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Abstract: This paper presents both an experimental and a numerical study concerning the mechanical
response of a silicon microgripper with bidirectional electrostatic actuation to externally applied
excitations. The experimental set-up is composed of a probe station equipped with mobile probes
that apply contact forces. This part of the investigation aims to test the device’s mechanical resistance,
its mobility capability and possible internal contacts during the system deformation. The second
part of the paper is dedicated to the study of the free undamped vibrations of the microsystem.
Finite Element Analysis (FEA) is carried out to evaluate the system vibration modes. The analysis
of the modes are useful to predict possible mechanical interference among floating and anchored
fingers of the actuating comb drives.
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1. Introduction

The introduction of new classes of flexure hinges [1] and the technological progress in mechanical
components of MEMS (micro electro mechanical system) [2,3] gave rise to new devices for the
manipulation at the microscale. In fact, about a hundred microgrippers [4,5] were designed and
fabricated with different purposes and actuation systems. For example, micromanipulation finds
important applications in micro assembly processes. Some devices can be fabricated as monolithical
structures, whereas others require an assembly step because of particular geometries or different
materials [6]. Microgrippers are also employed in optical fibers assembly [7,8]. Another important
field of application is biology: manipulation of single cells is an essential step to understand cells
behaviors and interactions [9,10]. For example, microgrippers with force sensors where developed for
manipulating biological cells [11,12] or to characterize the mechanical properties of biosamples [13,14].
The sensing [15,16] and the control [17,18] of the gripping forces has also been a fundamental issue in
developing microgrippers.

However, in spite of the recent progress in nano and micro-machining, there is still a certain
difficulty in building multi-hinge and multi-DoF (Degrees of Freedom) MEMS.

The main problem consists of the fact that mobility is granted by flexure hinges and that the
latter are still rather complicated to be designed and fabricated in a small portion of the device.
This problem is particularly arduous in the design of microgripper for micro manipulation and,
therefore, new microsystems equipped with Conjugate Surface Flexure Hinges (CSFHs) have been
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developed [19] and fabricated [20]. The idea, which dates back to 2012 [21], is based on the partitioning
of a block into either rigid or flexible sub-parts, with mobility being granted by the presence of
the flexible parts (flexure). A CSFH is a particular kind of flexure that is made of a curved beam,
which provide compliance, and a portion of a conjugate-profiles, which provides accuracy. The two
components are designed in such a way that the center of the elastic weights of the curved beam is
coincident with the center of the conjugate profiles.

The CSFH had a certain number of applications in microsystems, for example in micro
mechanisms [22,23], micromanipulators [24-26], tribometers [27], grippers [13], biomechanics, etc.
Some recent experimental investigations showed also that these microsystems, although with some
restrictions, can be operated by means of comb drives [28]. However, there are still some concerns
regarding the feasibility and robustness of these devices in both static and dynamic conditions.

Actuation is among the most important functions of a microsystem, and so different kinds of
solutions to this problem have been proposed, such as electrothermal [29,30], shape memory alloy [31,32],
or piezoelectric actuators [33,34]. Electrostatic actuators, in particular linear [35-39] or rotary [40—42]
comb drives, offer also a feasible actuation system for micromanipulation.

In this investigation, to evaluate the mechanical robustness of the microgripper towards its
application in an operational environment, the mechanical functionality of a four-bar linkage
microgripper with bidirectional electrostatic actuation has been examined both in static and dynamic
conditions. Static load was experimentally tested within a probe station. Then, the static response of
the microgripper under externally applied forces has been numerically simulated by means of Finite
Element Analysis (FEA) and some original design charts have been built to predict possible contacts
between CSFH conjugate surfaces. This information is useful in the design steps, to optimize the
orientation of the four CSFHs embedded in the four-bar linkage. Finite Element Analysis (FEA) has
been also applied to analyze the vibration modes. The eigenmodes and eigenfrequencies have been
calculated and the shapes of vibration associated with the first six modes have been analyzed.

