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ABSTRACT Many types of devices and handling platforms are used for microscale manipulation and
microassembly ranging from microgrippers for individual part handling to work surfaces equipped with
discrete actuators capable of simultaneous multiple part handling and manipulation. Micropart handling
using discrete actuators suffers from dead zone constraint that requires the size of the part to be larger than
the gap between consecutive actuators to ensure part contact with multiple actuators at all times for proper
handling. In the context of the dead zone constraint, a new micromanipulation technique was proposed in
our previous work based on the concept of active deformable surface. The time-dependent deformation
geometry of the micropart carrying surface is controlled by actuators rigidly attached to it. The deformation
acceleration imparted by the actuators generates an inertia which, considering other parameters, can induce
a motion on the micropart placed on the surface. These parameters include size, mass and material properties
of the micropart and the surface roughness characteristics. This research extends our previous work of
modeling micropart dynamics and motion from 1D to motion on a 2D surface. The mathematical model is
developed and subsequently employed in numerical simulations to study the micropart motion and controlled
translocation on the deformable active surface. The analysis allows for the identification of a feasible region
of influence of the actuator, effects of surface motion characteristics, micropart convergence at particular
locations and evaluation of motion characteristics. The results of this research could be advantageously
employed for the development of 2D microconveyors as an integral component of microassembly platforms.

INDEX TERMS 2D active surface, continuous actuation, microconveyor, microscale forces, microscale

motion, MEMS.

I. INTRODUCTION

The history of micropart handling goes back to the con-
ception and production of micro electromechanical systems
(MEMS). Small scale devices can perform not only similar
tasks as macroscale machines but achieve additional func-
tionality due to smaller inertia, larger surface forces and
smaller footprint. MEMS production mostly comprises of
two steps: microscale component manufacturing and assem-
bly. Assembly in general and at microscale usually comprises
of two stages of position and placement. Various types of
machines are used for microscale handling which can be
categorized into two groups.

« Pick and Place Devices: These include various types
of microgrippers including electromechanical [1], elec-
trothermal [2], acoustic [3] and optical tweezers [4], [S].
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o Part handling workcells: These workcells, compris-
ing of an array of actuators, are used to translo-
cate the part at the required location. Various types
of actuators are used on these workcells including
ultrasonic [6], thermobimorph [7], compressed air
nozzles [8], air-levitated electrically driven plat-
forms [9], electrostatic attraction-repulsion mecha-
nisms [10], microconveyor comprising of discrete
microblocks containing microcontroller, sensors and
microactuators [11], [12], and a conveyor-based bridge
resonator driven by linear traveling waves with the
support of 3D printed legs [13]. A concept of controlling
the motion of multiple objects on a Chladni plate is
presented in [14], however, no model discussing the
interaction of microscale forces between particle and
surface is presented.

These part handling workcells, due to their discrete actu-

ation mechanisms, are limited in their ability or unable to
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handle microscale components mainly due to the dead zone
constraint. This constraint requires the micropart dimension
to be larger than the free space between two consecutive actu-
ators as shown schematically for a pneumatic microconveyor
in Fig. la [15], otherwise the micropart could get trapped
in the free space. To address the limitation on microactuator
spacing and part dimensions, the concept of active surface
was proposed [16]. The conceptual schematic of the active
surface is shown in Fig. 1b & c. The proposed method-
ology has the advantage that controlled motion is possible
even if the particle size is smaller than the actuator spacing.
A micropart carrying surface is controllably deformed using
rigidly attached actuators thus inducing controlled accelera-
tion to the micropart on the surface. The induced acceleration
component perpendicular to the surface will push (repel) or
pull (attract) the micropart away or towards the surface based
on surface roughness and other characteristics effectively
changing the friction force between the micropart and the
surface. The acceleration component parallel to the surface
affects the translocation characteristics of the micropart on
the active surface.

Air Flow Object Air Flow
I I |L‘-‘~I I—Im,l I_Iml
(a)
Micropart Micropart
Flexible ' ™\ Movement

Flexible
Surface

"\ Movement

Surface

Actuators Actuators

(b) ()

FIGURE 1. (a) Discrete-actuator we-actuator workcell with dead zone [15]
and (b,c) Microconveyor using flexible surface providing continuous
actuation [16].

The 1D analysis of the active surface concluded that the
micropart motion is a function of input frequency and ampli-
tude of actuation, surface roughness, material properties, and
spacing of actuators [17]. It was also found that motion is only
feasible within a range of frequencies; the micropart detaches
from the surface at higher frequencies whereas motion is not
feasible below a lower threshold value of frequency.

