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Scanning electron microscope fine tuning using
four-bar piezoelectric actuated mechanism
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Scanning Electron Microscopes are extensively used for accurate micro/nano images exploring. Several strategies have
been proposed to fine tune those microscopes in the past few years. This work presents a new fine tuning strategy of a
scanning electron microscope sample table using four bar piezoelectric actuated mechanisms. The introduced paper presents
an algorithm to find all possible inverse kinematics solutions of the proposed mechanism. In addition, another algorithm
is presented to search for the optimal inverse kinematic solution. Both algorithms are used simultaneously by means of a
simulation study to fine tune a scanning electron microscope sample table through a pre-specified circular or linear path
of motion. Results of the study shows that, proposed algorithms were able to minimize the power required to drive the
piezoelectric actuated mechanism by a ratio of 97.5% for all simulated paths of motion when compared to general non-

optimized solution.
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1 Introduction

Four bar mechanisms can be used in many applica-
tions. One of those applications is the Scanning Electron
Microscope (SEM) in which fine tuning is essential to
explore micro-scale images. For instance, in order to nav-
igate through nanowires image shown in Fig. 1(a), it is
needed to zoom out and move the specimen to another lo-
cation and then zoom in again, which causes loss of wire
location, hence in this paper a four bar mechanism is
proposed to be able to track and navigate through small
images like a single nanowire image shown in Fig. 1(b)
without the need to zoom in and out. The proposed mech-
anism schematic is shown in Fig. 2.

Many researchers investigated four bar mechanisms
and PZT mechanisms for many applications and in dif-
ferent fields, such as; mechanical systems, MEMS and

..

Fig. 1. (a) — nanowires image, (b) — single nanowire image

NEMS, bio technology, and much more. Bhagyesh et al
developed a four bar compliant mechanism using pseudo
rigid body model (PRBM) incorporating a micro-slide ac-
tuator in an experimental setup, experimental results val-
idated the finite element analysis of the proposed simpli-
fied PRBM mechanism [1]. On the other hand, Madhab
et al presented a mathematical model of PRBM for a
four bar based complaint micro-manipulator to control
a bio-inspired micro-gripper, through obtaining the rela-
tionship between the input force and displacement [2].
In [3], a mathematical model of a piezo actuated posi-
tive displacement compressor was formulated. It has been
found that the performance was greatly influenced by the
stiffness and operational frequency of piezo-actuator. An
expanded literature review regarding piezo and pyroelec-
tric microscopy experimental techniques was presented
by Athanasios et al, the review addressed resolution of

Fig. 2. Proposed four bar peizoelectric actuated mechasim for
SEM micro tuning
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(1 pm-10 gm) and stimulus in terms of thermal wave,
pressure pulse, and voltage [4].

Recently Boukari presented a computational efficient
model for piezoelectric actuators taking into considera-
tion the non-linear effects resulting from hysteresis [5].
Moreover, a new pyramidal shape 3-DOF piezo driven
mechanism subjected to different phases and frequencies
was proposed, modeled, manufactured and tested. The
response of the mechanism tip for both linear and non-
linear inputs signals was investigated [6].

Precision machinery requires micro-positioner that can
be achieved using piezo actuators. Non-linearties (hys-
teresis) and tracking errors in piezo actuators is a known
issue and can be solved and overcome by using a con-
troller. A proposed adaptive sliding mode controller for a
3D PZT actuated table for drilling process was introduced
and analyzed. The study recommended a control solution
that addressed hysteresis and tracking errors of PZT ac-
tuators [7], while a flexure based mechanism and control
methodology for ultra-precision turning table operation
was introduced in [8]. Moreover, Qingsong Xu presented
the design and model analysis of a novel compact long-
stroke precision positioning stage in [9]. The study carried
out finite Element analysis and experimental testing of
PID and Discrete Time Sliding Control (DTSC) over the
presented mechanism to follow a pre-specified path. Re-
sults showed that DTSC overcame PID control in terms
of accuracy and robustness with the presence of system
uncertainties.

A robust motion tracking control for micro/nano ma-
nipulators dealing with non-linarites, external distur-
bances and unknown or uncertain system parameters was
proposed in [10]. The controller was based on known esti-
mated lump parameters of the flexure four bar mechanism
and its capability of motion tracking. In addition, robust
generalized impedance control methodology including
force trajectories and enhanced adaptive motion tracking
control including angular stiffness of flexure hinged were
presented in [11]. Other advanced control strategies were
proposed to achieve faster response and more accurate
control performance for nano positioning and manipula-
tion applications, such as the integrated control strategy
proposed in [12] for PZT nano-positioning stages, and
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the feed-forward and feedback compound controller of
the decoupled XY stage model established in [13].

