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FOR BIOMEDICAL APPLICATIONS

S. Guo™,** and J. Wang*™

Ab stract

There is an urgent demand for a new human-scale tele-cperating
system to carry out three-dimensional high-speed micrcm.a.n.{puj&
tirmg for medical and biatechnological applications. In this paper,

2 a new human-scale tele-operating system consisting of

thjeé
system. The operating system is composed of two parts: the operat-

: the object, the operating system, and the observation

B

ing robot (the § degrees of fresdom (DOF) precision parallel micro-
mechanism) and the pasitioning system (the complex macro/misre-
system). We designed a precision parallel micro-mechanism as ths
operating robot with 8 DOF, & movemens range of 20 um, aod a
resalution of less than Z0nm. The positioning system also com-
prises two parts:
and a micro-mechamism stage driven by Plezo actuators. We ex-

a macromovement stage driven by servomotors

perimentally evaluated the precision parallel micro-mechanism end
complex macro/micro-mechenise. Using our complex macro/micro-
mechanism, we evaluated the complex macro/micro-contrel in ane
diraction, the micro-mechanism complex control with 2 DOF, and
the force feadback systern. The experzmentzl results indicate that
the prcpﬁsed human-scels tele-operating systern can be used to
manipulate micro-objects at high speed and with high precision.

Key Words

Piazor Vactuﬁator
1. Iotroduction

In biology, micro-machining, and industry, researchers need
to manipulate micro-objects in adverse eovironments, such
as poisonots, cortosive, multidimensional, or remote envi-
ronments. Therefore, three-dimensional high-speed micre-
manipulation is needed ag & fundamental technology for
micro-mechaironics and bicengineering applications [1-6].

Recently, bioscience has made graat progress through
advances in biotechnology, such as In genetic engineer-

* Harbin Enginesring University, 143 Naatong Street, Harbin,
Heilongjisng, China
== Faculty of Engineering, Kagaws University, 2217-20 Hayashi-
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ration, complex control, biotachnology, micro-mechapism,

7o

ing, cell engineering, and developmental engineering (2, 5~
8). Such research requires micre- and nanc-manipulation;
mass production; and repetitive, high-spesd, and high-
precision processing. Comsequently, human-scale tele-
operating systems have been developed. For numercus
potential applications, conventional robotics is insufficient
[3]. The main problem is caused by the size of the chjects
tc be manipulated. When the manipulated object is ex-
tremely small, such 23 a cell or an embryo, the necessary
system consists of fine mechanisms (macro/micro) and re-
quires & complex fine-motion control system, as shown in
Fig. 1. Physical phenomena in the micro-world differ
from those in the macro-world, Therefore, 2 manipulation
systern must be designed carefully. The key technologies
include manipulation, micresystems, visualization, human
interface, and automation technology. New approaches
must be developed o address the challenge of high-speed
micromanipnlation.

Figure 1. Size of micro-chjects.

In most cases, operators manipulate biological objects
using micromanipulators while visualizing the DTOCESS O &
two-dimensional image from an optical micrcscope. How-
ever, it is very difficult to operate a micromanipulator in the
three-dimensional micro/nano-world, which requires three-
dimensional high-speed micromanipulation. Recently, to
improve the manipulation method, tele-operating systems
have been developed for various purposes (5, 9]. How-
ever, these still have some limitations, such as range of
movement and fixed resolving power. Our goal is fo de-
velop a new human-scale tele-operating system for micro-
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operations that can manipulate micro-cbjects of different

gizes. Our research project has three goals:

1. To develep a visualization system ard make a 3D
virtual task model based on this system.

. To develop & micro-mechanism with hizh ACCUTACY
and multiple degrees of freedom (DOF) for manipulat-
ing micro-cbjects with high precision, and & complex
macro/micro-mechanism for positioning micro-objects
over a wide operating range. :
3. To develop the magter arms znd control system for

manipulation based on human skl

Here, azs part of the proposed buman-scale tele-
operating eystem, we developed & parallel micre-
mechanism with 6§ DOF, a resolution of less than 20nm,

a movement range of 20 um, and & complex macre/micro-

system with & movement range of 25 mm and better than

o AIESoum precision. In addition, we eveluated these two
- Ludiponents experimentally. The reanlts show that ths pro-

J

posed humarn-scale tele-operating system can be controlled -

with high speed and high precigion via tele-operation.
3. Human-Scale Tele-Operating System

Fig. 2 shows the relationship between object dimensions
and the operating method. According to the application, -
we propose a human-scale tele-operating system that con-
sists of three parts: the object, the operating system,
and the observation systern. The object is located on the
workspace table. As the object and workspace are very
smaall, the operating system must have high resclution.