In the current research, the 1D active surface microcon-
veyor analysis is extended to 2D towards the development of
a microconveyor surface. The mathematical model is devel-
oped and presented. Subsequently, considering micropart
and surface properties, a simulation algorithm is proposed
and verified using benchmark cases. The details of the
numerical scheme based on the developed mathematical
model are presented along with the motion analysis. The
manuscript closes with a discussion on micropart posi-
tion convergence at particular locations on the workcell
surface.

VOLUME 9, 2021

Il. MATHEMATICAL MODEL

The mathematical model of micropart motion is developed
considering micropart, active surface and actuator parame-
ters, and dominant forces at microscale. The large surface
area to volume ratio and resultant dominant surface forces are
the most significant differences between macro- and micro-
scale motion dynamics [18], [19]. At the microscale, surface
forces are a strong function of material properties and the
average distance between the two surfaces [20]. The motion
dynamics are developed using the summation of surface
forces (including the attraction and repulsion due to com-
pression of asperities), friction force and inertia due to the
applied acceleration on the flexible active surface. We have
used MATLAB to code and simulate the model. The details
of system definition, inputs and evaluation of friction forces
are introduced and discussed in the following subsections.

A. SURFACE DEFORMATION PROFILE

The active surface deformation profile used in this research
is assumed to be that of an elastic thin plate with clamped
ends and an applied force, P, at its center. The deformation
geometry is evaluated according to classical solutions in plate
bending theory [21]. The deformation equation of a circular
plate of diameter D with clamped ends in a cylindrical coor-
dinate system is given by

d |:l d ( dw):| (0]
12 () =% (n)
dr | rdr dr D

and the solution with clamped boundary conditions is given
by

T <2r2 In (2) +a’ = rz) )

where w is the vertical deflection at radius r, Q is the shear
force and a is the maximum radius of the plate.

B. SYSTEM INPUTS

The active surface is assumed to be deformed by
piezo-actuators located below the surface and rigidly attached
to it. The piezo-actuators provide the controlled input char-
acteristics. A quintic input motion profile is used with prede-
fined acceleration and jerk control [16]. The motion profile
assumes zero velocity and acceleration at the initial and final
position states.

C. SURFACE AND FRICTION FORCES

Various models have been proposed in the open literature
to relate the surface forces and microscale nonlinear friction
force to surface roughness and material properties. Kogut and
Etsion proposed a model (KE model) based on finite element
analysis results of single asperity contact and extended it to
multi-asperity contact [20], [22]-[24]. Similar to our previous
work, the multi-asperity KE model is employed to estimate
the nonlinear friction force and coefficient of friction which
dynamically varies with change in the normal force [25]. The
surface and friction forces are estimated using the equations
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developed in our previous research [16] and are presented
here in (3), (4) and (5) for completeness.
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The KE model uses the mean distance between two rough
surfaces, material properties and surface roughness to esti-
mate the repulsion force due to asperities compression and
attraction between two surfaces due to surface forces and non-
linear friction force. However, in a dynamic environment, like
the one considered in this research, the attraction and friction
forces between the surfaces in contact must be continuously
evaluated while the external forces are known. In order to
evaluate these forces, the KE model must be continuously
inverted to calculate the mean distance between the surfaces
in contact as a function of the external force input. The
details of using the KE model in a dynamic simulation are
thoroughly presented in our previous research [16] and in
the interest of space of the present manuscript will not be
repeated here. Even though capillary and electrostatic forces
could be dominant at microscale with well defined mathe-
matical models, their magnitudes in a controlled environment
with very low relative humidity and a grounded workcell
similar to the environment considered in this research, are
negligible [18], [26]-[28] and they will not be considered in
this research work.

D. SYSTEM DYNAMICS

The system dynamics are modeled by estimating the instan-
taneous value of inertia imparted to the micropart. This iner-
tia has components parallel and perpendicular to the active
surface and is a result of actuator input motion character-
istics. The component parallel to the surface while consid-
ering the friction force influences the motion of micropart
along the surface, whereas the perpendicular component
affects the vertical mean distance of the micropart relative
to the surface (repulsion/attraction) and used to dynamically
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evaluate the coefficient of friction and friction force. The
dominant forces for microscale dynamics are shown in Fig. 2,
where A, is the direction of imparted acceleration, I is the
generated inertia with components parallel, /,,;, and perpen-
dicular, I, to the surface. Fj is the attraction force, P is the
repulsion force and Fj,; is the resultant net force acting on
the surface by the micropart.

Acc

'/ Fnet:Iprl+Fs -P

FIGURE 2. Schematic of the forces on the micropart placed on the base
surface.

