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Abstract

This paper presents a microgripper using an amplification mechanism coupled to an electrostatic linear motor. The gripper design,
particularly the principle of the amplification mechanism based on the combination of ground-links and moving pin-joints, is explained.
The linear motor is composed of scratch drive actuator inducing the use of electrostatic forces to obtain quasi-static motion for high accuracy
in micropositioning. To corroborate the design, the gripper mechanism has been modeled by finite elements method with different mesh
elements via the simulator CASTEM 2006 Then, the amplification ratio of displacement, the critical buckling load and the force applied
to the grasped object are determined. Moreover, the fabrication process requiring four levels of polysilicon are presented and notices based
on visual observations of the realized actuator are given. Based on video observations, kinematics characterization of different topologies
of the microgripper is performed and a discussion concerning the comparison with the simulation results and the influence of the geometric
shapes of jaws/arms on the kinematics parameters is done. Finally, reliability aspects are stated consisting in the determination of the
brittleness areas.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tion of vibrating motion[2]. Shape memory alloys (SMA)
allows high accuracy in micropositioning and have great ad-
A miniature gripper may be of interest in order to in- vantages such as large deformation, strong recovery force
sure safe transport of small objects as electronic devices, toand a high work density; the literature reports some exam-
have a new tool to grasp cells for bio-application and to get ples of microfabricated gripper or clipping structy8s-5].
end-effectors for endoscope manipulations. The specifica-Alternatively, piezoelectric actuators have also been used to
tions to realize such a gripper is to obtain quasi-static motion perform accurate micropositionin@]. Finally, pneumatic
to have high accuracy in micropositioning, a large-stroke microgrippers present several advantages like high gener-
micro-actuator to grasp the maximum types of object, and ated forces and excellent dynamic behavipy8].
the use of electrostatic forces in order to avoid high power In the present work, a linear motor consisting in a train
consumption. In the last decade, microtechnologies havecomposed of 16 scratch drive actuators (SDAs) has been
already provided demonstrators of electrostatic microgrip- used to drive an amplification mechanism, in order to de-
pers but their low aspect ratio did not allow the safe trans- crease the ratio of the arms displacement to the area filled
portation of micro object§1]. Moreover, up to now, the by the whole system compared to the existing microgrip-
quasi-static motion had not been performed via the use of pers [2—8]. SDAs are well-known transducers converting
electrostatic forces which were more useful for the genera- electrostatic forces into friction mechanical forces, such an
operating principle allows achieving high accuracy position-
ing with a controllable velocity9]. This double accuracy is
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Fig. 1. Microgripper mechanism with the three different parts: actuation stage, amplification stage with different jaws design (a—b).

SMA or pneumatic actuatof8-5,7,8] the generated forces different types of grippers (shapes of the arms and jaws)
are not high in order not to damage biological materials. At has been established: experimental results agree well with
last, the use of SDAs allows the use of electrostatic forces simulations.
to perform quasi-static motion.

In this paper, first, the three stages of the designed
micro-gripper (actuation, amplification, jaws) are described 2. Design
and the principle of the amplification mechanism is ex-
plained. Then the fabrication process consisting in sur- As explained previously, the whole system is the combi-
face micromachining with polysilicon as structural layer nation of three stages: actuation, amplification mechanism
is shown. In order to optimize the design, analyses have and jaws/arms stage. The actuation stage consists in a train
been performed by using finite element method (FEM) to of 16 SDAs Fig. 1); SDAs shape is a triangle with 70m
model the system. CASTEM 2008 has allowed a pre-  sides. Buried electrodes are placed underneath the train in
cise evaluation of the functioning system and has avoided order to use electrostatic forces to actuate the linear motor.
design mistakes involving no phenomenon such as buck-Two springs attach the motor to the contact pdeig.(1).
ling and ruptures; different approaches (mesh elements inThe goal of this stage is that under actuation, the resulting
FEM analysis) have been used to quantify the risks of thesepulling forces induce the linear displacement of the cou-
critical phenomena. Next, kinematics characterization of pled amplification mechanism. The amplification stage is the
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Fig. 2. Simulation by FEM of the buckling phenomenon (a) and analysis of Von Mises stress in the structure during operation (b).
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combination of two ground-links and five moving pin-joints 6 ,
(Fig. 7). The two ground-links are the hubs of the rotat- [Jeerimniiinnneann, .
ing arms and are useful to ground the overall mechanical 3o

