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The aim of the study is to get high displacement values with low actuation voltage from the micro-gripper
fabricated by stereolithography (SLA) method. Micro-grippers are devices based on a micro-electro-me-
chanical system (MEMS) preferred for manipulation and assembly in micro-fabrication. This article
presents the modeling, fabrication, and experimental studies of a U-type electrothermal MEMS micro-
gripper. The fabrication of the gripper was made by SLA, which is one of the additive manufacturing
methods. The arm tip displacement of the gripper has been characterized in real-time by optical micro-
scopy. In electrical characterization studies, the electrical voltage was applied to the pads of the micro-
gripper. This voltage value was increased starting from 0V with 1V increments until deterioration was
observed in the gripper. The micro-gripper is shown to actuate to a maximum opening displacement of
28.35 ym at an applied voltage of 5V. The models are employed to examine key factors of the micro-
gripper’s performance including temperature distribution, displacement, and stresses based on an elastic
analysis of structures. Experimental results for the displacement of the micro-gripper’s arm tips were found
to be in good agreement with the simulation results.

Keywords additive manufacturing, electrothermal actuation,
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1. Introduction

Micro-electro-mechanical system (MEMS) is a process
technology comprising miniaturized mechanical and electro-
mechanical parts made using micro-fabrication methods (Ref 1-
3). In recent years, MEMS technology has led to the
development of various new technologies in the fields of
science and engineering. Micro-grippers are on MEMS devices
that are usually used in the fields of micro-assembly and
micromanipulation. They play critical roles in the handling and
position control of micro-mechanical objects such as micro-
mechanical parts and biological cells. Micro-grippers have been
the subject of many studies in terms of micro-gripper design,
mechanical structure, detection principle, operational aspects,
microfabrication, and applicability to different environments
(Ref 4-7).

An actuation mechanism is an important component in all
active MEMS devices because it provides the device’s neces-
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sary motions. MEMS-based micro-grippers can be classified
into six groups according to the actuation mechanism: piezo-
electric, electrostatic, electrothermal, pneumatic, electromag-
netic, and shape memory alloy (Ref 8-10). Electrostatic
actuation required a high operating voltage (Ref 11). This
voltage value typically is between 10 and 200V to operate (Ref
12). Shape memory alloys (SMA) have low grip strength (Ref
13). Designed using SMA micro-actuator is 5.14 mm in
diameter and 40 mm and is used to actuate 20-mm-long needle
driver assembly, while generating a force of 24 N, resulting in a
gripping force of 8 N (Ref 14). Piezoelectric structures can
generate a high grip force but at much lower stroke (Ref 15).
For example, a micro-gripper can produce a gripping force of
300 mg in piezoelectric operation while having a maximum
stroke of 110 um out-of-plane and 30 um in-plane no-load at +
100 V DC (Ref 16). Drawbacks, such as high power
consumption and a difficult fabrication method for depositing
ferromagnetic materials on a micro-actuator constrain electro-
magnetic implementation (Ref 17). The experimental results in
one study showed that an electromagnetically actuated micro-
gripper performed excellently in terms of large tip displacement
(165 um) and good holding force (15 uN) under relatively low
voltage (3V) with a power consumption of 5 W (Ref 18). Since
pneumatic mechanisms use air as an energy source, it makes it
difficult to control the micro-system (Ref 19). The electrother-
mal actuation mechanism has been one of the first developed
working principles within the MEMS field, mostly because of
the benefits of a basic structure that can be made using proven
technology with a few production steps (Ref 20). The operating
principle of electrothermal mechanisms depends on the differ-
ential thermal expansion of well-designed structures caused by
resistive heating to work. These mechanisms often have a range
of advantages over other actuation systems, such as the ability
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to produce a significant output power and displacement with a
low voltage. Thus, high gripping force can be got from the
micro-gripper (Ref 21). Because of such advantages, we
employed the electrothermal operation to the micro-gripper in
this study.

