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characteristics that enable MEMS-based microgrippers to 
be employed in micromanipulation specifically bio-micro-
manipulation for handling flexible and fragile biological 
objects.

In the past two decades, various microgrippers have 
been developed for different applications which generally 
can be classified on the base of actuation system, sensing 
system and releasing strategy. Shape memory alloy (SMA), 
piezoelectric, electrothermal and electrostatic actuation 
systems are frequently used mechanisms that are employed 
for grasping the micro objects. In addition, for sensing, we 
can cite piezoresistive, piezoelectric, magnetic, capacitive 
and optical mechanisms (Petrin 2009) which are able to 
measure end-effectors displacement or/and exerted force to 
micro particles.

SMA based microgrippers are made of shape memory 
alloys like NiTi which is based on a unique capability of 
reversible plastic deformation. This capability allows the 
alloys to have a permanent shape under a defined critical 
temperature, after warming-up they change their shape, but 
after cooling they return to their primary shape (Varona 
et  al. 2009). High accuracy in micropositioning, large 
deflection and high recovery force (Millet et al. 2004) are 
of important advantages and having relatively big reaction 
time, large size, high working temperature and high power 
consumption (Varona et  al. 2009) are some disadvantages 
of the SMA alloys. Kohl et al. (2002) designed a monolithic 
SMA gripper integrated with an optical positioning sensor. 
Kyung et al. (2008) fabricated a microgripper with flexible 
hinge structures actuated by SMA wires and equipped with 
strain gauge to control the gripping force.

The main feature of the piezoelectric materials is their 
ability to convert mechanical energy to electric energy and 
vice versa. It means by applying voltage on piezoelectric 
crystal it is deformed whereas by transmitting mechanical 

Abstract  This paper presents design and simulation of a 
novel electrostatic microelectromechanical systems gripper 
with an integrated capacitive contact sensor. Moreover, this 
microgripper is able to employ vibration to release micro 
objects (cells) actively. Lateral comb drive system is used 
to close the gap between the gripper arms and hold the 
objects while the transverse comb differential capacitances 
act as a contact sensor to prevent damaging the fragile 
micron-sized particles specifically biological cells. In addi-
tion, the capability of the microgripper in generating vibra-
tion at the end-effectors electrostatically is an advantage to 
facilitate releasing process by overbalancing the adhesion 
forces between the particle and the gripper arm. Finite ele-
ment analysis based simulations are carried out to estimate 
the behavior of the microgripper while the standard SOI-
MUMPs micromachining process is proposed for fabrica-
tion of the microgripper.

1 � Introduction

The manipulation of micron-sized objects finds applica-
tions in many areas from assembly of MEMS and microe-
lectronic devices to handling the bio-particles such as cells 
and bacteria. High precision, robustness and reliability with 
dimensions on the size-scale of the manipulated objects are 
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energy to this crystal, potential difference appears due to 
electrical polarization. Although piezoelectric microgrip-
pers have fast response, generate relatively big force and 
are accurate in micropositioning (Millet et  al. 2004), they 
require high operating voltage and are able to move just in 
small movement Goldfarb and Celanovic (1999). Raghav-
endra et  al. (2010) reported a novel two-dimensional, 
compliant, monolithic piezo-actuated microgripper using 
flexure hinges and investigated the hinge parameters to 
achieve optimal performance of the gripper. Goldfarb and 
Celanovic (1999) designed a flexure-based microgripper 
actuated by piezoelectric ceramic and integrated with strain 
gauge to measure gripping force and displacement for pre-
cise positioning small-size particles.

Generally, thermal expansion of the structure due to 
joule heating effect is the basic principal of the thermal 
microactuators. Some advantages of this kind of actua-
tor are: relatively large displacement, low operating volt-
age, high gripping force. However, generated extremely 
high temperature during operation limits its application 
in some research areas (Varona et al. 2009). Stavrov et al. 
(2010) designed a silicon-based normally closed microgrip-
per equipped with piezoresistors to sense the gripper arms 
deflection. An electroplated nickel microgripper which 
operated by electrothermal bent beam (chevron) actuator 
was introduced by Kim et  al. (2004). In this design, the 
metallic griper was embedded in thick SU-8 adaptor as a 
mechanical supporter to make the handling operation eas-
ily. While most of the normally open microgrippers can 
only close the gap between the arms to hold the objects, 
Volland et  al. (2007) fabricated a normally open gripper 
integrated with two thermal actuators that could both open 
and close the gap for increasing the gripping range.