The friction force is not just the function of net force, Fj;,
but a function of system states as well. Its magnitude is equal
to the external force if there is no relative movement between
the surfaces in contact, and is at its maximum value if the
surfaces in contact are slipping or at the verge of slipping
relative to each other. Its direction is opposite to the direction
of relative velocity between the two surfaces in contact. The
non-linearity of the friction force is presented in Fig. 3.

Static,

«—Dynamic—>

Fapplie
— S Fiic

Fiic

«fric |

Fapplicd

(2) (b)

FIGURE 3. Change of friction with applied load for constant friction factor.

A friction logic algorithm is developed to estimate the
friction force (magnitude and direction) in this dynamic
environment considering the system state and the value of
maximum possible friction force. As the relative velocity
between the surfaces in contact changes direction, there must
be a condition of sticking between the two surfaces, i.e.
the micropart will stop relative to the surface. A threshold
velocity is introduced to capture the stick-slip behavior of the
micropart in motion. The threshold velocity, V7, is defined
as the magnitude of the relative velocity, V,, which within
one integration time step, Az, will become zero under the
influence of the instantaneous value of friction force, Fy as
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shown in (6).

Vr—0 Fy
Fr = = Vr=|— ) At 6
F=ma a A7 T <m> (6)

where m is micropart mass and a is the base surface acceler-
ation.

Once the threshold velocity is estimated, the friction logic
algorithm which allows for the evaluation of the micropart
acceleration is mathematically presented in (7).

. . F,
if Vi > VyrthenX = — (7a)
m

. F

elseif V, < Vr and F, > Fy then X = = (7b)
m

else X = a (7¢0)

where F, is the net external applied force and X is the
acceleration of the micropart.

The performance of the friction logic algorithm is eval-
uated by simulating the motion of a micropart on a sur-
face (platform) under a constant coefficient of friction while
the surface is undergoing a sinusoidal motion of varying
amplitude. The oscillatory motion of the platform was chosen
since it causes reversal of its direction of motion and the
varying amplitude induces a range of acceleration values. The
velocities of the part and surface, and their difference due to
the oscillatory platform motion are presented in Fig. 4. The
base surface and the part move with the same velocity during
the initial phase. Once the inertia becomes larger (due to
larger amplitude of oscillation) than the friction force, the part
starts sliding relative to the surface at 2.41 s. Subsequently,
when the base surface starts moving in the opposite direction,
the part sticks to the surface momentarily at 2.87 s, reverses
its motion and slides in the opposite direction following the
motion of the surface. The part velocity follows the surface
velocity until the initiation of slip, and afterwards, the part
velocity follows a straight line profile with constant accel-
eration due to constant friction force. The relative velocity,
shown by the solid line in Fig. 4, becomes zero at every rever-
sal of base surface velocity, which indicates that the algorithm
successfully captures the effect of variation of friction force
and stick-slip behavior.

4 Velocities Plot for Part, Platform and their Difference
T T T = T T T

Velocity (m/sec)

Time (sec)

FIGURE 4. Friction logic verification: Input is the surface displacement as
function of time and output is the resultant displacement of part resting
on oscillating surface.
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lIll. MOTION FEASIBILITY

Motion is induced on the micropart by imparting high accel-
eration through the base surface. The component of inertia
parallel to the surface (considering the friction force) causes
the motion of the micropart along the surface. The motion fea-
sibility is established by comparing the parallel component
of inertia I,,; with the corresponding friction force which is
a function of Fy,; as shown in Fig. 2. The feasible area for
motion is the surface area within the influence of an actuator;
when Fj; is less than 1,4, sliding motion is generated and
Iperp 1s less than Fy so as to avoid detachment. The surface
could be deformed at different frequencies and amplitudes,
and requires the evaluation of the instantaneous value of
Iperp and corresponding Fyic. The feasible area is estimated
for various values of actuator stroke length over a range of
actuator frequencies. The variation of the feasible area with
input frequency is shown in Fig. 5 where the lower frequency
threshold of approximately 200 Hz causes no movement for
three different stroke lengths (47). For every stroke length,
the feasible area increases with an increase in input frequency
and starts decreasing after reaching its corresponding peak
value. A decrease in the feasible area at higher frequencies
is due to the large value of Ij.;, compared to the force of
attraction (F) which causes the micropart to detach from the
surface instead of sliding on it.

007 % 10° Maximum Feasible Area vs Frequency
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FIGURE 5. Variation of maximum feasible area with change of input
frequency.