To operate on & human scale, the workspace must be
enlarged, and this must be emulated in the observation
system. We used an object with 3 DOFs to meat this
requirement. We can generaie micro- and macro-movement
of the object using a complex positioning systert and a

& 2. Operation and observation for operating micro-objects.

80

micro-operating robot witk § DOFs 110-16]. The complex
positioning system consists of two precision stages: &
micro-rovement stage driven by a Piezo actuator that can
be displaced up to 20pm and a macromovement stage
driven by servomotors that can be displaced up o 25mm. .
The proposed human-scale tele-operating system. is shown
in Fig. 3.
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Figure 3. Human scale jele-operating syster.

3. Design of the Precision Parallel Mechanism

For manipulating micro-objects of different sizes with high
pracision, we developed a precision parallel mechanism
with § DOFs, a movement range of 20 um, end a resclutios
of less than 20 am [17-18]. Given that the exact dimensions
of the object ars uncerfalm, the movement range and
resclution should be adjustable. Therefore, we desioned
a parallel micro-mechanism as an adjustment robot. As
shown in Fig. 2, we wanied to desigr. & mechanism 0
manipulate micre-objects ranging in sizé from 5 x 107° to
7 % 10~% m. We wanted the resolution to be adjustable less




han 20nm. This is a very importans point that differs
rom other research projects [20-24].
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Figure 4. Gonceﬁt of the parallel micre-mechanism.

The proposed precision parsllel mechanism is shown
in Fig. 4. It consists of four parts. The first part is the
nd plate to which the moving part of the operating hand
7. The second part consista of six linkages. Owing
to = 1 workspace and high resolving power, there are
two elastic wire joints at both ends of each linkage, and
thus thers is no clearance. The length of the links can be
adjusted from 33.22 to 38.22 mm in 1-mm steps. The thizd
part consists of six Piezo actuator adapters, designed to
enlarge with the same displacement in only one direction
when the Piezo actuator extends. The Plezo actuator
adapters are fixed on & base plate in & circle; the dameter
of the circle can also be adjusted from 29 to 43mm In 2-mm

-1

steps. The fourth part is the base plate used to fix the

pesition of the six Plezo actuator adapters. The operating
hands have two parts, ooe fixad to the end plate and the
other to the base plate.

A model of the parallel micro-mechanism is shown in
Fig. 5. In the model, we set a fixed 0-XYZ cocrdinate

systerm at point O, and a moving o-xyz coordinate system

at polnt o. .
Therefore, the absolute cocrdinates of point o are (@,
JI?* = (R~r)?), where L is the length of 2 link, r is

£ 5 of the end platform, R is the radius of the base .

plétfo:t-ﬁ&, and h is the primary length of a Piezo actuator.
As & result, we obtain (1).

5= -ﬂR coel@; — & — T + (Rsin|d; — &)* (1)

Tn the moving coordinate system, the coordinates of
each joint point of the end platform are defined as (zi,
yi, 0} where z; =1 08 g;,1; =Tsiné;. :

Assuming that the movement of the arigin of the
moving O coordinate system is (Azo, Ay, Az, Lo, A,

A~), as shown in Fig. 6, the movement of each joint of the

upper platform is given in (2):

Az = Az, — 1 * Ay + 25 A
Ayi:Aya-{—.ﬁi*A’}"‘“Zi*Aa‘ (@)
A,Zi=ﬁza~*zi$ﬂﬁ+yi$/_\a

Figure 6. Synthesis of the parallel micro-mechanismm. |

The ahsolute coordinates of each point are given in (3):

o, =, +reosfi+ Arg—yi x Ay F 2+ AP

yg+rsm9i+ﬂya+mi*éﬂy—z._-$A7 {(3)
z

;= o{—O‘TAzU—zi*AB-:—yi*Aa

where z;=0, T,=0, Yo =0 and z, =A+ 1 T2 —(R—r1)?
Diferentiating each sids of (3), we obtain (4):

drl = dzo — Yz # &7
dy; = dyo + %i * dy (¢

Vdel = dzp — zi #dB + Ui xdo




Then, (5) can be obtainsd as:

L= (@ - X))+ @-¥) -2 6

where X;=FHcos§;, K:Rsin&,_ Zi=hq, T, /e eos b,

and y; = TEin

Difierentiating each side of (8), we obtain following (6)
with (1):

(rcosB; — Heos £:)(dz, — s i = dy)
4 {rsinf; — Rsiné;){dya -+ 708 g; * dv)

+2/L*— (R~ r)z(dz; —rcosf;+df

JrEing; «da—dhy) =0 (6)

A;=reosh; — RHeosg

B,;= Tsinei-*RSiJléi

ppose that ﬁ rg; = raind;
re; = rcos b

L%~ (R—r)?

Finally, (7) is obtained as follows:

) 'Aidza+3idyo+Md_zo+M¢rsicza—_Mwaidﬁ
-+ (B,, xre; - Ap* T'S.g)d"y = Mdh; (T)

Using the parameters (8, €) in eguation (8), the re-
solving power is calculated as'shown in Fig. 7. IR €(C,
20 pm), we can obtain the Tesults for two samples, as shown
tn Table 1. These results show that by changing the pa-
rameter length of link L snd the worldng radins of base
Slatform R, we can adjust the workspace and the resolu-
tion of the parallel ricro-mechanism. Based on this, we
determined the structure for the paraliel micro-mechanism.
ig. & is & photograph of the prototype.

Resolving power (%10 nm)

79 33 i3 73 41 43
Radius of base plarform (o)

Pigure 7. Relation between Teschition and changeable pa-
[RMeters. :

.« =
w

Table 1
Caleiiated Reasults for Pz.;,.ra,]lel Micro-Meachanism

Paramster

7,=380.22 mnm | L=35.22 mm
BE=45mm E=35mm

11.8x 11.8% |1B.4x 184X

Approximate

workspace (xyz) | 20 pm 20 um

Resolution l{j nm less 10nm mére

Figure 8. Develaped parallel micro-mechanism.

g =1° £ = 0°
gy = 59° £ = 60°
W B 120 £y = 120° -
Gy = 179° £, = 180°
B = 241° £5 = 240°
8, = 209° £5 = 300°

4, Design of the Complex Macro/Micro-
Mechanism

The macro/micro-mechanistm is used to pesition micro-
objects, as shown in Fig. 9. The capability for complex
control is essential in a humar-scale eperating system. To
accurately fix micro-objects over a wide range, we de-
signed the macro/ micro-mechanism in fwo parts. One part
consists of three micro-stages driven by Piezo actuators
with a movement range of 20 ym. The other consists of
two macro-stages driven by servomolors with a movement
range of 25 mm. .

To accurately and stably manipulate micro-objects of
different sizes (1 pm t0 25 mm) with dependable precision,
we proposed & two-part macro/micro-mechanism consist-
ingofa micro-mechanism and macromovenmient stages. Fig.
10 is a photograph of the complex system.
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Figure 10. Developed macro/micro complex mechanism.
4.1 Micro-rnechanism

Tn Fig. 9, the top part of the cbject iz the micro-mechanism.
This meéchanism has been designed with 3 DOFs, which
are defined as the X, Y, and 2, stages. Bach is driven by a
Piezo actuator and has a movement rangs of 20 pm.

The Piezo actuator driver has a feedback system. The
Piezo actuator is driven at voltages between 0 and 75V. By
controlling the driving voltage, we can control the Plezo
actuators. In addition, we use a 16-bit controller to control
the Piezo actuatar driver. Theoretically, this allows & high
precision of less than 1nm. Tn fact, this precision was
very difficult to cbtain. Evaluation experiments gave the
precision shown in Fig. 1L The experimental results
showed that the maximum displacement of the micro-stage
in X, Y, and, Z directions is 20 um, and the relationship
hetween the displacement and the driving voltage was
linear. The resulting precision was about 10am.
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Figure 11. Experimental result for micro-stage.