Thermal polymeric microgrippers are great offer as a 
respond to growing demands for bio-micromanipulation. 
Unique characteristics of the polymers (e.g. SU-8 as a 
mostly-used polymer in the microgrippers) such as: struc-
tural rigidity, chemical resistance, biocompatibility, the 
ability to define high aspect ratio structures, electrically 
non-conductivity and most importantly large coefficient 
of thermal expansion (Chronis and Lee 2005) enable them 
to operate at low temperature and voltage. Thus, this kind 
of microgripper can be easily utilized in an ionic environ-
ment and physiological solutions to single cell manipula-
tion and positioning, cell isolation, etc. (Chronis and Lee 
2005). Chronis and Lee (2005) designed a microgripper 
based on U-shaped bent beam electrothermal actuator 
(heatuator) fabricated by SU-8 as the structural material 
and thin Cr/Au layer as a heater element. A novel micro-
gripper based on silicon-polymer materials integrated with 
piezoresistive sensors was reported by Duc et  al. (2008). 
Taking advantage of the high heat conductivity of silicon 
as well as high thermal expansion coefficient of SU-8, the 

microgripper operated at the driving voltage of 4.5 V where 
the maximum temperature was 177 °C. While most of the 
researchers use piezoresistors as deflection/force sensor in 
the thermally actuated microgrippers, Mackay et al. (2013) 
designed a metallic-polymeric microgripper incorporated 
with a small silicon micro-mirror to estimate the tensile 
load applied to the gripped specimen.

Electrostatically-driven microgrippers’ main advantages 
are temperature independence, no hysteresis, satisfac-
tory amount of force generation, high frequency response 
(up to hundreds of kHz under resonance) and the low-
est power consumption (Bazaz et al. (2011); Varona et al. 
2009). However, relatively large operating voltage makes 
it incompatible with typical CMOS electronic drivers 
(Varona et al. 2009). Since most living objects such as cell 
and bacteria cannot sustain temperature and large force that 
are typical for thermally actuated grippers, electrostatic 
microgrippers are of great interest in bio-micromanipula-
tion (Beyeler et al. 2007). Varona et al. (2009) designed a 
surface micromachined microgripper actuated by parallel-
plate electrostatic mechanism. This gripper had a low oper-
ation range due to pull-in effect which limited the range of 
actuation in these kinds of grippers. Consequently, comb-
drive systems which have stable drive over relatively long 
distance as well as linear electromechanical transfer func-
tions for large displacements are used mostly in design-
ing of the electrostatically-actuated grippers (Kim et  al. 
1992; Tang et al. 1989). Volland et al. (2002) fabricated a 
microgripper based on comb-drive systems which was able 
to deflect each gripper arm 20  μm at the operation volt-
age of 80 V. This gripper did not have sensing mechanism. 
Chen et  al. (2010a, b) incorporated the vacuum tool into 
the electrostatic microgripper to use pressure for gripping 
and releasing the objects. The comb drives operated at 85 V 
to deflect the end-effectors 25 μm for holding the target. 
Bazaz et al. (2011) modeled and fabricated an electrostatic 
microgripper in which a lateral comb-drive system acted 
as the actuation part and a transverse comb differential 
capacitive sensor acted as the contact sensor to sense con-
tact between micro-object and microgripper’s jaws. Beyeler 
et al. (2007) reported a novel microgripper integrated with 
force sensor. In this design, one gripper arm was attached 
to the comb-drive system and the other arm was connected 
to the differential capacitive sensor; by applying voltage on 
comb-drives the micro-object is pushed by one jaw over the 
other one to activate the sensing part. Therefore this micro-
gripper was able to estimate the gripping force. Chen et al. 
(2009) fabricated a microgripper in which both arms were 
attached to separate comb-drive systems that enabled it to 
move end-effectors independently. In this work, Chen et al. 
(2009) mostly focused on investigating the surface forces at 
micro scale dimensions and designing a plunger system to 
overcome these forces.
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Since the handling objects are in the range of microme-
ter and nanometer, interactive forces such as van der Waals 
force, surface tension force and electrostatic force between 
micro/nano particles and gripper surface become more 
dominant (Arai et al. 1996). As a result, it is easy to pick up 
an object using the adhesion forces but the release process 
is very difficult (Fang and Tan 2006). To release objects 
rapidly and facilely, several strategies have been proposed 
in the past decade. Arai et al. (1996) analyzed the balance 
of the adhesion forces between the objects and proposed 
methods to reduce the adhesion forces based on the micro 
physics and also fabricated a gripper arm with rough sur-
face to overcome the adhesion.