In addition, since the sliding motion between the micropart
and surface is generated when I, exceeds Fy (the instan-
taneous value of Fj;.) during one stroke, the longer 1, is
larger than Fjc the higher the likelihood of motion. Fig. 6
shows the time integral of the feasible area with the change
in actuator frequency for various stroke lengths (/). The time
integral of the feasible area is maximum around 300 to 400 Hz
for various stroke lengths. Considering Fig. 5 and Fig. 6,
the feasible range of frequencies is estimated to be between
300 to 1000 Hz and almost independent of stroke length /.

IV. MICROPART MOTION TRACKING ON SURFACE

A. ESTIMATION OF STATE UPDATING

The micropart motion due to controlled surface excitation is
estimated using a custom developed numerical scheme. The
magnitude and direction of the friction force are a function of
relative velocity between the surface and micropart. Contrary
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FIGURE 6. Time integral of feasible area with change of input frequency.

to this, the imparted inertia depends on the absolute value
of stroke acceleration. To accommodate these relative and
absolute quantities, two coordinate systems are introduced; a
fixed global coordinate system (X, Y'), and a local coordinate
system (Xr, Y1), as shown in Fig. 7. The local system is
attached on the micropart and moves and orients with it. The
orientation conversion between the two systems is performed
using 3D rotation matrices.

The velocity of the micropart is transformed from global to
local coordinates. The X-axis of the local coordinate system
is always along the gradient of the surface at the instantaneous
location of the micropart. The parameters used to describe the
micropart motion are shown in Fig. 7. The dotted lines repre-
sent a circular topography of the active surface deformation
due to a single actuator. 8 is the angle of rotation from the
original location to the instantaneous location of micropart
in global coordinates. y is the angle of the instantaneous
velocity of micropart with respect to Xz . The gradient of the

Instantaneous velocity
|
of micro - T T T =
opart !
~

-

Section A-A

X

Local L//

Coordin)itcs
/Y

Deformable
urface

Section A-A, Cross-section view of deformable surface

FIGURE 7. Global and local coordinates and movement directions.
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surface at the current micropart location is represented by
angle 6. The transformation matrix between the fixed and
local systems is a function of 8 and 0 and is presented in (8).

X

I cOcp cOsp 56 X
Y | =| —sB cp 0 Y )
Zr —sOcB —sOsB O VA

where cq = cos g and sq = sing.

The motion of the micropart is estimated in the fixed global
coordinates. At the instantaneous location of the micropart,
the surface gradient is evaluated and the relative velocity of
micropart with respect to the surface is calculated. The direc-
tion of the friction force is opposite to that of relative velocity.
The component of the friction force in local coordinates
is calculated and used to calculate acceleration along and
perpendicular to the surface gradient. The stick-slip behavior
is evaluated using the relative velocity of micropart with
surface where the increment in absolute velocity is calculated
along the local coordinates. Afterwards, these velocities are
transformed to global coordinates and the micropart global
position is updated.

Along the local coordinates, the increment in position and
velocity are estimated by integrating the velocity and accel-
eration respectively and considering the surface gradient (6)
at the current micropart location. The orthogonal components
of micropart velocity on a curved surface are shown in Fig. 8
where R represents the radius of curvature with subscripts x
and y representing abscissa and ordinate respectively, v is the
angle traced by the tangential component of velocity, V and a
represent velocity and acceleration and A is the change in the
state along a given coordinate. A first-order approximation
for change in position and velocity of the micropart motion
on a curved surface is represented by the mathematical rela-
tionships in (9) and graphically shown in Fig. 9.

AX; = R, sinyy (9a)
AYp = Rysiny, (9b)
AZp = —sgn(Ry)(1 — cos ¥y )Ry

— sgn(Ry)(1 — cos ¥ry)Ry (9¢)

Initial Position

Final Position
Ry-Ry cos (yy) . Rx-Rx cos
 Rysin l‘l’_X)_ x-Rx (wx)

FIGURE 8. Micropart motion on a curved surface.
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FIGURE 9. Position and velocity increment in local coordinates.

For the symmetric surface deformation profile as formed
by the single point deformation of a plate, the equations of
motion in state variable format for position updates can be
approximated for small surface gradient as in (10).

AXp = V,dt = Vxpdt (10a)

R . (sin 0) dt
AY, = Vidt = | —— sin ( vy, 2229V g (1ob
L= |:(sin9)dt Sm( TR >] (100)

R (sin 0) dt
AZp = Vdt = ———— | 1 = cos (Vyp 22D\ | g
L= (sine)dt[ COS( 7R )}

(10c)

where 6 is the surface gradient as shown in Fig. 7, Vx; and Vyr
are micropart velocities in the local coordinate system, and
dt is the simulation time step size. The local Z-axis is always
perpendicular to the surface, therefore the velocity along the
local Z-axis (Vz) is zero as long as the micropart stays on
the surface. The effective change in position along the local
Z-axis, as represented in (8), is due to the velocity component
Vyr of the micropart along the curvature. For limiting cases
when 6 — 0°, the convergence for (10b) and (10c) is proven
using L'Hospital’s rule with converged values of AY;, —
Vyrdt and AZ; — 0.