To enhance the accuracy and the response, and re-
duce power consumptions; other methods including H>°
based loop shaping control scheme [14], least square opti-
mization [15], multi-objective genetic algorithm optimiza-
tion [16] and heuristic optimization algorithm [17], were
combined in synthesis and control of multi bar mecha-
nisms.

2 Modeling of proposed piezoelectric
actuated four bar mechanism

Several piezoelectric actuated four bar mechanisms
(PZT-FBM) were presented with one or two-piezoelectric
actuated links [11,18-24]. These links were proposed to
be utilized in different applications at small or macro/
micro scales. For instance a PZT-mechanism was uti-
lized for hard disk drive head fine positioning as shown
in Fig. 3 [23]. However, such mechanism has a limited
workspace as illustrated by Fig. 4, which does not satisfy
the work space required by the SEM fine tuning men-
tioned earlier. In this study a four-bar mechanism with
three-piezoelectric links will be considered. The mecha-
nism has been introduced by the authors in an earlier
study to move an inchworm robot [24], the attainable
workspace by the SEM using the proposed mechanism is
wider than that manageable by two-piezoelectric four bar
mechanism introduced in [23].

Figure 5 illustrates a four bar parallel mechanism that
consists of one fixed link of length L, and three other
piezoelectric actuated links. The initial length of all bars
(when no piezoelectric actuation is introduced) is equal to
L. If piezoelectric material of link-: is actuated, a change
of length dL; will take place such that L+ AL;. Positive
polarity of the actuation signal introduces an elongation
over §L;, while negative polarity causes a shorter link
length.

Square (abdc) of Fig. 5 represents the initial position
of the mechanism with the End Effector EE point rep-
resented by point d. Quadrilateral (abef) represents an
actuated position of the mechanism with the EE (point
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Fig. 3. Four bar mechanism with two-piezoelectric actuated links

Fig. 4. Work space of four bar mechanism with two-
piezoelectric actuated links
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Fig. 5. Four bar mechanism with three-piezoelectric actuated links
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Fig. 7. Inverse-kinematics solution graphical sketch
e) located at position (z,y) required by the SEM with re-
spect to fixed X-Y coordinate system shown. The wider
workspace of the new mechanism is depicted in Fig. 6.

3 Inverse kinematics solutions

In order for the EE to reach a pre-specified loca-

workspace

amount of change in (AL;, ALy and ALj3) required to
move the EE from one position to another along its path
of motion. Hence, it becomes necessary to get all possible
solutions at each single EE (x,y) position prior choosing
the optimized solution. The latter fact along with the op-
timization process represents the major contribution of
this work.
Figure 7 shows a general required (x,y) position of
the EE, a close look reveals that there exists a unique
exact solution for AL;. The solution obtained using (1)
is bounded by extreme values of link extension and con-
traction ALmax, ALpin dictated by the physical nature
of piezoelectric actuated links. If the calculated value
of AL; does not belong to the interval [ALpin, ALmax)
then the required (x,y) position is simply out of reach
of the mechanism, therefore the solution is rejected im-
mediately. Equation (2) is used to calculate the value of
the associated angular position of link-1 (6;) due to the

recent change of its length.
(1)
(2)

AL =@ LR+ - L,
0; = Atan2(y,x — L).

Links-2 and 3 on the other hand, can take infinite number

tion described by (x,y) coordinates, the lengths of the
piezoelectric actuated links are required to change by
(ALy, ALy and ALjz) from the initial non actuated
position. The change in links lengths gives the mecha-
nism an associated unique set of angular positions de-
scribed by (61, 02 and 63) as shown in Fig. 7. The re-
quired amount of change in piezoelectric actuated links
along with the associated set of angular positions can
be bundled in a single inverse kinematics solution vec-
tor ©F = [ALE, ALK, ALK, 6%, 6%, 65] . The inverse
kinematics solution of the four bar mechanism with three-
piezoelectric actuated links has been previously obtained
using a numerical search technique [24]. The numerical
solution acquired represents only one solution among in-
finite possible solutions for the mechanism. Moreover, it
does not represent the optimized solution for the mech-
anism if it is required to move along a specified path of
motion. In order to get the optimized solution, it is es-
sential to determine the least possible difference in the

of configurations to reach the desired EE point (z,y).
In order to get all possible configurations, the inverse
kinematics solution is carried out by assuming reasonable
values of ALy and 0, that are necessary to get the closed
form solution of ALs and €3. The operating range for

ALs and 60, are described by
(3)

7m7

02 €0,7], i=1,2,...