4.2 Macromovement Stage. for the Macro/Micro-
Mechanism

The macromovement stage is shown in Fig. 9. Liisa 2-
DOF mechanism and consists of the X and Y stages. These
two parts are driven. by gervometors. They have movement
ranges of 25 mm as determined by the servomotors. Conse-
quently, with the macromovemnent stage, the human-scale
tele-cperating systern can manipulate micro-objects over a
meximum distance of 25 mm.

5. BEvaluation Experiments

To examine the precision of cur system, Wwe separataly
evaluated the 8-DOF precision parallel micro-mechanism

 and the complex macro/ micro-mechanism.

5.1 Evaluating the Precision Parellel . Micro-
Mechanism '

i1 these experiments, we set Ji= 35 mm and L=33.22mm
as default values, and the other parameters wers set as in
(8)-

The parallel micre-mechanism is an open struciure
that uses elastic wirs joints, making the method of mave-
ment very complex. Therefore, we drove the Piezo actua-
tors in groups. We labeled the Pieso actuators Nos, 1to 6,
and placed them in three groups based on a 3-3 octahedral
structure [12): Nos. 1 and § were Group 1, Nos., 2 and 3
were Group 2, and Nos. 4 and 5 were CGroup 3. We could
drive all the Plezo actuatcrs with three voitages in the
experiment tc delermine the displacement of the center of
the end plate.

Wae conducted the following twe experimemnts. In the
first, we confrolled all three groups of actuators using the
same input voltages from 0 to 120V in 5-V steps. The
experimental results are shown in Fig. 13.




Z-nxls digplacement of end platform {m)

0 13 30 45 &0 75 o0 103 120
Conizal voltage (V)

Figure 12. Experimental resuits by driving 6 Piezo actua-
tors with same voltage.

In the second experiment, we drove the Piezo actuators
in each group separately, in the order Group 2-Group 3—
Group 1. The driving voltage of each group ranged from 0
t0 120 V in 5-V steps. The experimental result is shown in
e, 13,

L-uxis diapliceinest oF e plutform [j2m}

Figure 13. Experimental resulta by driving 6 Piezo actua-
tors with three groups.

Based on these two experiments, we determined that
: sroposed parallel micro-mechanism can be controlled
using six Plezo actuators and that the designed worlking
range can be realized. To evoid hysteresis, we will control
the parallel micro-mechanism in a closed loop using gage
sensers in fufure.

5.2 Experiments using the Complex Macro/Micro-
Mechanism ‘

To .confrol all the stages and to conduct evaluaiion ex-
periments, W programmed & control application, which
included the control program for each stage and evaluation
programs based on our hardware system. '

Tn our experiments, & hole with a diamster of L mm was
used as the object, and we manipulated a wirs with a 30-
um diameter. The object was fixed using the macro/miero-
mechanism, and the wire was fxed as shown in Fig. 14

B4

Macrofmicro-sage

Figurs 14. Operating experimental system.

While driving the macro/micro-mechanism, we can
clearly observe the movement of the cross on the TV
monitor in the macro experiments and can verify the
position of the tip of the operating hend. Tig. 15 ghows an
experimental image photographed using a CCD camera.
By contrast, we cannct clearly observe the movement of
the cross on the TV monitor in the micro experiments.
Therefore, we developad a force feedback system with gages
to monitor the micro-mechanism.

Figure 15. Operating experiment with CCD microscops.

The evaluation program consists of the following two
parts.

5.2.7 Macro- and Micro-Complec Control m One Di-
Tection

Suppese we need to fix & micro-object to a target across

a wide range (betwesn 20 pm and 25 mm) with high pre-
cision. To do so, we must control the macromaverment of
the stage over the wide range while precisely controlling
+he micro-mechanism. In additien, switching between the
macro- and micro-controls should be automatic.

-Using our algorithm, we conducted experiments'to
examine the complex comtrol. A typical experimental
result is shown in Fig. 16. The platform initially driven
by the macromovement stage arrived quickly mear the
destination. After the platform had arrived within the
designated error distance of 10um, the macromovement
stopped, and the micro-mechanism. was activated, until the
platform reached the destination. Ultimately, the platform
srrived af its destination under the complex coatrol of
the macro/micro-mechanism, ilustrating the meritorious
control of the propesed macro/micro-mechanisoa.
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5.9.9 Meero- and Micro-Compler Contral with 2 DOF

After demonstrating the cutstanding control of the com-
plex macro/ micro-mechanism over & Wide range, we eval-
uated the precision of the macro/micre-mechanism. The
precision of the micro-mechanism (10nm) is fer smaller
han that of the macromovement stage {1pm). As the
~ ol inothe 7, direction is regulaied only by the micro-
-isrn, its precision s the same as that in the Xand Y
directions. Therefore, we only considéred the complex con-
trol in the X and Y directions using the miero-mechanism.