Equations (10b) and (10c) are based on the observation
that the tangential component of velocity Vy; on a curved
surface will move an object along the local Y and Z directions
simultaneously. The distance covered by the micropart due to
the tangential component of the velocity, Vyy, is calculated
by estimating the angle incurred by the micropart in a single
simulation time step at the center of curvature. Let S be the
length of the curved path due to Vy;, and v the angle incurred
by Vyr. The relations between S, ¥, radius of curvature R and
time span dt are given by

VyLdt

S=RYy S=Vydt v = YILQ (11)
VyLdt

AYLstim//stin< L ) (12)
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For a surface with gradient 6, (12) is updated to (10b)
by replacing R with R/sinf in (12). The division by sinf
defines the radius of curvature in terms of its projection on
the horizontal plane.

B. IMPLEMENTATION OF NUMERICAL

SIMULATION SCHEME

The stick-slip behavior during microscale movement is evalu-
ated by considering a fixed time step to evaluate the micropart
motion on the surface. The initial position of micropart is
recorded and system states are transformed from the global
to the local coordinate system. The predefined time-varying
actuator position (quintic motion profile) is used to cal-
culate the instantaneous value of inertia which is resolved
into components along and perpendicular to the workcell
surface. The component of inertia perpendicular to the sur-
face is used to estimate the instantaneous friction force. The
magnitude of the friction force is dynamically evaluated at
each time step and its maximum value depends on surface
and material properties. The direction of the friction force
is calculated by estimating the direction of relative velocity
between the micropart and workcell surface. The location of
the micropart in the global coordinate system is updated using
the system inertia, the instantaneous values of friction force
and micropart velocity. The placement of micropart on the
surface is ensured by comparing the normal component of
system inertia with the force of attraction between micropart
and workcell surface. After updating the micropart location,
the process is repeated for the next time step. The block
diagram highlighting the major components of the numerical
simulation scheme to implement the algorithm for micropart
motion profile is shown in Fig. 10.

V. VERIFICATION OF DEVELOPED NUMERICAL
SIMULATION SCHEME

The developed solution sequence is used to simulate the
micropart motion on a flexible surface. Benchmark test
cases with specific initial conditions are used to validate
the numerical scheme. These test cases include tracking of
micropart motion on a surface for various initial locations of
the micropart. The material properties and surface roughness
values used for the analysis are shown in Table 1. The details
of these test cases along with the basis of relevant verifi-
cation for each case are discussed in the following subsec-
tions. The actuator motion profile for all verification cases is
quintic [16].

A. CONFIRMATION OF STATE TRANSFORMATION

The transformation between the global and local coordinates
and the micropart motion pattern are verified for various ini-
tial locations and zero initial velocity using a single actuator.
The radially symmetric deformation due to a single actuator
will push the part along the radial direction in deformation
topology. Motion in the radial direction occurs when the
velocity along one of the axes is a constant multiple of
the velocity along other axis; i.e. they exhibit similar but
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Evaluate inertia/
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inertia < max. force to
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Micropart stays on
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Micropart states in
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global values

Evaluate relative
velocity and direction
of friction

Evaluate State
derivatives in local
coordinates

Evaluate maximum
value of friction force
using KE model

[Friction Logic (evaluate
stick or slip and actual
value of friction force)

FIGURE 10. Numerical scheme to evaluate micropart state.

TABLE 1. Material and surface properties.

Description Variable Value
Standard deviation of surface | o 20nm
roughness
Micropart surface contact area An 100pum x 100pum
Poisson’s ratio v 0.3
Plasticity index of surface and | 2.5
part [29], [30]
Adhesion energy [29], [30] Ay L]oule/m2
Hardness of material [30] H 200H B
Micropart mass m 2 x 107Ky

Note: here v represents the plasticity index and is independent of the angle
variable used in the motion formulation.

instantaneously scaled profiles. The velocity components as
function of time for a single actuator operating at 150um
stroke length and 1.6 KHz frequency are shown in Fig. 11.
The velocity profiles are similar but scaled or offset relative to
each other at any time instant which is an indicator of correct
transformation between the global and local coordinates.
The micropart motion along the deformed surface is ver-
ified by plotting its coordinates relative to each other. The
position of the micropart is plotted for the same test case of
a single actuator and since the active surface deformation is
radially symmetric, the position gradient is expected to be
a straight line passing through the actuator location. There-
fore, the time-dependent position plot should form a straight
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Velocity vs Time Graph at 1.6 KHz
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FIGURE 11. X and Y components of micropart velocity in global

coordinate system.