.............................

i Amplification ratio :

structure to the substrate. Three moving pin-joints are use Amplification ratio
to limit the stress due to the induced torque when the SDAs‘% 4} =5.19

train pulls. The two others allow the rotation of the arms g

around the ground-links. The amplification ratio is defined € 3 }

as the ratio of one gripper arm displacement to the SDAS§

train displacement. The first goal of this stage is to increase g 2
the total rigidity of the structure in order to avoid buckling <
phenomenon, and secondly to increase the amplification ra- 1
tio to decrease the area filled by the gripper. The last stage

is composed of two arms with jaws at each extremity. The 0
shape of jaws and arms depends on the nature and the siz

of the grasped objecEig. 1a and brespectively show jaws

for the secure transport of a polymer object and jaws for Fig. 3. Evolution of the amplification ratio vs. the grasped object stiffness
grasping optical fiber. according to the used mesh element (beam, shell).
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3. Simulations 4. Fabrication

The simulations of the gripper have been performed with  The polysilicon microgripper, fabricated with the con-
CASTEM 2000M which is a simulator using the FEM. Two ~ ventional surface micromachining technology, requires
approaches have been used to simulate the structure, coneight mask levels. Four levels of polysilicon are needed:
sisting in the choice of shell or beam elements for the mesh three as structural layers to fabricate the moving pin-joints
of the structure. Next, the simulations results obtained in the and one for the buried electrodes. The smallest dimension
both cases are presented. For simulations, the force develof the mask pattern is equal toudn. A 5-20Qcm™1 P
oped by one SDA is assumed to be equal tuBO[5]. The type (100) silicon wafer was used as the substrate. For
first step has been to determine the critical parameters: thethe sake of clarityFig. 5 depicts the process fabrication,
critical load of buckling Fig. 29 and the induced stress dur- for one polysilicon structural layer whereas the structures
ing operationFig. 2b). The critical load of buckling is equal  fabrication needs three structural layers. A Qu3% oxida-
to 3040wN in the case of beam elements and 1360with tion is performed Kig. 5. LPCVD n-doped polysilicon
shell elements, leading to a minimum security factor of 1.7. is then deposited (0.35m). After electrode patterning
So, buckling is avoided during actuation. Concerning the in- (Fig. 5b), the polysilicon is oxidized Kig. 59 and cov-
duced stress, the Von Mises stress is presentEgjireband ered with a low stress LPCVD 8\, layer (0.35.m)
highest stress level is found in arms crossing &g@&g. 2b) (Fig. 59. A 2um low temperature oxide (LTO) was de-
(other parts having low induced stress) with 3.5 MPa (beam posited Fig. 5 followed by the etching of SDA bush-
elements) and 129 MPa (shell elements) which is far be-ing (1.5um) and contacts Hig. 5f). A 2um LPCVD
low the yield stress of polysilicon (1.2-1.5 GPa); indeed, no polysilicon was deposited followed by the deposition of
ruptures can appear during the functioning of the gripper. phosphorus silicon glass (PSGufn). After diffusion of
Secondly, the evolution of the amplification ratio versus the the dopants, PSG was removed using HydroFluoridric
grasped object stiffness has been analyZed. (3). What- (HF) (Fig. 59. SDAs are made of the first structural
ever the mesh element, two steps can be observed: first thdayer, so the polysilicon was thinned from 2 to Q&
amplification ratio is constant and next it decreases. For theby Sk plasma in order to lower the SDAs stiffness
aimed applications, i.e. cells or polymer objects grasping, and the resulting driving voltage. The structural pattern
the amplification ratio is constant and equal to 5.19 (beam was defined by S CF and O reactive ion etching
element) or 5.435 (shell element). Finally, sensitivity of the (RIE) (Fig. 5h. Then, a Zum LTO was deposited fol-
microgripper depends on the arm stroke &id. 4 shows lowed by the etching of contacts. Two micrometers of
the displacement of one arm with respect to the force gen-LPCVD polysilicon was deposited and the structural pat-
erated by SDAs for different object stiffness; stiffness of tern was delineated by §FCF, O, etching. Finally a
some materials are shown in order to get stiffness reference2 pum LTO is deposited. The etching of contact holes was
points. These simulation results allow pointing out that, in performed. As before, a gm LPCVD polysilicon was
the case of small stiffness of the object to grasp, only four deposited and patterned by RIE. Next the structure was
SDAs are required to actuate the gripper; but, in order to be annealed at 1000 for 3h to relax residual stress. Fi-
sure to overcome stiction and friction phenomena, 16 SDAs nally, the structure has been released using Higs( 5i
compose the pulling train. and 9.
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Fig. 4. Displacement of one arm gripper arm vs. the force generated by the SDAs train as a function to the grasped object stiffness and according tc
the mesh element (beam, shell) (a) and reference points of stiffness values (b).
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Fig. 5. Fabrication process consisting in surface micromachining with polysilicon as structural layer.

