuating elements of the robot undesiceration were introduced as
area Al, and bearing surface — as area A2. Ther loareler-line B1 of the area A2 was fixed at
all the possible levels of its looseness in ordeavoid potential movement of it as a solid body.
Lateral border-lines B2 and B3 of the area A1 waubjected to periodically varying forces
F1(t) and RK(t) that cause deformation in the robot body whkikaulating a piezoelectric effect.
Two different types of a model were analyzed. le thodel of type 1 (Fig. 2a), the area Al
featured symmetric geometry, whereas force actiaa asymmetric in nature, and conformed
with the following laws of force variation in time:

Fi(t) = Resin(2rft)d(sin((2xft)), 1)
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Fa(t) = FRosin(2rft)(1-¢(sin((2rft)), )

where l— amplitude of the force actiohs- frequency of the force actioin;- temporary
variable,¢(-) — Heaviside unit step function.

In the model of type 2 (Fig. 2b), the area Al feaduasymmetric geometry, and force
action was symmetric in nature, i.e.:

Fu(t) = — R(t) = Rosin(2rft). ®)

Solution of the dynamic task was reduced to thetsni of sequence of static problems,
for the purpose of which a temporal discretizatiwas performed, and at every level of
discretization, consistent with the step of loadiagstatic load was applied to the model,
consistent with the value of initial dynamic loat the beginning of the interval. Since
magnitude of load at every step of loading was ddpet on the parameter representing a
temporal variable, a parametric segregated solear wged for the solution. Obtained results of
task solution for every step of loading were usgdnitial conditions for obtaining solution in
the next step. Mathematically, reduction of the aiyit task to the sequence of static tasks is
adequate to elimination of inert members from @glations of equilibrium.

Results and discussion of findings

Based on results of computation, graphs were pexiucepresenting a temporal
dependency of the actuating elements of the rabatdirection of axi©x that was parallel to
the border-line B1 of the area A2. Fig. 3 offersewample of such graphical representation for
the coefficient of frictionu=0.2 and vibration frequency f = 4@rHz. Computation was made
for the model of type 2 (Fig. 2b).

Upper curve represents displacement of the costatace of the right (short) leg of the
robot, whereas lower curve — displacement of thetast surface of the left (long) leg of the
robot. As it is obvious from graphical schemespldisement of actuating elements occurs in
anti-phase. Analogous results were observed forrtbdel of type 1 (Fig. 2a), however in the
case of models with symmetric geometry and symmdtrnice action, displacement was not
observed. All of this leads to conclusion that idey to make the robot move, it is necessary to
create asymmetry of any kind, for example asymmaéirforce or geometry. In order to
determine speed of the robot movement, resultsoofputation were subjected to numerical
differentiation usingMathCad that resulted in periodical function of temporatiable with the
nonzero average value. This average value was demesi to represent speed of robot
movement. Dependencies of robot movement speetleondefficient of frictionu (Fig.4) and
vibration frequency have also been examined.

Graph presented in Fig. 4 was obtained for theatibn frequency of f= 12rHz. Its
analysis revealed that dependence of robot mopierd on the coefficient of friction possesses
an extreme character achieving maximumuat0.2. According to the results of simulation,
dependence of movement speed on the vibration dregyupossesses a linear character. In real
physical experiments, a resonant character of akpw®e of robot movement speed on the
vibration frequency is commonly observed [1]. Theadreement between findings of our
simulation and real experiment might be explaingdhe fact that inert members have been
eliminated from equations of equilibrium of the t&ys, whereas resonant frequencies of the
system are dependent upon its inertial featuresms{le of the material). Consequently,
reduction of the dynamic task to the sequence atfcstasks resulted in loss of information
regarding resonant features of the system and iassd@henomena. Inability of the model to
take into account resonant phenomena might alstaiexmther low robot movement speeds,
obtained in a result of computation. In the futdransient analysis might be used in order to
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make model take into consideration resonant phenaiacluding inertial effects. Simulation
using different software (for exampl&NSYS Multiphysics that proved to be sufficiently
successful in simulation of VPA) is also possible.
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Fig. 3. Temporal variation of displacement of robot actuaglements
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Fig. 4. Dependence of robot movement speed on the caaffiof friction

Curves represented in Fig. 3 are in agreement twétdata obtained through experimental
research of linear VPA [5]. They obviously demoatdrrobot relocation to have a step-wise
character. Even in the case when speed of moves&w (from tenths to tens of nm/s, in the
model under consideration) VPA represent a higletima interest, for example in the field of
precision positioning of objects in micro- and ndaechnologies. In particular, a concept exists
for developing a nano-plant on the basis of matgracting nano-robots with VPA, fitted with
operating and measuring tools, for example a prfobescanning tunneling microscopy [6].
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Actuating elements of the robot might be directsed as sensor elements as their resonant
frequencies are dependent upon physico-mechamatlres of the bearing surface that serves
to perform function of acoustic load. Dependencé¢hefresonant characteristics of vibrational
framed structures on features of acoustic loada-kmown and widely used for ultrasound
hardometers and resonant tactile sensors for egdiminof resilience qualities of biological
tissues [7].

Consequently, the developed model might serveuseful tool for the research of effect of
different parameters on the efficiency of VPA opiera It would be expedient to undertake
further development and elaboration of this modsl,well as its additional verification by
introducing results obtained through experimentadies, and results of simulations using
different methods and software.

Conclusions

1. A finite-element model of VPA-based micro-robot swdeveloped by using software
COMSOL Multiphysics.

2. Effects of vibration frequency and coefficient eicfion on micro-robot movement speed
were examined.

3. Based on findings and results of simulation, sonisadVantages of model under
consideration were revealed, namely its inability ttke into consideration resonant
phenomena that contributed to identification ofgmial course for further research and
elaboration of the developed model.
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