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DEVELOPMENT OF A PRECISION PARALLEL
MICRO-—MECHANISM FOR NANO
TELE- OPERATION

J. Wang* and S. Guo**

Abstract

There is an urgent need for nano-level teleoperation systems to carry
out three-dimensional high-speed micromanipulations for medical
and biotechnological applications. The authors have designed a
precision parallel micro-mechanism driven by piezo actuators (PZT)
for use as an operating robot with six degress of freedom, maximum
movement of 18 to 28 pm, ax;d'a resolution of 8 to 23nm. ‘Here,
they present the conceptual design, synthesis, and control strategy
along with an evalustion of the precision parallel micro-mechanism
of this system. The experimentsal results indicate that the developed
parallel micro-mechanism can be used to manipulate micro-objects

at high speed and with a high degree of precision.
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1. Introduction

Recently, there has been a great deal of progress in the
biosciences due to advances in biotechnology, such as ge-
netic engineering, cell engineering, and developmental en-
gineering [1-5]. Research in these flelds requires micro-
and nano-manipulations, mass production, and repeti-
tive, high-speed, high-precision processing. Consequently,
human-scale nano-teleoperation systems have been devel-
oped [6, 7]. Numerous potential applications are unsuit-
able for conventional robotics due to the size of the objects
to be manipulated [8]. When the manipulated object is
extremely small, such as a cell or an embryo, the ma-
nipulation system must consist of fine macro- and miecro-
scale mechanisms, and make use of a complex fine motion
control system. Physical phenomena at the micro-scale
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differ from those at the macro-scale. Therefore, such ma-

nipulation systems must be designed carefully. The key
technologies include manipulators, micro-systems, visual-
ization systems, human interfaces, and automation tech-
nologies. New approaches must be developed to address
the challenge of high-speed micromanipulation.

Most industrial manipulators have serial open-ended
structures. The human arm is a good example of a se-
rial manipuiator. A parallel manipulator is a closed-loop
mechanism, with higher speed, stiflness, and payload ca-
pacity as well as better accuracy than serial manipulators.
Therefore, we used a parallel structure fo develop our
micromanipulator.

Many types of micré-operation system have been de-
veloped. One type was designed for working with large
objects over mini- or micro-scale distances, driven by lead.
girconate titanate (PZT) actuators, shape memory alloys

(SMA), or magnetic actuators. Anocther type was designed

for working with miniature objects driven using high-speed
electrostatic actuators or SMA thin-film micro-actuators.
After comparing the various actuators currently available,
we determined that a PZT actuator was the best fit for our
design because of its small workspace, high rigidity, and
high speed.

Therefore, we designed a precision parallel micro-
mechanism driven by PZT actuators for use as an op-
erating robot with six degrees of freedom (DOF), max-
imum movement of 18 to 28 um, and a resolution of 8
to 25nm for human-scale teleoperation systems. Here,
we present the conceptual design, synthesis, and control
strategy of this system, and evaluate the precision parallel

micro-mechanism in the following sections.

2. Conceptual Design for the Parallel Micro-

mechanisin

In the conceptual design stage, a “best” conceptual design
was selected from several alternatives. A 3-3 octahedral
structure was first considered, as it is the simplest structure
of its kind. We used this structure on the top platform. The
mobility of general spatial mechanismg can be calculated
from Grubler’s criterion [9]: :




i

M=Xn-1)-> (A~f) M

d=1

where: -

M : Mobility, or number of degree of freedom of the
system
X: Degrees of freedom of the space in which a mech-
anism is intended to function, for the spatial case,
A=6
n: Numbers of linkages in the mechanism, including
the fixed linkages
7. Numbers of joints in & mechanism, assummg that all
the joints are binary
fi: Degrees of relative motion permitted by joint ¢

" As shown in Fig. 1, our parallel plaiform had a total
of 14 bodies: the top platiorm, the base platform, and two
hodies for each of the six leps. If we used spherical joings to
connect the linkages, each spherical joint had three degrees
of relative freedom, and thus there were a total of 12 joints,
each of which had three degrees of relative freedom. Thus,
the mebility equation is:

M:6(14—1)—IZ2 Z(Gwl)ﬁm @
i=1 i=1

To eliminate the six additional rotational freedoms due
to the spherical joints, these were replaced by six elastic
wire joints connecting the upper platform and the leg
connectors [10}. When an elastic wire is bent, its rotation
centre deviates from its original position, introducing an
accuracy problem in the elastic element. Therefore, our
elastic wires were designed with sufficient hardness to
prevent any movement of the rotation centre so that the
accuracy problem caused by bending could be neglected.
This type of elastic wire joint has been used in several
successful mechanisms, such ag the “two-fingered micro-
hand” developed by Arai [11]. We then calculated the
mobility of the 6-6 parallel platform from:

M=6(14—1)— Z(G 3) Z(GMQ) Z —1)=6
- )

The parallel mechanism had six degrees of freedom.
'As the precise dimensions of the object to be manipulated
were uncertain, the movemnent range and resolution of the
precision Imcrogmecha,msm were designed to be adjustable.
We wished to design a mechanism capable of mampuiatmg
IIllCI'OﬁOb‘]OC‘bS ranging in size from 5 x 1072 to 7 x 10~®m
with an adjustable resolution of less than 20mm. This
differed from other research projects reported to date [12-
18]

The proposed precision parallel mechanism is shown in
Iig. 1. It consisted of four parts, the first of which was the
upper platform to which the moving part of the operating
hand was fixed. The second par$ consisted of six linkages.
Due to the small workspace and high resolution, there were
two elastic wire joints at both ends of each linkage. Each
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Figure 1. The proposed parallel micro-mechanism.

Sap

Figure 2. The length-adjustable linkages.

linkage included five spacers with a height of 1.0+ 0.1 gm.
Ag shown in Fig. 2, the length of the linkages could be
adjusted from 33.22 to 38.22 mm in l-mm steps. We
designed the linkages as screws so that the clearance could
be varied. To adjust the lengths of the linkages, spacers
can be simply removed or inserted and then Part A (holt)
and Part B (nut) are fastened together tightly. The third

-part consisted of six PZT actuator confainers designed

to grow by a given displacement in only one direction as
the actuator is extended. The fourth part was the base
platform. The PZT actuator containers were fixed on the
base platform in a circle {C} the radius of which could be
adjusted from 29 to 43mm in 2-mm steps, as shown in
Fig. 3, with an allowable error of 0.1 um. We placed six
screw holes (S) in the side of the base platform to avoid
the clearance of the adjustable radius of the base platform.
To adjust the radius of the base platform, bolts of constant
length were used for individual adjustment of each of the
six sides.

The operating hands had two parts: one fixed to the
upper platform and the other fixed to the base platform.



We could adjust the length of the linkages and radius
of the base platform to perform the operations required for
different types of work. Elastic wire joints were used to
maintain the high degree of accuracy.

Figure 3. The diameter-adjustable base platform. -

3. Synthesis of the Parallel Micro-mechanism

A model of the parallel micro-mechanism is shown in Fig,
4. In the model, we set a fixed O-XYZ coordinate system
at point O and a moving o'-x'y'z’ coordinate system at
point o’. Therefore, the absolute coordinates of point of
are {0, 0, h++/L2~ (R —r)?), where L is the lenpth of
the linkage, r is the radius of the upper platform, R is the
radius of $he base platform, and 5 is the height of the PZT
actuator container. As a result, we obtain:

S = \/(Rcos 0 — &l - ?")2_+ (Rsin|fi — &) (4)

where 0; is the angle between each joint of the upper
platform and axis X. & is the angle between each joint of
the base platform and axis X, &; is set to 1 x 60°, and § is
the displacernent between each joini of the base platform
and the projection of each joint of the top platform on the
base platform.

In the moving coordinate gsystem, the coordinates of
each joint point of the upper platform are defined ag
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: Figuré 4. The model of the parallel micromechanism.
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Figure 5. The movement of the upper plaiform!

{zx;, %, 0), where z; =rcos 8;, w=rsinf;. Assuming
that the movement of the origin of the moving coordinate
system is (Axo, Ayo, Azo, Aa, NS, Av), A is the angle
hetween o'x’ and the projection of the normal of the moved
top platform on the fixed top platform, Af is the angle
between o'y’ and the projection of the normal of the moved
top platform on the fixed top platform, and Ay ig the angle
between o'z and the normal of the moved top platform.
As shown in Fig. 5, the movement of each joint of the
upper platform is given by: ‘

sz:A%—yaA’y—l—ngﬁ
Ay; = Ayp — @i - Ay + 2 - Ao (5)
Az = Azy —x; - Af+ s - A

The absolute coordinates of each point on upper plat-
form are giver by:

7, = 35 + rcosf; + Az —yi Ay +z- AS
Y= yo +reind; + Ayp+ i Ay -z Ay (6)
2 = 2o+ 0+ Azp —mi - Af+y; - Anx

where z; =79 =10 =0and zo=h++/L? — (It~ T)2.
Differentiating each side of (6), the next equation can
be obtained:

def = dzo — i - &y
dy = dyo + i - dy (7)
dzl = dzy — - dB + ¥ do

Then, (8) can be obtained as:

P = (- X+ (- Y+ (-2 (8

where X, = Rcos&;, ¥;= Rsing;, Z;=h.
Differentiating each side of (8), we obtain the following
with (4):
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(rcos;—R cos&){day — rsing; - dy) + (rsinf; — Rsing;)

x (dyo + 7 oosby - dy) +2/I7 = (R—7)7

x(dzo-—rcos(h-dﬁq—rsiné?i-da-—dhi):0 : (9

Suppose that:

A; =rcosl; — Reosé;
B; =rsinf; — Rsing;
rs; =rginf; (10)

re; = T 003 0;

| M=y/12— (R-7)

Finally, (11) is obtained as follows:

ﬁdhl-‘ -Al By M M-rsy —M rc1 By -'rc.l — Ay v‘rslg
dhz Ay Ba M M -rsy —M -rop Ba-rea — Aa-rsn
o dhs | As Bs M M -vrsg —M -res Bgvrca—Ae,-'r_-sg.
dhy A1 By M M -7s4 —M -rca Ba-res — Ay T84
dhs - Ag Bs M M -rsg —M -reg Bs-res — As 185
thGJ LAG Bs M M- rsg —M -rce Be-res — Ag 786 |
‘dmo_ '
o
X dzo | (11)
dex ]
ap '
L @ |
Here, we define matrix P as:
_ _ -
Ay By M M-rs; —M -roy Bi-rcp — A1 -rsy
A5 Ba M M -rsy —M -rcg Ba-rep — Ay w759
Pe Az Bs M M-rss —M -reg By -reg — As 83
Ay Be M M -vsy —M -reg By-7ea — Ay -ray
As By M M -rsg —M - rce Bs -res — Ag 785
_Aa Bg M M '.TSG — M -reg Bg-reg — Ag 1S

(i2)

If | P| =0, there will be a singularity point; however, we
used elastic wire joints to allow us to ignore the singularity
points while maintaining the system accuracy.

“Fig. 6 shows a photograph of developed parallel micro-
mechanism prototype. . The specifications and product
parameters measured using a laser interferometer are listed
in Table 1. We used a 12-bit DC PCI-3341A board to
comtrol the PZT actuators, to obtain the desired resolution
as described by: '



6
4 l —12 Ah}naxL
§ A 6;2 (R‘—'T')COSIB%'*&[ . {(13)

where Ahpax is the maximum displacement of the PZT
actuator. The calculated example results are shown in
Fig. 7. '

If we suppose that the maximum displacement of the
PZT actuators is 17.4 pm, we can use {11) and the product
paratmeters to calculate the workspace for the parallel
micro-mechanism by adjusting I and R. Two example
results are given in Table 2.

4. Control Strategy for the Parallel Micro-
mechanism '

Our control strategy is shown in Fig. 8. We aimed to
design a parallel micro-méchanism for both micro- and
nano-scale operations, so high stifiness and a high degree
of accuracy were required with no voice or shock. Based on
these requirements and the desired dimensions, we selected
a piezo-electric multilayer actuator (AE0505D16) with a

" Figure 6. The manufactured parallel micro-mechanism.

maximum displacement of 17.4 pgin to drive the parallel
micro-rechanism. -

We used a foil sirain-gauge (force feedback system} to
test the performance for this type of actuator by changing
the control voltage from 0 to 150V in 2-V and 0.5-s
steps. The test results are shown in Fig. 9. There was
some hysteresis in the actuators, but the relationship was
reasonably linear, which allowed them to be'used in our
micro-mechanism. ‘

A good actuator driver was also required. We selected
the ENP-150U actuator driver made by Echko Electronics
for our research. This type of driver shows high perfor-
mance and can be easily controlled remotely.

We developed the control software using VC4++, as
shown in Fig. 10.

5. Evaluating the Precision Parallel Micro-
mechanism

In these tests, we set R=43mm and L=38.22mm as
default values. The other parameters were sef as listed in
Table 1. _ .

' The parallel micro-mechanism was a closed structure
that used elastic wire joints, making the method of move-
ment very complex. Therefore, we drove the PZT actua- .
tors in groups. We numbered the actuators from 1 to 6,
and placed them in three groups based on a 3-3 octahedral
structure [9): Nos. 1 and 6 were in Group 1, Nos. 2 and
3 were in Group 2, and Nos. 4 and 5 were Group 3. We

—_—
© 30 ——[,=733.22
L —a—], =34.22
= % ‘a\\\ : L=3522
N ' I
= ) o £=36.22
g | : —L=37.22
=1 SR )
2 15 — 4 —a—[ =3822
i

s

5 | L -
29 31 33 35 37 39 41 43
Radius of base platform (R) (mm)

Figure 7. The relationships between resolution and change-
able parameters {R is the radius of the base platform, L is
the length of the linkages).