2. Design

The MEMS consists of a bulk structure which gains mobility thanks to elasticity [43]. Generally,
compliant mechanisms can be categorized into two main classes: with lumped or distributed
compliance. The CSFHs are particularly suitable to be used as elements of compliant mechanisms
with lumped compliance. This opportunity gives rise to new design methods which make use of
a topological approach [44,45], such as for example, the rigid-body replacement method [46,47].
By following this approach, starting from a classic four-bar linkage, the mask represented in Figure 1a
has been created in a configuration that maximizes the comb drives’ rotations (see the comb drive
detailed view presented in Figure 1b) in both closure and opening directions. Then, one CSFH replaces
each rotational joint, as illustrated in the detailed view of Figure 1c. Figure 1d shows the gap Figure le
between the conjugate surfaces in a non contact configuration.

Once each one of the four ordinary revolute pairs has been replaced by a CSFH, a fully compliant
four-bar linkage is created (lumped elasticity). Of course, two compliant four-bar mechanisms are
needed to assure the grasping operation and, therefore, two four-bar mechanisms are symmetrically
positioned to allow the gripping jaws to symmetrically approach the micro object. With reference to
Figure 1, the design illustrated by means of the mask Figure 1a has been laid out in such a way that
a gripping jaw is attached to the coupler link. For example, the left jaw is pointed out in Figure 1f.
The four-bar mechanism provides the jaw tip a wide range of motion from the open to the close
extreme configurations.

The device is operated by means of two bidirectional electrostatic actuators. The open position
of the jaws is obtained by applying a voltage between the pads (i) and (ii) represented in Figure 2a.
With reference to the Figure 2b, the mobile set of fingers (iv) rotates counterclockwise, while the coupler
link rotates clockwise because of the given configuration of the four-bar linkage. By applying a voltage
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between pads (i) and (iii) of Figure 2a, the opposite applies, and the comb drive mobile wing (v) rotates
clockwise, inducing a counterclockwise rotation of the coupler.

Figure 1. The mask adopted during Deep Reactive-Ion Etching (DRIE) process (a); details of the fingers
of the comb drive (b); the Conjugate Surface Flexure Hinge (CSFH) hinge (c); the gap between the
conjugate surfaces (e) and the left-hand side jaw (f).

(b)

Figure 2. Model of the right jaw of the microgripper with (a) and without (b) the control pads: (i) device
anchor; (ii) opening control pad; (iii) closing control pad; (iv) and (v) mobile fingers engaged with (ii)
and (iii), respectively.
3. Fabrication
The fabrication stage has been performed starting from a 6-inch SEMI standard [48] silicon on
insulator (SOI) wafer. Boron has been used as dopant for the wafer SOI device layer, with a resultant

resistivity equal to 2—4 (-cm. Each wafer has a 500-um handle layer that works as the device support.
A 40 um thick silicon layer works as device layer and is bonded at the top of the wafer. The device
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(top) layer is the most important one because the suspended moving subparts are therein patterned.
Between the support and the top layer, a 2-um oxide layer stops etching during silicon patterning.
This layer is also necessary to support the top layer before the release of the devices. The support
and top layers of the wafer need to be both patterned and so Bosch deep reaction-ion etching (DRIE)
process is applied to etch silicon down to the buried oxide layer. The DRIE was performed with an
Alcatel AMS200 ICP plasma etcher (Alcatel-Lucent, Paris, France), using a standard two-step bosh
recipe with fluorine chemistry. The initial step consists in the deposition of a multilayer mask to
provide masking for DRIE etching process on both sides. A 150 nm silicon dioxide is firstly deposited.
Then a 200 nm aluminum film is sputtered. A 100 nm film titanium is finally sputtered and standard
photolithography is used to pattern this layer stack. The front side is exposed by means of an i-line
stepper, while the backside is aligned by means of a broadband mask aligner. Finally, stack etching
takes place in IC standard plasma reactors.