5. Observations of the gripper which biased the SDAs are the only parts of the system
which would force the gripper to be opened up again after
Scanning electron microscope pictures of the gripper are actuation, but the restoring force of the springs is small com-
displayed orfig. 6. The microgripper dimensions are 1200  pared to the friction/stiction forcg0,11] So, in this design
800m?2. The three stages can be obsenid (69 and sev- version, the microgripper can only perform one operation.
eral observations can be done. First, a detail of a ground-link The advantage of this topology is that the grasp of an object
shows that no planarization step has been performed dur-is perfectly controlled: the actuation of the gripper can be
ing the fabrication fig. 6. Secondly, the flexible springs  stopped at any time, letting then the gripper closed up in the
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Fig. 6. Electrostatic microgripper, combination of a linear motor, an amplification mechanism and a grasping stage (a), with the detail of alground-li
(b) and the visual observation of the four polysilicon layers (c) required to fabricate the mechanical structure.

desired position. This is useful to achieve a secure transportpost-processedr{g. 79. A window was defined via a BE7-1

or to immobilize a cell without damaging it. Afterwards, wet etching step in order to access the silicon nitride layer
Fig. 6callows the observation of the four polysilicon layers (Fig. 7b). The silicon nitride was etched by CHand CR

and a detail of a moving-pin joint; the first thinned polysil- (Fig. 79 in order to etch the thermal oxide during the re-
icon layer can be visually compared to the thickness of the leasing Fig. 7d. The reservoir is 0.A.m in depth.

addition of the three structural layers at the link between the

motor and the amplification mechanism. Finally, the fabri-

cation of a reservoir underneath the gripper has been dones. Experiment and discussion

(Fig. 7) for two reasons; the first one is to perform biological

experiments such as cell clamping in aqueous solution and Two different types of gripper have been actuated: the first
the second one is to reduce the surface interaction betweerone having for goal to transport polymer objects (simulated
the grasping arms and the substrate in order to decrease thstructure) and the second designed for grasping optical fiber
friction phenomenon. The etching of the reservoir has been (not simulated by CASTEM 200'). In both cases, pulsed
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(silicon)

Polysilicon layer
microgripper I:l
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Fig. 7. Observation and post-process etching of a reservoir underneath the mechanical structure for biological applications and for defaeasing sur
interaction between the gripper arms and the substrate.
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Fig. 8. Video observations of two different microgrippers during operation. (a) Simulated gripper used for the safe transport of polymer dbjects, (b
gripper for grasping optical fiber.

voltages oft75V for SDA actuation allow to overcome the Hm
initial surface adhesion forces, such as surface stiction and 300 7
electronic coupling, and to pull the amplification stage. The S 4
actuation frequency of SDAs was set to 45 Hz and tests have " | [ @‘ﬁ'
been performed in the air. o DM b 9
Fig. 8shows some observations during functioning of the L ° T e Experimental values for the
two microgrippers. It can be seen the rest of the nitride .| ? Shiaed ppyer
layer which were masked by polysilicon gripper during the g e ‘;:;g’;““‘ values for the simulated
reservoir etchingKig. 7c and gL After actuation, without 100 » % Bxefeniokesfitiisend
applied voltage, the grippers remain in closed up position as & gripper
expected_ 50 - K dy - = = - Theoretical values for the second
Kinematics characterization has been performed through [ = e e
. . . . . . . A.--4
video observation and it confirms results given by the sim- gt=---" ; . S
ulation in terms of displacement and amplification ratio in 0 5 10 15

the case of the simulated structure: the amplification ratio _. _ _

. . Fig. 9. Experimental measurements of one arm displacement vs. the
has been determined equal 10 5.90 (5'19 0or5.435in theory)'time in the case of each actuated microgripper and determination of the
The difference can be explained by the fact that the spacesgrasping speed.
between the hubs and the moving parts are not taken into
account during the simulation step and that the shape of the
jaws is different. Finally, shell elements for the mesh in the have to be performed to determine the amplification ratio.
FEM analysis seem more suitable for simulation step. From Finally, actuation parameters are exactly the same.
the non-simulated gripper, the amplification ratio is equal
to 2.5.