In recent years, many studies have been conducted in the
literature on the design, mechanical structure, manufacturing
method, and applicability of MEMS micro-grippers to different
environments (Ref 22-28). Previous works on MEMS micro-
grippers have focused on the optimization of their design and
kinematic structure (Ref 29), the structural materials used (Ref
30), the actuation and sensing mechanisms, the operational
requirements and limitations (Ref 31), the fabrication process
used (Ref 32), and the working environment in which they will
be operated (Ref 33). The most important aim in these studies is
to obtain high displacement values with low actuation voltage.
Until today, traditional micro-fabrication techniques such as
lithography and photolithography have been preferred in the
fabrication of MEMS-based micro-grippers (Ref 34, 35).
Although these techniques have high precision and accuracy,
they have disadvantages due to many process steps, long-term
fabrication, and the need for a clean room. Nowadays, additive
manufacturing technology takes the place of these fabrication
techniques. This fabrication technique is accomplished by
modeling from your desktop computer and using 3D printers,
without requiring a lot of manufacturing processes and clean
rooms. Although MEMS applications such as biomedical (Ref
36) and robotics (Ref 37) have been fabricated with this
manufacturing technique, the micro-gripper device has not been
fabricated before. With this study, an electrothermal MEMS
micro-gripper was fabricated for the first time using stere-
olithography, one of the 3D printing methods.

Today, 3D fabrication technology uses printing methods
such as stereolithography (SLA), digital light process (DLP),
selective laser sintering (SLS), fused deposition modeling
(FDM), and electron beam melting (EBM) (Ref 38-44). In this
study, SLA method was preferred in the fabrication of micro-
gripper. With this method, it is possible to create many complex
structures with high resolution. In the SLA technology, a
scanning laser is used to selectively polymerize a liquid
polymer resin layer by layer for fabrication (Ref 45, 46). The
SLA manufacturing process has been used to fabricate many
microstructures and nanostructures for a wide variety of
applications such as micro-sensors, micro-robotics, and
microfluidic devices (Ref 47-49).

This article presents the fabrication, simulation modeling,
and characterization experiments of a U-type electrothermal
MEMS micro-gripper. Compared to existing micro-gripper
designs (Ref 50-54), the proposed gripper structure provides a
greater displacement with a lower voltage. The fabrication of
the micro-gripper was carried out using the SLA method. They
conducted an experimental study to examine the displacement
of the fabricated gripper. Finite element analysis (FEA) was
used to design, simulate and explore the properties of the
micro-gripper. For validation, the simulation and experimental
results of the micro-gripper are compared, and we showed the
utility of the model as a design tool for specifying the
displacement. In simulation and electrical characterization
studies, the electrical voltage applied to displace the micro-
gripper. This voltage value is determined by increasing from
0V with 1V increments until a deterioration in the gripper’s
structure is observed.

Journal of Materials Engineering and Performance

We arranged this study: Section 2 describes the design
process, working principle, fabrication method of the micro-
gripper, and simulation model of the micro-gripper. Section 3
describes the 3D fabrication process used to fabricate the
micro-gripper and the experimental setup used for electrical
characterization studies of the micro-gripper fabricated. Sec-
tion 4 presents and compares numerical and experimental
results for thermal and structural analysis of the micro-gripper.
Finally, Sect. 5 shows the general result of the studies.

2. Materials and Methods

2.1 Micro-Gripper Design and Working Principle

The micro-gripper designed in this study is based on the
micro-actuator design consisting of a “hot and cold arm”
structure and the principle of electrothermal operation. The
micro-actuator is a typical MEMS device used to design and
control many micro devices made in the literature. This actuator
consists of two arms of different sizes joined at their free ends
to form a U-shaped electrical loop. These arms are limited by
two anchors. The flexure arm is located between the cold arm
and its anchor. The type of a U-type micro-actuator is shown in
Fig. 1(a). The movement of this actuator is realized by
differential thermal expansion between the arms.