Generally there are two techniques for releasing pro-
cess: passive release technique and active release technique 
(Chen et al. 2009). Passive release method depends on the 
adhesion forces between the micro object and substrate 
to detach the object from end-effector (Chen et  al. 2009, 
2010a, b). As an instance, Fuchiwaki et al. (2008) reported 
a piezoelectric–electromagnetic micromanipulator where 
ultraviolet cure adhesive was applied on the substrate to 
enable release. As a result, disadvantages such as: depend-
ence on surface properties, being time consuming and 
being poor in repeatability cause that active release method 
is employed as a major strategy (Chen et al. 2009).

Active release method is independent of the substrate. In 
this case, by employing a system into microgripper object 
detaches from end effector. Park and moon (2005) reported 
a novel three-tungsten-based microgripper actuated with 
piezoelectric. The third auxiliary end-effector not only 
helped to grip the object securely but also facilitated releas-
ing process by reducing the electrostatic forces between 
the object and chopsticks. Chen et  al. (2009) designed a 
novel electrostatic microgripper which was integrated with 
a plunging system. That system was employed to impact 
micro objects for gaining sufficient momentum in order to 
overcome the adhesion force.

Vibration is a strategy to release an object. In fact, 
vibrating the end-effector generates enough inertial force 
to overbalance the adhesion forces (Fang and Tan 2006). 
Sinan Haliyo et al. (2003) fabricated a gold coated piezore-
sistive silicon micro beam to pick the micro object and 
employed vibration to overbalance adhesion to achieve the 
release. Chen et al. (2010a, b) fabricated a micro manipu-
lation system including a MEMS-based microgripper fixed 
on a PZT ceramic. The electrostatic microgripper with pie-
zoresistive force sensor was able to pick the micro object 
and vibrate the end-effectors horizontally (in-planely) and 
PZT vibrated the microgripper vertically. So the compound 
vibration takes the advantage of inertial effects to overcome 
the adhesion forces. In the previous work,

Demaghsi et  al. (2013) used this idea and proposed 
a novel metallic (nickel) microgripper integrated with 

electrostatically driven comb-drive systems to generate 
vibration at the end effectors in-planely to overbalance 
adhesion forces between nano particles and gripper’s arm. 
It is worth noting that the electrothermal chevron actuator 
was employed to grip and transfer the objects and there was 
no sensing mechanism in this microgripper.

In according to above mentioned samples, some 
researchers just focus on the sensing part of the gripper 
without having any idea for releasing micro particles 
in an active method (Bazaz et  al. (2011); Beyeler et  al. 
2007), on the other hand, Sinan Haliyo et al. (2003) and 
Chen et al. (2010a, b) utilized inertial effect as the active 
strategy for releasing objects but their microgrippers’ 
force sensors were on the base of piezoresistive material 
which are complex in fabrication and low sensitive (Petrin 
2009).

In this paper, we present a monolithically fabricated 
microgripper with the main features;

(1)	 Electrostatic comb-drive actuation system which works 
at 55  V DC as the operation voltage while the end 
effectors are grounded to grasp the living cells safely.

(2)	 Integration with capacitive contact sensor to protect the 
cells.

(3)	 Specific comb drives to generate vibration electrostati-
cally as the strategy for releasing the particle actively.

2 � System configuration and design consideration

To use vibration as the active release method, we are 
going to deploy an electrical signal to vibrate the gripper 
in-planely. The frequency of the signal is the resonant fre-
quency in which the gripper vibrates in-planely. This reso-
nant frequency can be easily found by FEA-based simula-
tion. Generally, the capacitors thickness in the capacitive 
sensing part is thinner than combs attached to the actuation 
shuttle and therefore vibrating the gripper at the desired 
resonant frequency causes the capacitors deflect undesir-
ably. This kind of deflections makes poor functionality 
and even damage the gripper at the release phase. Unless, 
the capacitors are fabricated much thicker that cause more 
parasitic capacitance (Bazaz et al. 2011) and occupy more 
space.