After masks patterning, an Alcatel SMS200 (Alcatel-Lucent, Paris, France), etcher is used to etch
silicon through DRIE Bosch process. Front and backside etching deepness is equal to 40 pm and
500 um, respectively.

At the end of this process, the front and back geometry is transferred on the wafer sides. Therefore,
the silicon dioxide intermediate layer must be removed by wet etching in hydrofluoric acid based
solution. This treatment allows the device to be released and freely move. During wet etching, residual
DRIE mask layers are etched as well.

For the sake of electrostatic actuation, some electrical connections are developed by using the
physical vapor deposition of an aluminum layer on the front side.

Aluminum hard mask allows the process to greatly reduce the mask layer thickness. This simplifies
sub-micron features patterning, eliminating the obstacle of high aspect ratio thick mask etching. Further,
aluminum grants an excellent feature size control during pattern transfer from the mask to silicon,
as it eliminates mask edge erosion. The three layer structure and the whole fabrication process have
been fully described by Bagolini et al. [20]. In the micro-gripper device, an aspect ratio up to 20 is
implemented, but the fabrication module is developed for higher aspect ratio which is not part of
present work.

4. Contact and Mobility Tests

As mentioned in Section 2, the adopted mechanism is composed of two symmetric four-bar
linkages, each one having four CSFH compliant hinges. Since each of the two mobile suspended
structures is held in place by only two 20 x 5 um? cross sectional areas, some concern has arisen
about the microsystem capability to bear externally applied loads. Hence, the purpose of the present
paper consists in testing the mechanical structure of the developed microgripper. For this reason,
the experimental activities have been arranged in such a way to provide information on the resistance
of the structure, whereas its operational capability in unloaded conditions have been previously
investigated [28,49].

In the present paper, a contact force has been externally applied to the right arm of the
microgripper. This external load is much more invasive than the torque which is exerted by the
electrostatic actuation on the crank-link, because it transmits to the block of mobile fingers not only a
moment, but also a force. Such force has generally a radial component, the latter being much dangerous
for the microsystem, because it pushes mobile fingers against the fixed ones.

The microgripper under analysis has been tested by means of an Agilent probestation
equipped with binocular microscope and needle probes with tri-axial micrometer positioning control.
The kinematic functionality of the device has been verified by monitoring the microgripper response
to a force exerted by a probe through the contact area.

A series of mechanical tests have been conducted by using the three-axis micro probe (Suss PH 150
probehead). As reported in Figure 3, the probe was moved in such a way to mimic the electrostatic
action exerted by the comb-drive, rotating the floating part toward the corresponding anchor.
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Figure 3. Steps of the mechanical testing procedure: (a) Probe positioning near the closing
comb-drive (A); (b) Close configuration: stroke limit for the closing comb-drive (A); (c) Neutral
configuration: releasing of the closing comb-drive (A); (d) Probe positioning near the opening
comb-drive (B); (e) Open configuration: stroke limit for the opening comb-drive (B); (f) Neutral
configuration: releasing of the opening comb-drive (B).

The test is performed considering the following steps:

the probe is positioned in proximity of the closing comb-drive: before contact, the compliant
mechanism stands in neutral configuration;

the probe contacts the device and gently pushes the floating part until the maximum rotation
is reached. Therefore, the gripper jaw follows a closing trajectory until the device achieve the
close configuration (Figure 3b). During this stage, while the rotation angle between floating and
anchored parts of the closing comb-drive decreases, the relative rotation between the same parts
of the opening comb-drive increases;

the probe is brought back to the initial position; in this phase, the comb-drive is gradually
released and the gripper jaw follows an opening trajectory, until the microgripper achieves again
its neutral configuration (Figure 3c);

the probe is positioned in proximity of the opening comb-drive: as in the previous case,
before contact, the microgripper is in neutral configuration (Figure 3d);

the probe contacts and pushes the floating part to the comb-drive limit position: the gripper
jaw follows an opening trajectory until the device achieve the open configuration (Figure 3e).
While the rotation between the floating and anchored parts of the opening comb-drive decreases,
the relative rotation between the same parts of the closing comb-drive increases (Figure 3e);
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(f) theprobe is repositioned at the starting point Figure 3d: the comb-drive is released and the gripper
jaw follows an closing trajectory, until the neutral configuration is achieved again (Figure 3f).