Assuming thatg = 0 s is the beginning of the gripper mo- 7. Reliability aspects
tion, the displacement of one arm versus the time is reported
in Fig. 9for the two grippers. Experimental results show that ~ Although buckling phenomenon, stiction due to friction
the grippers is closed up after 14 s and that the speed is conand cracks during functioning have been avoided thanks
stant (19.64.m/s) in the case of a displacement of 2it5 to the use of simulation steps, the presented microgripper
for one gripper arm. In the case of the non-simulated mi- is the prey to some reliability problems, particularly in
crogripper, the speed is constant an equal to 4.685. It the actuation stage. The first one concerns the link mo-
appears that the larger the stroke is, the more the speed ofor/amplification mechanism; the difference of thickness
grasping is increased. (0.5um for the SDAs train, 4.p.m for the amplification
The experiments show that the kinematics parameters andstage) increases the brittleness of the area and can cause the
the amplification ratio of the gripper depend on the shape fracture of the polysilicon layer during the releasing step
of the jaws/arms stage; so, for each new design, simulationsin the HF liquid. Moreover, not to use planarization steps
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during fabrication induces too the increase of brittleness in
the moving pin-joints area due to step coverirfigg( 6D
[12]. Finally, SDA is an actuator based on friction, a phe-
nomenon that can limit the lifetime of the motor. The last
point is not inevitably a problem according to the final goal
of the micro-actuator.

8. Conclusion

A novel technique for a microgripper has been demon-

strated. The concept consists in combining a linear motor
and an amplification stage in order to obtain a large stroke
actuator. Electrostatic actuation of the gripper has been suc-
cessfully obtained. The displacements in quasi-static mode

[6] M.C. Carroza, A. Menciassi, G. Tiezzi, P. Dario, The development
of a LIGA-microfabricated gripper for micromanipulation tasks, J.
Micromech. Microeng. 8 (1998) 141.

[7] S. Biitefisch, V. Seidemann, S. Bittgenbach, Novel micro-pneumatic
actuator for MEMS, Sens. Actuators A 97-98 (2002) 638—-645.

[8] V. Seidemann, S. Butefish, S. Buttgenbach, Fabrication and inves-
tigation of in-plane compliant SU8 structures for MEMS and their
application to micro valves and micro grippers, Sens. Actuators A
97-98 (2002) 457-461.

[9] T. Akiyama, D. Collard, H. Fujita, Scratch drive actuator with me-
chanical links for self- assembly of three-dimensional MEMS, J.
Microelectromech. Syst. 6 (1997) 10-17.

[10] C.H. Mastrangelo, C.H. Hsu, Mechanical stability and adhesion of
microstructures under capillary forces—Part I: basic theory, J. Mi-
croelectromech. Syst. 2 (1993) 33-43.

[11] C.H. Mastrangelo, C.H. Hsu, Mechanical stability and adhesion of
microstructures under capillary forces—Part |l: experiments, J. Mi-
croelectromech. Syst. 2 (1993) 44-55.

have been performed thanks to the use of SDAs that allow[12] O. Millet, B. Legrand, D. Collard, L. Buchaillot, Influence of the

a very precise positioning of the jaws. A permanent posi-
tion kept by the jaws is obtained after the grasp of the ob-
ject. Moreover, different simulations have determined the

step covering on fatigue phenomenon for polycrystalline silicon
micro-electro-mechanical-systems (MEMS), Jpn. J. Appl. Phys. 41
(2002) 1339-1341.

force generated in step with the grasped object stiffness,
showing that shell elements for mesh were more suitable
to get results. The influence of the geometric parameters
(shape of the jaws and arms) on the kinematics pa‘ra‘rr]eter%livier Millet received the Engineering degree from ISEN, and the
has been demonstrated. A complete system has been SUGipisme d'Etude Approfondies (DEA) in electrical engineering and com-
cessfully realized and kinematics characterization has beenputer science from the University of Science and Technology de Lille,
done with different used topologies. This high precision, France, both in 2000. He is currently working toward the PhD degree
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low-consumption, IC-compatible technique opens new ca-
pabilities, performances and application for biological anal-
ysis and safe transportation.
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