ALqj,ALgj,AL3; € [~ALwin, ALnyax]

j:1725-"7p'7 (4)

where,m and p are the number of segments over which
0y and ALy are discretized, respectively.

The assumed value of y; is used in (5), (6) to calcu-
late the value of angle «; shown in Fig. 7. The latter is
used in (7) along with assumed value of ALy; to calcu-
late the value of ALs;. Equation (7) is developed based
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Fig. 8. Schematic diagram of proposed inverse-kinematics solution
algorithm

on the cosine law of triangle (acd). Calculated values of
|ALs;;| must lie within the range described in (4), other-
wise the solution is rejected as it represents an impossible
length of piezoelectric actuated link-3. Equations (8) to
(10) deploy trigonometric laws over triangle (acd) to cal-
culate \;; which is used later by (11) to determine the
angular position of link-3 (és;; ). The solution is then re-
peated using (7) to (11) for all values of ALy; with the
assumed value of #s;. Then, another is assumed and the
mechanism is solved along all ALs; again using (5) to
(11) until all values are scanned.

+ = Atan2(y, ), 5)
O — v, 02>,

92i=aii’7:>ai={ Bo = (6)
v =02, O <7,

27

ALQ,Z‘]‘ =—L+

V(@2 +92)+ (L +ALy)2 —20/774 (L + ALsj)eas, (7)

(L + ALy;)® + (L + ALsziy)* — (2* +¢°)

\ij = (8
g 2(L + ALy)(L + ALsyy) ®)
V2 +y? o

S>\ij = TAL&J sin o, (9)
)\ij = Atan 2(8)\1'3', C)\ij) 5 (10)
+(180* |)\Z]|), 921 <7, (11)
3ij =
Tl (180 — [Njl), e >

The inverse kinematics solution described by equations
(1) to (11) is illustrated by Fig. 8. For any required EE
position (z,y), a total of n successful frames are saved in a
general solution matrix © of size (6xn). Where, each col-
umn represents a valid inverse kinematics solution and is

defined by ©F = [ALY ALK, ALL, oF ok 65]"

4 Optimization

Since there is infinite number of solutions for any posi-
tion of the EE within the operating workspace, it becomes
necessary to optimize those solutions in terms of power
required to move the EE from the old position to the new
position along the path of motion. The Inverse kinemat-
ics solution introduced earlier discretizes the range of the
infinite solutions and saves all possible discretized solu-
tions in the general solution matrix . Every column in is a
possible solution. If the proposed mechanism is required
to fine tune the SEM along a specified path, one can rep-
resent the path by a series of required positions that must
lie within the working range of the attainable workspace.

Consider the mechanism holding the SEM at an old
position defined by (zo1d, Yoia) with the inverse kinematic
solution vector G)old = [ALlold ALQOld ALgold 9101(1

02014 Ggold}T. The mechanism is then required to move
the EE to another position defined by (Znew, Ynew) - If the
proposed inverse kinematics solution algorithm is applied
for the new position, then all possible solution vectors
are bundled in the solution matrix Oy . However, one
must select one column out of O, which represents
the minimum power solution (@ﬁew)min. The optimal

solution vector must satisfy the least possible difference in
change of length of all piezoelectric actuated links. Vector

VFk=0F —©q44, k=1,2,...,n, (12)
ALlnew - ALlold (ALl
ALQnew - ALQold (AL2

vk — | ALlanew = ALsola | _ | V(ALs (13)

92new - 9201d

\Y
\Y%
\Y%
Glnew - 9101d \Y
\Y
93new - 9301d \Y
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Fig. 9. Minimum power optimization algorithm

defines the amount of change required in each link length
and the associated change in the mechanisms angular
positions when the EE is required to move from the old
position to the new position. The difference matrix V
that consists of all V¥ has an equal size of Opey -

It is worthy to mention that V(AL; represents the
amount of change required by the piezoelectric actuated
link-7 when the EE moves from the old to the new po-
sition. On the other hand, AL; represents the amount
of change required by piezoelectric actuated link-7 when
the EE moves from the initial unactuated position to
any other position in the operating workspace. More-
over, V(A#;) is associated with V(AL;) and hence de-
pend over their values. Therefore, the optimal solution
(O )min shall be depicted based on the least amount of
all V(AL;) related to a certain EE position. The opti-
mized solution is acquired using