1701 X 10° X-Y Position Graph at 1.6 KHz
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FIGURE 12. Micropart position graph along X and Y axes.

line as the trace in Fig. 12 which shows the motion profile
of micropart for zero initial velocity and initial location of
(x,y) = (170.08, 170.08) um.

B. ACCURATE ESTIMATION OF FRICTION FORCE

DURING SURFACE MOTION

The magnitude of the friction force is a function of the normal
component of inertia whereas its direction depends on the
relative velocity between the micropart and surface. Note,
the relative velocity is evaluated in local coordinates and the
actuator input is defined in global coordinates. The micropart
acceleration (magnitude and direction) in global coordinates
must be consistent with the accurate evaluation of friction
force estimated in local coordinates and transformed to global
coordinates. The accurate estimation of the friction force in
the developed numerical scheme is performed by evaluating
the micropart motion starting from rest (zero initial velocity)
due to a single actuator stroke. Fig. 13 and Fig. 14 present the
velocity versus time plots for two different initial locations of
the micropart.

The initial phase of these plots (up to point A) shows
the micropart acceleration due to imparted acceleration by
actuator stroke and opposing friction force, whereas in the
later phase, the micropart continues its motion due to attained
velocity in the initial phase. Analyzing the later phase for
both plots, the straight line velocity profile in global coor-
dinates shows constant acceleration which indicates that the
micropart is moving under constant opposing force. The actu-
ator, operating at 1.6 KHz frequency, completes its stroke
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Velocity vs Time at 1.6 KHz
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FIGURE 13. Velocity vs. time for initial location 1.

Velocity vs Time at 1.6 KHz
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FIGURE 14. Velocity vs. time for initial location 2.

at 0.625 x 107 3s. After this time, no inertia is imparted
by the actuator and the only force affecting the micropart
acceleration (deceleration) is the friction force. In the later
part of the motion profile, the friction force stays constant.
In addition, the value of acceleration calculated from both
plots is —20.9 m/s®> which is the same value as the one
predicted by the friction model using (3-5).

VI. RESULTS AND DISCUSSION

The verified numerical scheme and algorithm were employed
to estimate the qualitative and quantitative behavior
of microscale translocation for a single actuator and
multi-actuator workcell. The translocation characteristics
include the analysis of translocation distance, motion patterns
on the surface, the position convergence and the placement
accuracy of micropart at a specific location on the workcell
surface.

A. MICROPART MOTION ON SURFACE DUE

TO SINGLE ACTUATOR

The effect of the actuator stroke and frequency on transloca-
tion distance are studied for a range of input frequencies and
strokes. The results are presented in Fig. 15 where each line
represents the translocation distance for a constant actuator
stroke for a range of input frequencies. The lower frequency
values for each stroke set represent the frequency below
which micropart motion is not possible since the imparted
inertia cannot overcome the friction force. The upper fre-
quency value for each stroke set represents the maximum
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FIGURE 15. Distance travelled as function of input frequency and
actuator stroke.

frequency at which motion is possible and beyond which the
micropart detaches from the surface. Micropart translocation
can only take place when considering both the frequency and
stroke of the actuator; the information in Fig. 15 could be
used to identify a range of actuator motion characteristics
(frequency and stroke) for a desired translocation distance.
The active surface deformation due to a single actuator is a
radially symmetric problem and as such the observed motion
trends are very similar to those for the 1D motion [16].

B. MICROPART MOTION ON MULTI-ACTUATOR
WORKCELL

A single actuator with zero initial velocity of the micropart,
due to symmetry in the deformation profile, generates a
straight line motion on the surface but a more viable workcell
must be capable of controlling the micropart motion in any
direction. The developed algorithm is employed to estimate
the functionality and operation of a multi-actuator workcell
and evaluate the translocation path for different initial states
(location and velocity) of the micropart. An array of two actu-
ators placed 150um relative to each other in the workcell is
used for this analysis. This actuator spacing is approximately
33% of the deformation wavelength [17]. In this analysis,
both actuators are operating with the same stroke length and
frequency. The stroke length is 150um however, the fre-
quency is varied from 250 to 650 Hz in order to evaluate its
effect on the micropart path. The path of the micropart on the
2D surface for various input frequencies is shown in Fig. 16.

x10° X/Y Position Plot
60 T T

40 -

20 -

=20 -

Y-Position (m)