As a result, because of the reasons; (1) No need to 
contact capacitive sensor at release phase and (2) avoid 
capacitor deflection due to vibration, we separate the actua-
tion part and capacitive sensing part through a 2-μm gap. 
Therefore, to take the advantage of the vibration at the 
release phase, the electrical signals at the desired resonant 
frequency are employed to specific sets of comb drives 
which cause vibration at the actuation part and the end-
effectors without any effect on sensing section.
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Fig. 1   Schematic and detail 
view of the microgripper

Fig. 2   Schematic diagram of the actuation process. a Normal posi-
tion of the gripper. b The actuation shuttle moves to contact the 
sensing shuttle. Each gripper arm deflects gp1 =  5 μm (no sensing 

mechanism). c Actuation shuttle pushes the sensing shuttle 2.45 μm 
downward and activates the sensors. Each gripper arm deflects 
gp2 = 6 μm at this phase
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As Fig.  1 illustrates, the gripper is composed of comb 
drives as the actuation part, differential capacitive contact 
sensors as sensing part, gripper arms attached to actuation 
part for grasping the micro objects and flexure beams to 
sustain the gripper in air.

As a general description, at the first phase of actuation 
the DC operation voltage is applied to the comb-drive sys-
tem in the actuation part. The electrostatic force attracts 
the actuation shuttle downward until it contacts the sensing 
shuttle. In this phase, the end-effectors get closer together 
but there is no mechanism to sense the contact between the 
objects and gripper arms. At the second phase of actuation, 
after contacting the actuation shuttle and the sensing shut-
tle, the DC operation voltage is increased to push the sens-
ing shuttle downward and close the gap between the grip-
per arms for holding the particles. By activating the contact 
capacitive sensors at this phase, we are able to grip the 
micro object precisely and safely. After picking and trans-
ferring the particle to the desirable substrate, the DC volt-
age on comb-drives is removed and the shuttles are sepa-
rated due to the flexure beams reaction force. Finally, by 
applying the electrical signals at the desired resonant fre-
quency to specific sets of comb-drives only the actuation 
part and end-effectors start to vibrate whereas the sensing 
part will not move due to 2 μm distance between the actua-
tion and sensing part.

Figure 2 illustrates the schematic of the actuation phase 
in detail. Figure  2a is the normal position of the gripper, 
Fig.  2b shows first actuation phase where the actuation 
shuttle moves downward to contact the sensing shuttle 
and Fig. 2c shows second actuation phase where actuation 
shuttle pushes the sensing shuttle and activates it for a safe 
grasping of the object. The dimensions of the microgripper 
are in Table 1.

2.1 � Actuation

Lateral comb-drives are selected as the actuator. The elec-
trostatic force required for actuation is given by Eq.  1 
(Beyeler et al. 2007):

where n is total number of comb fingers, ε0  =  8.85e-
12 (C2/(Nm2)) is the permittivity of air, t is the thickness 
of structure, v is the operation voltage and g is the gap 
between the fingers. By applying the driving voltage to 
the stator (the comb-drives attached to the substrate) and 
grounding the rotor (the comb-drives attached to the actu-
ation shuttle), the electrostatic force pushes the shuttle 
downward. This displacement leads to deflecting the grip-
per arms to close the gap and hold the object. In this work, 
the motion amplification of the gripper arms is 2.5, it means 

(1)Fe = nε0

tV2

g

when the actuation shuttle moves 1 μm in y-direction, the 
end-effectors deflect 2.5 μm in x-direction.

The actuation stage is divided into two phases:

1.	 First Actuation Phase
2.	 Second Actuation Phase

The objective at the first actuation phase is to close 
the g = 2 μm gap between the actuation shuttle and the 
sensing shuttle. Therefore, the driving voltage (applied 
to the stator) is increased until the actuation shuttle con-
tacts the sensing shuttle. FEA-based simulations are 
employed to estimate the voltages and the gripper behav-
ior during the operation. Figure  3 shows displacement 
of the shuttles and the end-effectors over voltage as the 
result of the simulations. As a result, when the driving 
voltage is 36 V, the actuation shuttle contacts the sens-
ing shuttle while each end-effector deflects gp1 = 5 μm. 
Note that at first actuation phase, the sensing mechanism 
is not activated.