Table 1

The Specifications and Product Parameters of the Manufactured Pé,rallel Micro-mechanism

Size 112 mm (L) x 112 mm (W)} x 102mm (H)
Radius of the Base Platform (R) 29 ~ 43 mimn
Radius of the Upper Platform (r) 21.5mm

Tength of $he Linkages (L)

33.22~38.22mm

8;(i=1~6)

0°, 105°, 120°, 225°, 240°, 345°

&(i=1~6)

0°, 60°, 120°, 180°, 240°, 300°
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‘Tabhle 2

The Example Results for the Workspace and Resolutlon

Parameter

L=3322mm, R=43mm

L=238.22mm, R=29mm

Approximate workspace(xyz)

18 x 118 x 184 um

28.4 x 28.4 % 28.2 pum.

Figure 8. The control strategy for the parallel micro-
mechanism.
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Figure 9. The relationships between displacement and ap-
plied wvoltage for the selected PZT actuator with force
feedback system.

The results are

Resolution 10n less 10nm more
DAboard | Acmator could drive all of the PZT actuators individually, or with
> (PCI-3341A) ™ (Egg"gfm) three voltages in the tests to determine the movement of
the centre of the upper platform.
_ - o The following threse tests were conducted.
‘ PC OI'CE.SEIJSOTS 1620 - P -l-l 1 . . ) )
| (Seftware) [T (Strain gege, 4 A'I«;‘Cgt;g@];slé ¥ mez}t;u;m 1. Controlling oll the actuators using the same input
AS1302) ¢ SDI6) voltage. In this case, wé controlled all three groups of
actuators using the same input voltages, ranging from
AD board Laser sensor D to 150V in 0.75-V and 0.1-s steps.
] easss) [ asos) showwn in Fig. 11.

2. Conirolling the actuators group by group. In this
test, we drove the actuators in each group separately,
staring with Group 1 and ending with Group 3. The
driving voltage of each group ranged from 0 to 150V
in 0.75-V and 0.1-s steps. The results are shown in
Fig. 12. .

. Controliing the actuators individuclly. We also
drove the actuators individually, in numerical order
starting with No. 1 and ending with No. 6. The
driving voltage of each actuator ranged from 0 to 150V
in 0.75-V and 0.1-g steps. The results are shown in
TFig. 13.

Based on the results of these three tests, we deter-
mined that the proposed parallel micro-mechanism could
be controlled at high speed using the six Piezo actuators,
and that the designed working range could be achieved.’

.~ To avoid hysteresis, we plan to control the parallel
micro-mechanism with a closed loop using a force feedback
systern, such as foll strain-gauge sensors.

ﬂl . Precision Paralle Micra Mechanism Contrel Syster {:‘} Q“?
~Mumber of Groups — ——— - . — e Valtage (V)
1‘ 1 Group ™~ 2 Groups [ Groupa 6 Groups i
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Bl ey e OHR oy OHY - . S CHE e

[Eroupt Fow | mom 1T & o i _; 1 ——‘;
vy i A ———— g o - - PR v

roup < CcHt Core  oHI i W..,.I“
ok TR, o el M WSO S— T
i Bradp & ot e T 56 e
~Broup 40 = ! r
‘ redp Nadl st 0 2
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Figure 10. Control software for developed parallel micro-mechanism.
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Figure 11. Test 1: Controlling all the actuators using the

same input voltage.
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Figure 12. Test 2: Controlling the actuators group by
group.
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Figure 13. Test 3: Controlling the actuators individually.

6. Conclusion

We have designed a six-DOF precision parallel micro-
mechanism driven by PZT actuators with a maximum
movement of 18 to 28 pm and a resolution of 8 to 25nm
for nano telecperation applications. We presented a
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concepiual design to illustrate how our micro-mechanism
differs from those developed in other studies. Qur design
made use of adjustable linkages and a base platform to
adjust the working space and resolution, and clastic wire
joints replaced the ball joints to eliminate the six additional
rotational freedoms and avoid singularity errors. Then, we
presented the syathesig for the parallel micro-mechanism
structure and described the control strategy. We evaluated
the precision parallel micro-mechanism using a series of
tests, The experimental results indicated that the devel-
oped parallel micro-mechanism could be used to manipu-
late micro-ob Jectq at high speed and with a high degree of
precision.

In future studles we plan to measure the working
space and resolution of the parallel micro-mechanism for
different parameters to fully evaluate its performance.
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