The developed micro-gripper consists of two anti-symmetric
U-type micro-actuators, two micro-gripper arms, and a gripper
section to catch objects. 2D image and working principle of the
micro-gripper are shown in Fig. 1(b). The action mechanism of
the micro-gripper is realized as electrothermal actuation. This
actuation is caused by the thermal expansion of different sizes
of hot and cold arms. When voltage is applied to the gripper,
with the current flow passing through the arms, the narrow arm
(hot arm) heats more than the wider arm (cold arm) and
experiences thermal expansion. This expansion causes a lateral
(y-axis) displacement of the tip of the gripper in the direction of
the cold arm. The temperature difference between the hot and
cold arms affects the displacement of the micro-gripper.

As shown in Fig. 1(b), different from other studies in the
literature, the micro-gripper is designed with three pad
connectors, an arm tip, and a single photoconductor layer. In
order for the micro-gripper to move in the lateral (y-axis)
direction, the voltage must be given to the pads correctly. The
same and positive voltage value is connected to ‘PAD-1" and
‘PAD-3’. Surfaces and PAD-2" ground connection is made.
With these connections, lateral displacement is achieved when
micro-gripper ‘V’ voltage is applied. The amount of displace-
ment of the tip of the micro-gripper will vary depending on the
applied voltage value.

The dimensioning and geometric structure of the micro-
gripper, designed as a 3D using the computer-aided design
(CAD) software, is shown in Fig. 2. Geometrical parameters
(hot, cold, and flexure arm length, thickness, and width) and
material properties (electrical and thermal conductivity param-
eters) affect the displacement performance of the micro-gripper.
In this study, all geometric parameters were determined at the
optimum level during 3D design. Material properties such as
thermal and electrical conductivities were determined as fixed
parameters in the COMSOL program during finite element
analysis. The most important parameter in the displacement of
the micro-gripper is the flexure arm. If this arm is long enough,
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Fig. 1 Electrothermal operating micro-actuator and micro-gripper structures

4

Fig. 2 3D CAD design and dimensions of the micro-gripper

it will increase the motion of the micro-gripper. The flexure arm
is usually produced in the same width as the hot arm. However,
the thinness of this arm can cause deformation by overheating.
For this reason, the flexure arm should be wider than the hot
arm.

The geometrical parameters of the designed micro-gripper
are shown in Table 1. These values were got by considering the
design criteria of the micro-gripper. The design in Fig. 2 was
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used in the fabrication process carried out with the stereo
lithography method using a 3D printer. We used photoconduc-
tive resin for the fabrication of the micro-gripper designed from
a single layer. We frequently used these materials in additive
manufacturing technology because of their electrical properties.
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Table 1 Geometrical parameters of the micro-gripper

Parameter Symbol Value (um)
Length of hot arm Ly 500
Length of cold arm L. 350
Length of flexure arm Ly 200
Length of gripping arm L, 500
Length of connector Lg 70
Width of hot arm Wy, 30
Width of cold arm We 100
Width of flexure arm wy 35
Width of gripping arm Wy 45
Width of connector We 35
Thickness of micro-gripper t 5

2.2 Analytical Model

In this section, analytical modeling of the electrothermal
micro-gripper is done. Resistive heating under an applied
voltage produces the temperature of the micro-gripper’s differ-
ent actuator components to rise. The improved temperature
distributions along the hot arm, 7}(x), cold arm T.(x), and
flexure 7;(x) components are given by Eq. 1, 2 and 3,
respectively [30].

T}, ()C) = TH + Clemhx + Czeimhx (Eq 1)
Te(x) = Te + C3€™" + Che ™ (Eq 2)
Tf(x) = Tr + Cs&™ + Cge™ ™" (Eq 3)

Here, C; to Cg4 are constants that are calculated depending
on the boundary conditions of the gripper structure. Ty, T¢ and
Tr are determined by T} as shown in Eq. 4 for the hot arm, cold
arm and flexure, respectively, and mj, m. and m, are to be
calculated for the gripper components using Eq. 5 (Ref 30).