3
(O )min =min >_V(ALF), k=1,2,...,n.

i=1

(14)

4.1 Motion along a pre-specified path using the opti-
mized solution

The optimized solution need to be assessed over two
types of motion paths. A circular and a linear path of
motion that imitates expected shapes of nanowires. The
path of motion is discretized into a series of (x,y) posi-
tions. The proposed inverse kinematics solution is applied
at each single position to obtain all possible solutions.
The optimization is then performed over all possible so-
lutions to choose the minimum power single solution that
constitutes the least amount of change required by all
piezoelectric actuated links to move into the desired po-
sition solved for. The motion technique described above
is illustrated by Fig. 9.

5 Results

The suggested 3-PZT-FBM was tested by moving the
EE along two paths; straight line and circular path. Sum-
mation of total gradients for all PZT links L;, Ls and
L3 was recorded in Table 1 for the two paths using both
optimized and non-optimized solutions. It can be noticed
from the table that the sum of gradients of L; for any
motion is the same in both cases, optimized and non-
optimized; this result is expected as the required change
in L is governed by the single exact solution described
by (1). On the other hand solutions for ALy, ALz and
their associated angular positions, obtained using the pro-
posed inverse kinematic solution, were optimized for each
position. Hence, the sum of gradients required in Lo and
L3 using the optimized solution throughout motion along
the circular path is much less than that required by the
non-optimized solution for the same path. The latter ob-
servation is also true for the straight line path of motion
and it shows the value of the proposed minimum power
optimization algorithm.

Figures 10 to 12 show the calculated V(AL;) for the
3PZT-FBM to move from one point to another along
the circular path of motion using optimized and non-
optimized solutions. It can be noticed from Fig. 10 that
both solutions are collinear which emphasizes earlier re-
sults shown in Tab. 1. Figure 11 shows how the optimized
solution requires less V(A Lsg) across the whole path. Fig-
ure 12 shows the same result for V(ALj). For comparison
purposes four snapshots of the moving mechanism along

Table 1. Total amount of change in length of all piezoelectric actuated links for optimized and non-optimized solutions for the circular
and straight line paths

Sum of absolute Circular Path

Straight line path

changes Non-optimized Optimized Non-optimized Optimized
in pm solution solution solution solution
Ly 30.98 30.98 30 30
Ly 5849 1.36 x 10~ 1960.5 1.36 x 10"
L3 712.68 9.84 211.25 5.23




Journal of ELECTRICAL ENGINEERING 69 (2018), NO1

S V(AL))(nm)

100 150 200 250 300
number of discrete points along the path of motion

0 50

Fig. 10. FourRequired change in Ay, along the circular path from
point to point

0 V(ALs)(u'm)
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Fig. 12. Required change in Ay, along the circular path from
point to point

the circular path of motion using both solutions are il-
lustrated in Fig. 13, which shows that V(AL;) of PZT
links are less when the optimized solution is used at all
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Fig. 11. Required change in Ay, along the circular path from
point to point

four shown snapshot. Furthermore, the previous results
were also obtained for the straight line motion and can
be observed in table 1 and Fig. 14 to Fig. 17. Many differ-
ent paths of motion were tested and similar results were
achieved.

6 Conclusions

A four bar mechanism with three piezoelectric links
has been proposed as a micro motion tuner for the sample
base of an SEM. The suggested mechanism has a wider
work space than other lower order PZT four bar mech-
anisms. An inverse kinematics solution for the suggested
mechanism was developed to get a set of all physically
possible solutions; this was achieved using an iterative dis-
crete approach based on the minimum physical V(AL;).
The obtained set of solutions for each position was opti-
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1 Optimized
1 Random
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Fig. 13. Optimized vs random solution snapshots along the circular path of motion
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mized using the introduced minimum power algorithm
shown in Fig. 8. The developed was tested for many paths
of motion; two of them were shown in this paper.
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Fig. 15. Required change in Ay, along the (SL) path from point
to point

Results show the advantage of optimized solution over
non optimized solution. The optimized solution required
much less power and guaranteed a smooth transition of
the mechanism from one point to another along a speci-
fied path of motion.

Future work includes developing a GA algorithm to
choose the minimum power solution and compare its re-
sults with the current work outputs to assess the best
among all.
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