Figure 4 shows three overlapping images reporting the left arm of the microgripper in close,
neutral, and open configurations. The probe force could not be directly measured, due to the particular
adopted experimental set. However, the applied direction could be obtained by recording the tip
displacements from the neutral position, while the force magnitude was measured by means of FEA.
In fact, a magnitude of the applied force equal to 320 uN was calculated as compatible with the
observed close and open configurations. Figure 4 presents also a schematic representation of the two
forces corresponding to the close and opening maximal configurations.

Figure 4. Overlapping images of the microgripper in close, neutral, and open configurations.

Contact Analysis on the Conjugate Surfaces

The CSFH is able to modify substantially the static and dynamic behaviors of the whole
microsystem which it belongs to, depending on the occurrence of the contact between the conjugate
surfaces. In fact, once the two conjugate surfaces get in touch, a reaction force arises between them.
Actually, the purpose of CSFH hinges is to use this reaction force in order to restrict the displacements
of the centers of the relative rotations between adjacent links within the size of the gap between the
conjugate surface (actually about 5 um). This makes the microsystem quite stable. However, contacts
within a CSFH hinge could be activated too late, namely, after the breaking of the curved beam,
which represent the elastic part of the CSFH. Therefore, experimental tests of the system response to
externally applied forces are fundamental to validate the FEA model and the structural design of the
whole system. The conditions under which this contact occurs are useful to optimize the final layout.

In order to analyze different contact conditions, a force F, illustrated in Figure 5, is introduced
to represent the action that could be applied to the tip during the gripping task or the positioning
phase. The right hand side four-bar linkage is also illustrated together with the CSFH’s C;, C;, C3 and
Cs. The force magnitude |F| and orientation ¢ have been adopted as variable parameters, with the
purpose of detecting their critical values in correspondence of which the conjugate profiles of the four
embedded CSFH get in touch.

Six different values of the magnitude |F| have been applied, with the assumption that F acts on
the device working plane, with F, = 0. The force direction is identified in the plane by means of
the angle ¢ between F and the x axis. The full span from 0° and 360° has been investigated for ¢.
It is clear, from the figure, that F induces deformations that are concentrated specially on the curved
beams, which form the elastic part of the CSFHs. These flexure elements deflect under the action of the
internal loads and therefore the conjugate surfaces may get in contact.

A contact chart has been obtained for each CSFH C;, as represented in Figure 6, by iterating
FEA for discrete number of values of the angle ¢ =0, ...,27 and six values of the force magnitude.
Each chart allows designer to immediately understand which are the CSFHs which present contact
for the given pair of parameters. For example, contact occurrence in C;, i = 1,...,4 is highlighted by
red colored arches and the red sectors are those corresponding to the directions and magnitudes of F
which induce contact in C; hinge.



Actuators 2018, 7,78 7 of 15

Figure 5. Static load to modify the CSFH contact.

Fy[uN]

Figure 6. Force vs. contact diagrams: contact charts for the joint C; (a); C; (b); C3 (c); and C4 (d),
respectively.

It is possible to observe that there are different conjugate surfaces of the CSFHs into contact for
different angles. C, and C4 are the CSFHs where the conjugate profiles more or less easily get in
contact, respectively. Figure 7 shows, in particular, the various CSFHs configurations for different
angles ¢. The magnitude of the adopted force |F| (some hundreds of uN) is comparable to the value of
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the forces applied to the comb drive mobile finger set (320 uN, as depicted in Figure 4) to fully close or
open the configuration.