After contacting the shuttles, the second actuation 
phase begins. The main objective of the microgripper 

Table 1   Microgripper dimensions

Gripper arm Values

Length (μm) 1,300

Width (μm) 18

Angle with respect to vertical axis (°) 10

Gap between Arms (μm) 22

Thickness (μm) 25

Actuation part

 Total number of combs 10

 Number of fingers per comb 35

 Combs width (μm) 22

 Finger width (μm) 8

 Finger separation (μm) 2

 Finger length (μm) 50

 Finger overlap length (μm) 30

 Distance between combs (μm) 15

Gap between shuttles

 g (μm) 2

Flexure beams

 Number of flexure beams 8

 Length (μm) 800

 Width (μm) 6.5

Sensing part

 Number of differential capacitive sensors 22

 Width (μm) 8

 d0 (μm) 10

 d1 (μm) 40

 Finger overlapping length (μm) 750
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(gripping the micro particle  +  contact sensing) is 
occurred at this Phase. Since the major goal for design-
ing this microgripper is holding, transferring and releas-
ing bio-particles such as living cells, the gap between the 
end-effectors at this phase should be compatible with the 
size of the target.

Voicu et  al. (2007) reported that a typical dimension 
for a biological cell in human and multicells organisms 
is about 10 μm. Hence, we set the gap between the end-
effectors at the second actuation phase 12  μm. There-
fore, each end-effectors should travel gp2 = 6 μm at this 
phase. In according to Fig. 3 this happens when the driv-
ing voltage is 55 V. At this voltage, the actuation shuttle 
pushes the sensing shuttle 2.45 μm downward and acti-
vates the capacitive contact sensors to protect the bio-
logical cells. In conclusion, each end-effector deflects 
gp1  +  gp2  =  11  μm; gp1  =  5  μm at the first actuation 
phase and gp2  =  6  μm at second actuation phase. Fig-
ure 4a shows the total displacement of the gripper at the 
driving voltage 55 V. Figure 4b shows the contact between 
the shuttles at 55 V.

After picking and transferring the object to the desir-
able substrate, the driving voltage is removed from the 
stator combs. Principally, the flexure beams reaction 
force should bring back the shuttles to the normal posi-
tion. However, if the adhesion force between the actuation 
and sensing shuttles are more than the springs force, the 
shuttles separation will not happen. To address this prob-
lem, we design comb-drives set2 and set3 (see Fig.  1). 
By applying the voltage to the stator combs of the set2 
and set3, electrostatic force pushes the actuation shuttle 
upward, the sensing shuttle downward and results in sepa-
rating the shuttles.

2.2 � Sensors

Among the micro sensing mechanisms such as: piezoresis-
tive, optical, capacitive, magnetic and piezoelectric sensors, 
the capacitive sensors are selected in this work as the con-
tact sensor because of more stability, sensitivity, no hyster-
esis effect as well as having low power, low noise and small 
reactions to temperature change (Petrin 2009). Figure  5 
shows the differential capacitive contact sensor mechanism 
which includes the desirable capacitors (C1, C2).

At the second actuation phase, when the actuation shut-
tle pushes the sensing shuttle downward, the sensing shuttle 
movement increases the gap between the capacitors plates 
at one side and decreases the gap on the other side propor-
tionally. In other words, capacitance increases on one side 
and decreases on the other side. The changes can be meas-
ured by a capacitance readout chip such as MS3110 which 
is able to generate output voltage proportional to the capac-
itance change (Bazaz et al. 2011). When the end-effectors 
deflect to grasp the target, the change in capacitance contin-
ues. Gripping the micro object causes that the end-effectors 
do not move further which leads to no capacitance change. 
Consequently, the differential contact capacitive sensor rec-
ognizes the contact between the object and the end-effec-
tors and avoid exerting excessive force to the target.

C1 and C2 capacitances are defined by (Bazaz et  al. 
2011):

(2)C1 = nε0

A

d0 + y
+ Cfringe

(3)C2 = nε0

A

d0 − y
+ Cfringe

Fig. 3   shuttles and the 
end-effectors displacement 
over driving voltage. Contact 
between shuttles occurs at the 
driving voltage 36 V
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where n is the number of capacitance, ε0 =  8.85e-12 (C2/
(Nm2)) is the permittivity of air, A is overlap area between 
two plates, d0 is the initial gap between the plates, y is the 
displacement of the sensing shuttle at second actuation phase 
and Cfringe is capacitance produced due to fringe fields.