-40 =

-60 [~

| | | | |
-200 0 200 400 600 800 1000 1200 1400 1600
X-Position (m) «10©

FIGURE 16. Micropart motion on a 2D surface for a range of input
frequencies with constant stroke of 150.m.
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The analysis of Fig. 16 at the low frequency of 250 Hz
shows that the micropart moved from its initial location,
reached actuator-1, crossed it and then came back in the
region of same actuator. Contrary to this, at higher frequency,
the micropart translocates towards neighboring actuators
which will define its subsequent movement. The micropart
motion patterns in Fig. 16 show the possibility of large
translocation and different path motion on the 2D surface.
These translocation patterns reveal two distinct trends due to
changes in the input frequency:

a) micropart converges to certain locations on the

workcell,

b) micropart leaves certain areas.

These results demonstrate the motion of the micropart
could be furthered controlled by the actuation characteristics
of a neighboring actuator and the initial state (rest or moving)
of the micropart. As such, considering an actuator array,
the motion and path characteristics of a micropart could be
controlled on a 2D plane by properly engaging and control-
ling the appropriate actuator motion characteristics.

C. MICROPART POSITION CONVERGENCE:

SINGLE STROKE

In the presented example in VI-B, the two actuators oper-
ated at a fixed stroke. In a general purpose workcell, a con-
trolled number of actuator strokes considering the state of
the micropart might not be practical. A different approach
that would allow the translocation of the micropart from any
location to a specific location will be to define the actuator
frequency and operate the actuator in a continuous fashion
to achieve micropart position convergence. The possibility
of position convergence employing this approach is inves-
tigated on a 2D surface using a single actuator (undergoing
continuous strokes) and a range of input frequencies. The
micropart motion paths are shown in Fig. 17a and b where
two distinct trends of convergence and non-convergence are
observed. The micropart initial location at (100, 100)m and
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FIGURE 17. Micropart motion starting at same initial location and
actuator stroke; (a) at 300 Hz micropart converges to the neighboring
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frequency actuator region.
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the actuator stroke of 150um are kept the same for both cases
with the only difference being the input frequency of 300 Hz
and 600 Hz. In Fig. 17a at 300 Hz, under repeated actuator
strokes, the micropart starts moving from rest, undergoes to-
and-fro motion and converges at the neighboring actuator
located at (0, 0). In Fig. 17b at 600 Hz, in two actuator strokes,
the micropart leaves the region of influence of the actuator.
In addition, the path of the micropart in the 2D plane for each
case is also presented.

Estimating the micropart motion at various input frequen-
cies, the threshold frequency is estimated to be 320 Hz for an
actuator stroke of 150um at continuous operation. Below this
threshold value, the micropart will converge to the actuator
whereas at higher frequency, micropart will exhibit larger
translocation and will leave the region of influence of the
actuator. The threshold frequency for continuous operation is
a function of stroke length and is evaluated for various stroke
lengths (100 —200m). The results of the evaluation indicate
a quadratic relationship and are presented in Fig. 18.

Actuator Stroke Length vs Threshold Frequency
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f(x) = p1*x” + p2*x + p3
Coefficients (with 95% confidence bounds):
pl= 3.443e+10 (1.657e+10, 5.228e+10)
p2 = -1.451e+07 (-2.035¢+07, -8.669¢+06)
p3= 1740 (1288,2192) 4

600

550

Goodness of fit:
SSE: 1377
R-square: 0.9901

D) Adjusted R-square: 0.9835 B

RMSE: 21.43

500

s
@
S

Frequency (Hz)
=
=3
3

350

300

250

200 - 4

100 110 120 130 140 150 160 170 180 190 200
Stroke Length (m) %10

FIGURE 18. Effect of actuator stroke length on threshold frequency.

The micropart convergence due to a single actuator under
repeated strokes opens the possibility of convergence on a
multi-actuator 2D surface, not only for certain initial loca-
tions but rather when the micropart is initially placed at
any location on the workcell will leave the high frequency
region and converge to low frequency areas. Fig. 17 shows
the micropart convergence with zero initial velocity. How-
ever, in a workcell, the micropart will not always have zero
initial velocity since while leaving the high frequency regions
the micropart will have non-zero velocity for engaging with
the subsequent actuators. In order to validate the micropart
convergence for any initial state, micropart movement is
examined for a single actuator for various initial locations
and non-zero initial velocities with the convergence plots of
micropart shown in Fig. 19.