(a) (b)

Figure 7. Configurations of CSFHs with |F| = 1 x 107> (N): (a) C; and C, at ¢ = 50°; (b) C3 and Cy at
@ =50% (c) C; and C; at ¢ = 180°; (d) C3 and C4 at ¢ = 180°; (e) C; and Cp at ¢ = 280°; (f) C3 and Cy
at ¢ = 280°.

5. Vibrational Mode Analysis

The versatility of the CSFH makes them useful in many applications such as micro mechanics,
biology, etc. However, in many of these fields the analysis of the vibrations is essential on both negative
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and positive effects. In fact, the induced vibrations can lead to significant positioning errors [50,51] or
undesirable contacts between the fingers. Likewise, jaws vibrations can be exploited to release micro
objects [52] or to analyse the mechanical characteristics of the soft biological tissues to study possible
pathologies [53].

Direct experimental acquisition of the vibrational modes is not easy for MEMS, although there
are some successful cases. For example, in-plane low-frequency vibration was measured by means
of circular grating Talbot interferometer [54]. With this method vibration from 1 to 25 Hz has been
monitored in a plate system. Scanning laser Doppler vibrometry and experimental modal analysis
have been also successfully applied to a pair of micro-cantilevers [55]. A charge-coupled device camera
and synchronized pulsating illumination has been also used to measure sub-micrometer in-plane
dynamics of MEMS devices with nanoscale precision [56]. Another interesting case of optical detection
consists in the acquisition of the electromechanical response of a MEMS-technology based micro-mirror
used in scanning pico-projectors [57].

In this paper, the experimental activities have been restricted to the static force analysis only
and therefore the vibrational modes have been conveniently obtained via Finite Element Analysis.
The modal analysis has been performed with the ANSYS © (Canonsburg, PA, USA) software [58].
The first six, eigenmodes and eigenfrequencies have been reported in Figure 8. In this analysis the
device anchor has been considered fixed.

Figure 8. Eigenmodes and eigenfrequencies: first (f; = 1.5147 kHz) (a); second (f, = 1.9433 kHz) (b);
third (f3 = 2.4749 kHz) (c); fourth (fy = 2.9982 kHz) (d) ; fifth (fs = 6.4103 kHz) (e); and sixth
(f6 = 6.4618 kHz) (f) eigenmode, respectively.

The relative displacements between the anchored and the rotating fingers are tolerable only if they
correspond to a relative rotation where the center is coincident with the center of the conjugate profiles.
Therefore, it is very important to understand the nature of the relative motion for all the possible
vibration modes. In particular, the first, second and fourth modes present radial displacements for the
fingers and therefore finger contact appears to be theoretically possible.



Actuators 2018, 7,78 10 of 15

6. Results and Discussions

The results obtained by means of FEA can be displayed, for each vibrational mode, as animated
sequences of intermediate deformed configurations. This opportunity has been taken to identify, for
each mode, those elements with the minimum displacements during the vibration motion, when a
certain mode is excited. Considering also the numerical data, these elements can be easily identified
for the first 6 modes and the behavior of the structure can be physically interpreted by introducing
nodal oscillation axes.

When the system is excited at the first mode (i), three subparts of the structures behave as
pseudo-rigid bodies that correspond to the two rockers and the coupler links. Motion is provided by
the four flexure hinges and therefore a relative rotation axis appears for each hinge. During this motion
all the subparts move within the mask plane and so the structure is characterized by an in-plane
motion. The relative rotation axes are orthogonal to the plane and their intersections with the plane
are represented in Figure 9a. Hence, first natural mode consists of a motion that is coincident with
the motion for which the system has been designed. As a consequence, this kind of deformation is
compatible with the geometry of the fingers because the relative rotation axes are practically coincident
with the CSFH rotation axes.

The structure oscillations related to the second mode (ii) reveal that the whole structure behaves
approximately as if it was a whole plate which rotates around the axis passing through the centers
of the framed CSFH, as depicted in Figure 9b. This axis belongs to the main plane and therefore the
oscillation will take place out of the plane. However, the mobile fingers are completely positioned by
one side of the axis and so their motion goes along a direction which is orthogonal to the gap between
the fingers. This means that finger contact remains quite unlikely.