Figure  6 shows air elements (red elements) in FEA 
simulation for one pair of capacitors (the elements of solid 

parts; fixed and movable parts are not shown). C1 and C2 
are the capacitors which are increased and decreased by 
moving the sensing shuttle downward respectively. To 
calculate the values of C1 and C2 by FEA simulation, the 
boundary conditions are applied to the nodes of these ele-
ments. Therefore, the mutual nodes of air elements and 
fixed parts and plates are fixed and stimulated by voltage 
and on the other hand, the mutual nodes of air and sens-
ing shuttle and moving plates are grounded (V = 0). The 
simulations are carried out for one pair of capacitors and 
then the results are multiplied by the number of capacitors 
to get the total values. By recording these values and calcu-
lating the total capacitors theoretically (Eqs. 2, 3), Fig. 7 is 
obtained. In Fig. 7, CS1 and CS2 show the results of simu-
lations for the total capacitors on both sides of the sensing 
shuttle and CT1 and CT2 are the theoretical results of the 
total capacitors. However the reason for the 0.093 pF dif-
ference between the results is parasitic capacitance which 
is not included in the theoretical modeling.

2.3 � Releasing

Structural vibration is the most frequent problem which 
threatens the precise gripping and releasing process (Park 
and moon 2005). The vibration of the microgripper’s 

Fig. 4   a Total displacement of the microgripper at the driving voltage 55 V. b Contact between the shuttles at 55 V (the values show displace-
ment of the shuttles in y-direction)

Fig. 5   Schematic drawing of a differential capacitive sensor
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support (or manipulator; a table on which the microgrip-
per is mounted) can cause large positioning errors which 
even makes it impossible to grip objects or can excite a 
resonance in the grippers and results in loss of the grabbed 
object (Park and moon 2005; Molhave 2004). To block 
structural vibrations the microgrippers manipulator (sup-
port) should be highly stiff with high fundamental natural 
frequencies (Park and moon 2005).

Park and moon (2005) calculated the fundamental reso-
nant frequency of the gripper’s fingertips (191  Hz) and 
designed the support with high resonant frequency (600 Hz) 
to protect the device from structural vibration. Bazaz et al. 
(2011) and Chen et  al. (2010a, b) investigated the first 
modes of the gripper vibration by FEA simulation (see 
Table 2) before testing the gripper to avoid vibration of the 
gripper support at these frequencies in testing procedure. In 
order to find these values for this work, we use FEA Modal 
analysis. Table 2 shows the results of the modal simulations. 

The first resonant frequency (3.07  kHz) is related to 
the sensor part which vibrates in-planly. Due to 2 μm gap 
between the shuttles, this vibration does not have effect 
on the end-effectors. The second one (4.83  kHz) is the 
resonant frequency of the actuation part which vibrates in-
planely. Figure 8 shows the displacement of the actuation 
part of the gripper at the resonant frequency (4.83 kHz).

At the release stage, the free end of object is placed on 
the substrate, if the adhesion between object and substrate 
is larger than the adhesion between object and gripper sur-
face, it will be released. Otherwise, by vibrating the end-
effector, the adhesion force between particle and gripper’s 
arm decreases due to inertial effects (Chen et al. 2010a, b).

In order to overbalance the adhesion force between the 
micro object and the end-effector and facilitate the release 
process, we apply the electrical signals to the combs of 
set1 and set2 (see Fig. 1) to generate vibration at the end-
effectors in-planely. Since the electrostatic vibration of the 

Fig. 6   FEA model of one 
differential capacitive sensor. 
Red elements indicate air gap 
between the plates

Fig. 7   Total values of differ-
ential capacitive sensors versus 
displacement of the sensing 
shuttle. CS1, CS2 are simulation 
results; CT1, CT2 are theoreti-
cal results