Ag shown in Fig. 17, a mousc or & joystick can e used
+5 mmove the defined moving poimt (current position) and
thus to determine the movement track. Simultaneously,
the comtrol software can analyze the erTor and calculate the
sctual track from the data provided by the Plezo actuator
controtler based on a force feedback systern. All the tracks
sre shown in the operating area. For evaluation of more
diffeult cases, a different called the “rose track” was used
(Fig. 18). '

"

Tracks of Objest

Figurs 17. Tracking experiment (circular track).

Qur human-scale tele-operating system might have
applications in many felds and thus must be operator-
friendly. To evaluate the opera.tor-fri.endly asture of the
system, a tracking sxperiment was repeated by differems

" operators in the same environment, and the values obtained
by all the operators Were averaged. [n each ¢rial, the
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track was the same Size (20 % 20 ,uﬁx), and each Operaior
performed 3 to 14 trials using thehcircula,r track and & to
14 trials using the rose track. |

Figure 18. Tracking experiment (rose track).

The results are shown in Fig. 19 (circular track) and
Fig. 20 (rose track). The reduction in errors with multi-
ple runs wes sttributable to reduced operator erTorE, be-

" cause hardware errors would not be reduced with multiple

observaticns. The average pracision of the macro/micro-
mecharism was better than 0.075 pm using the circular
irack and 0.25 um using the rose track. Therefore, our
system can be used for simple Dpera.tiﬁg tasks. Fig. 21
is a photograph of the operation of the human-scale tele-
operating system.
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7 Persan 3
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Figure 18. Experimental results {circular track).
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Figure 20. Experimental results {rose track).




Figure 21. Operating experimental scene.

Targer errors may occur when performing complicated
operations owing to the delay time, operating technology,
‘ete. To reduce such errors, we developed an additional
: feedback systemt for the macro/ micro-mechanism. [n
sree feedback system, we pastad one gage 10 2 Piezo
actuator in the Z direction (both the ¥ and Y directions
have the same moverment range a3 the Z direction, ie.
20 pim}.

We used an application that we developed to evalu-
ate the system and determined the relationship between
displacement and the readable voltage as shown in Fig.
99, Based on the experimentsl results, the precision
of the feedback system was 28nm, malking the complex
macro/ micro-mechanism very useful.

‘ \: Experimentzl Results — Analydcal Resalts

0.3
0.2 y=-0.0003 + 003912 — 0AT]
ol ‘
0- L T
=0.1 5
032
0.3
0.4
-05
-0.6

Volmge (V)

Displacemeat {pm)
Figure 22. Experimental result for force feedback system.

6. Conclusion

In this paper, we propose a new hgma.nu—scale tele-operating

system consisting of three parts: the object, the operating
systerm, and the observation system.

The operating systen is composed of two parts: the
operating robot (the 6 DOF precision parailel micre-
mechanism) and the positioning system (the complex
macro/micro system). We designed a precision parallel
micro-mechanism as the operating robot with & DOF, a
moverment range of 20 pm, and & resohrtion of less than
90 nm. The experimental resulis indicated that the pro-

- v

=

posed paraliel mmicro-mechanism can be controlled using
the voltage spplied to the Piezo-actuators. ‘

The positioning system glso comprises Two parts: &
macromovement stage driven by servomotors and a micro-
-mechanism stage driven by Plezo actuators. Using our
complex mMacro /micro-mechanism, We evaluated the com-
plex macro/micro-control i one dirsction, the micro-
mechanism complex control with 2 DOF, and the force
feedback system. The experimental Tesults indicated that
the proposed complex macro/micro-mechanism can be

used to precisely position micro-objects.

We demonstrated that the current operating robob
and positioning system of our proposed huma: -scale tele-
operating system can be used to perform simple tasks at
high speed and with high precision. In the future, we will
develop an operating kil model based on human skills,
and will incorporate more force fzedback control based on
& task model, for application to cell hiclogy.
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