Considering the third mode (iii), a nodal axis through the centers of two adjacent hinges has been
identified and illustrated, as the axis (iii), in Figure 9b. In case the system is excited with the third mode,
it will behave, approximately, as it was composed by a flexible plate that oscillates around the axis (iii)
with additional deformations due to the presence of the anchored parts. Once again, axis (iii) belongs
to the main plane and therefore the fingers will be affected also by an out-plane motion, with limited
effect on reciprocal contact likelihood.

Taking into account the fourth mode (iv), the modal analysis shows that the microgripper inflects
around two the parallel axes (iv)-a and (iv)-b depicted in Figure 9c. These axes belong to the plane
and so the displacements will be out-planar directed. The system is roughly comparable to a flexible
plate oscillating around nodal axes (iv)-a and (iv)-b, with three different zones. For example, while the
central zone is up, the lateral parts will be down, and vice versa.

In view of preventing comb drives from finger contact, the fifth node of vibration presents the
most difficult circumstance under which the microgripper behaves, approximately, as a pseudo-rigid
plate which rotates around a point that is positioned within the internal area of the four-bar
linkage, as reported in Figure 9d. This is possible because the CSFHs behave as suspension springs.
Unfortunately, this motion is rather dangerous for the comb drive fingers, because the mobile finger sets
do not rotate about the CSFH centers. This means that the curved fingers follow no more the natural
span of the fixed gaps and so they collide with the fixed sets of fingers. This circumstance is depicted in
Figure 10 which shows that the mobile finger set has a radial component of the displacement, having
lost the original rotation center, with ineluctable mechanical interference.

The vibrational shape related to the sixth mode is rather complicated to be described. In fact,
three nodal axes can be identified (Figure 9e). These axes are all in the fabrication plane. For this case,
the microgripper behaves as a flexible plate which inflects around the nodal lines. Since the axes are in
the plane, out-plane displacements are the most significant and so no great problem is expected for
the fingers.
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Figure 9. Pseudo-axes of rotation corresponding to the first 6 vibrational modes: (a) In-plane rotation
axes for mode (i); (b) Out-plane rotation axes for modes (ii) and (iii); (¢) Out-plane rotation axis for
mode (iv); (d) In-plane rotation axis for mode (v); (e) Out-plane rotation axis for mode (vi).

300,00 (um)

Figure 10. Critical configuration of the comb drive fingers when mode (v) is excited.

Considering that the amplitude of the dumped response to external excitation generally have
higher values at the lowest frequencies (see for example Reference [59]), the first six modes only have
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been considered. Furthermore, given the obtained values of the first six natural frequencies, listed in
Table 1, the fifth and the sixth modes will have limited influence with respect to the previous four,
because their values is more than twice the fourth frequency. Since fingers contact is expected only at
the fifth critical mode, its occurrence likelihood is rather limited.

Table 1. Critical modes for comb drives fingers.

Frequency kHz Critical Plane Rotation Axes

i 1.51 no in 4
ii 1.94 no out 1
iii 2.47 no out 1
iv 3.00 no out 2
v 6.41 yes in 1
vi 6.46 no out 3

7. Conclusions

The present investigation has shown that the microgripper under analysis it is able to sustain large
modifications of the configuration toward both the opening and the closing positions. Considering
the size of the embedded flexure hinges, which consist of silicon curved beams with a 5 x 40 pm?
cross sectional area, an evident structural robustness has been experimentally observed. In fact,
the microgripper has been able to resist to all the actions exerted by the probe. The second part of
the investigation has been based on a numerical approach. Firstly, some design charts have been
obtained to optimize the likelihood of the contact between the conjugate profiles. Secondly, FEA has
been used to detect the main vibrational modes, whose analysis is necessary to prevent fingers contacts.
The whole investigation has therefore confirmed that the microgripper under analysis is robust in
operational conditions and promising for the applications.
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