Table 2   Microgrippers 
resonant frequencies

All values are in kHz

Modes 1 2 3 4 5 6

Bazaz et al. (2011) 4.522 5.488 8.187 8.624 11.918 14.228

Chen et al. (2010a, b) 4.2384 5.3758 7.8717 10.081

This work 3.07 4.83 6.81 9.35 15.2 18.8
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microgripper at the release phase is in-planely, we apply 
the electrical signals with the frequency equal to the second 
resonant frequency of the gripper Fr = 4.8 kHz [at which 
the actuation part vibrates in-planely (see Fig.  8)] to the 
combs of set1 and set2. Figure 9 shows the two pulse sig-
nals that is applied to the stators of set1 and set2 for gen-
erating vibration (Ts = 1/Fr). Practically, by sweeping the 
frequency of these signals around the desired resonant fre-
quency, vibration at the end effectors is generated.

Since the actuation part vibrates in-planely, the sliding 
damping between the comb fingers plays an important role. 
Table 3 shows damping parameters briefly.

Sliding damping factor is given by Acar and Shkel 
(2009):

where A is overlap area between the comb fingers, d is gap 
between the comb fingers and μeff is effective coefficient of 
air viscosity. The effective viscosity is given by Acar and 
Shkel (2009):

(4)cslide = µeff

A

d

Kn is Knudsen number which is calculated by Acar and 
Shkel (2009):

where λ is gas (air) mean free path.
To illustrate this subject, Harmonic FEA simulation is 

employed to estimate the end-effectors vibration amplitude 
at the resonant frequency. Figure 10 shows vibration ampli-
tude of the end effectors versus frequency. The end-effector 
vibration amplitude is 628 nm whereas the amplitude of the 
electrical signals (vs1, vs2) is set 20 V.

3 � Proposed fabrication process

A silicon-on-insulator (SOI) wafer with a device layer of 
25 μm is proposed to be used for fabricating the microgrip-
per. Figure 11 illustrates the fabrication sequence based on 
(Beyeler et al. 2007):

(5)µeff =
µ

1 + 2Kn + 0.2K0.788
n e−

Kn
10

(6)Kn =
�

d

Fig. 8   Modal FEA simulation result for the actuation part of the 
microgripper at the resonant frequency (4.83 kHz)

Fig. 9   Pulse signals that applied to the stators of set1 and set2

Table 3   Damping parameters

a  Riaz et al. (2011)

Parameter Value Descriptions

μ (MPa-s) 1.86 × 10−11a Air viscosity

λ (μm) 6.7 × 10−2a Gas (air) mean free path

d (μm) 2 Gap between comb fingers

Cslidef 0.1 × 10−4 Sliding damping factor of the comb drive 
fingers
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Fig. 10   Vibration amplitude 
of the end-effector versus 
frequency

Fig. 11   Proposed fabrication process
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(a)	 Silicon oxide layer (SiO2) is deposited on the backside 
of the wafer and patterned using reactive ion etching 
(RIE).

(b)	 The backside silicon is etched using deep reactive ion 
etching (DRIE). The buried SiO2 acts as an etch stop.

(c)	 The buried SiO2 is etched using RIE. A thin layer of Al 
is evaporated and patterned to form electrodes on the 
device layer.

(d)	 The SOI wafer is bond to a support wafer using heat 
conductive grease.

(e)	 The device layer, including the flexures, comb-drives, 
and gripper arms, is etched using DRIE dry etching to 
form the designed microgripper.

4 � Conclusion

In this study, we reported a novel electrostatically actu-
ated microgripper integrated with capacitive contact sen-
sor to protect the bio cells from damaging. Moreover, at 
the release phase the gripper is able to vibrate the end-
effectors in-planely to overcome the adhesion forces by 
inertial effects. The 2 μm gap between the actuation part 
and sensing part causes that the capacitors do not par-
ticipate at vibration stage. At the actuation phase, the gap 
between the shuttles is closed at the driving voltage 36 V. 
Afterward, the gripper is able to grasp the object (living 
cells) at the size of 12  μm at the driving voltage 55 V 
while the capacitive contact sensors are active. At the 
release phase, the operation voltage is removed and the 
shuttles bring back to the normal position by the springs 
reaction force and the electrostatic force (comb drive set2 
and set3). By applying the electrical signals at the desired 
resonant frequency (4.83 kHz) to the comb-drive set1 and 
set2, electrostatically in-plane vibration is generated to 
overbalance the adhesion force and facilitate the release 
process.
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