D. GENERAL CONVERGENCE OF MICROPART
ON WORKCELL

After verifying micropart convergence at low frequency
region with a single actuator, the micropart motion on a
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«10° Convergence of Micropart for various Initial Conditions
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FIGURE 19. Convergence of micropart on 2D surface for various initial
states (location and velocity) at a frequency of 250 Hz and a stroke length
of 150um.
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FIGURE 20. Convergence of micropart from region of high frequency
(450 Hz) to that of low frequency (300 Hz) actuator; actuators are located
150m apart.

workcell of two actuators continuously operating at differ-
ent frequencies is estimated. The high and low operating
frequencies are defined at 450 Hz and 300 Hz respectively
with a stroke of 150um. The neighboring actuators are
located 150um apart. The initial location of micropart is at
(100, 0)pum, and in the region of the high frequency actuator
as shown in Fig. 20. The results presented in Fig. 20 indicate
that after five oscillations of the high frequency actuator the
micropart leaves the high frequency region (shaded gray) and
reaches the region of the low frequency actuator operating at
300 Hz. The location map and path of the micropart due to
the motion of both actuators are shown in Fig. 20b.

In Fig. 20, the micropart movement is along the straight
line on a surface since the three locations, those of the
micropart (initial state) and actuators A and B are along
a straight line. To ensure general convergence, the path is
calculated for a general scenario where the micropart and
actuators are not along a straight line. The results are shown
in Fig. 21 where two actuators, placed 150m apart, operating
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FIGURE 21. XY path of micropart motion where the micropart converges
in the region of low frequency actuator.

continuously at 400 Hz and 300 Hz, push the micropart to
converge in the low frequency region. The XY map shows
the micropart motion starting from rest and at initial loca-
tion (—50, 15)um and ending at (150, O)wm. The micropart
motion is due to the active surface deformation induced by
both actuators. The starting and ending locations are also
shown on the XY map of the surface.

E. MICROPART PLACEMENT ACCURACY

In this subsection, the effect of micropart initial state (posi-
tion and velocity) and actuation parameters (frequency and
stroke) on the accuracy of placing the micropart at a desired
location is evaluated. The desired placement location is the
actuator location at (0, 0). This accuracy is evaluated only
for a specific set of controllable actuator parameters used in
the numerical analysis of this research. A frequency range
of (240 to 320)Hz in discrete increments of 10 Hz and a
single actuator in continuous operation with a stroke length
of 150um are used. The results of the study are presented
in Fig. 22. It is observed that the placement accuracy is
a function of micropart initial state and actuation parame-
ters. The accuracy for the set of parameters considered is
within a band of £5um. It is also observed that for cer-
tain combinations of the parameters, the placement accuracy
was less than 1um; for example, starting from rest placed
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FIGURE 22. Micropart placement accuracy for a set of initial states
(position and velocity) and a range of frequencies with a fixed actuator
stroke value of 150um.
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at (80, 80)um for frequency 250 Hz or starting with initial
velocity of (0.01, 0.01)m/s placed at (100, 100)um for fre-
quency 300 Hz.

The results of this analysis prove that an improved place-
ment accuracy could be achieved through an optimization
process to estimate better combinations of actuator frequency
and stroke length. However, an optimization is beyond the
scope of this manuscript which aims to establish the feasibil-
ity of an active surface based workcell.

VII. LIMITATION OF STUDY

We have presented the theoretical system model and devel-
oped the dynamics and analysis demonstrating the feasibility
of both motion and placement of the micropart at a desired
region employing the active surface concept. All relevant
microscale forces have been considered in the developed
model. The proposed methodology has not been verified
with experimental data. However, the results of any future
experimental work will be presented and compared with the
predicted theoretical ones.

VIil. CONCLUSION

Translocation and/or motion of microparts ~10~°Kg is possi-
ble by employing a controllably deformed or excited contin-
uous surface. The ensuing motion is a function of physical
properties of the micropart, surface roughness, micropart
initial state, as well as the spacing and motion characteristics
(frequency and stroke) of the actuators employed to deform
the surface. The placement and capabilities of the actuators
avoid dead zone constraints by considering the actuator fea-
sible region of influence in their spacing which depends on
actuator motion characteristics.

The feasibility of micropart motion and placement was
demonstrated by simulating the developed model using a 2D
active surface deformed by two actuators. It was found that
the micropart motion may converge or diverge from specific
regions depending on the actuator motion characteristics (fre-
quency and stroke) and micropart initial state. In the range of
motion characteristics examined in this research, a general
placement accuracy band of +5um was achieved.

The placement accuracy of the micropart and the operating
parameters of the actuators found in this research demonstrate
the possible realization of a workcell or microconveyor plat-
form comprising of a properly arranged cascaded actuator
array based on the 2D active surface concept for controlled
manipulation and translocation of microparts.
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