J%p
Ty=T+— Eq 4
0 +kpm2 (Eq 4)
S
= Eq 5
"=\ TR (Eq 5)

Here, Ty is the substrate temperature, J is the current density,
k, is the thermal conductivity of the photoconductive resin, S is
known as the shape factor that quantifies the impact of a
component’s shape on heat conduction to the substrate, ¢ is the
thickness of the structure, and R, is the thermal resistance
improved between the suspended gripper and the substrate (Ref
55).

The asymmetric thermal expansion of the hot and cold arms
is the driving mechanism behind the electrothermal actuation of
the submitted micro-gripper design. Under an applied voltage,
the wider arm undergoes less resistive heating and thermal
expansion than the narrower arm, resulting in angular rotation
of the arms about the fixed anchor pads against the cold arm
side. The relative rotation angle for the opening movement of
micro-gripper arm is decided by the reverse tangent of the ratio
of the arm tip displacement to the total length of the hot arm
and the micro-gripper arm (Ref 56). The steady-state lateral
displacement at the gripping arm tip, u,, is determined by
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extrapolating the deviation at the free end of the gripper over
the length of the extending micro-gripper arm (L,).

2

oL
(Xth 2X3)

XLy —3X,) + S,

Ly

Usip = GEL El, ( (Eq 6)

Here, L; is the length of the hot arm, £ is the Young’s
modulus of resin, /, is the moment of inertia for the hot arm,
and X, X, and Xj are the chosen unnecessary loads moving on
the gripper. The energy method is applied to analyze the
bending moment of the gripper due to these 3 unnecessary
loads, which are then computed by solving the following set of

simultaneous equation (Eq. 7) (Ref 57).

Ju fi fis| | X 0
S o S| | X | = | ALy — AL — ALy (Eq 7)
S e fs] NG 0

Here, the calls f; symbolize flexibility coefficients that
describe the deviation at i owing to a unit load at j. AL;, AL,
and AL, symbolize the total change in length for each of the hot
arm, cold arm and flexure components, respectively, and are
consisted of the thermal expansion component and the
mechanical component that results from the expansion restric-
tion (Ref 57). Moreover, the elements of the mentioned matrix
are given as follows:

fir = 2s + 5 + Ss2 fia e 352 " Ss? fis = s2 Ss
1 3E] 270k T2ED® T T 2EI EI
Ss2 3S2 s 52 8S3 282 Ss
f21:7 af22 7; 23 = T oy T 7
2F] EN EI 3EI EI  EI

s2 2S2 S s

.]?')1 - EI Ela f:"&Z I——— 7 f:"ﬁ E[ EI
(Eq 8)

Here, E is Young’s modulus of the micro-gripper material
resin, and s is the central beam length of the U-beam.
Furthermore, N symbolizes the cross section area of the U-
beam and / is the moment of inertia.

The lateral displacement acquired at the micro-gripper arm
tips is affected among others by the micro-gripper length, the
flexure length and the resulting temperature variation between
the hot and cold arms. Moreover, in a hot and cold arm design,
the hot arm, and the flexure are usually fabricated with the same
width dimension, which is generally the smallest feature width
that the manufacturing process is able to achieve. Though the
flexure has the same width as the hot arm, the temperature
improved on the flexure is much lower than that on the hot arm
owing to the flexure’s shorter length. These opinions of the
flexure length and width provide that the micro-gripper is
correctly designed to let suitable elastic deviation. The
geometrical dimensions of the studied micro-gripper are given
in Table 1.

2.3 Stereolithography Method

Stereolithography (SLA) is a 3D printer method from the vat
photopolymerization family. The most important feature of this
method is that it can fabricate fast and with high precision due
to its use of high resolution projection. Recently, SLA
technology has been preferred in many fields such as micro
and nano applications, microfluidic and biomedical (Ref 58,
59).
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We show the fabrication process of the SLA method and the
internal view of the 3D printer in Fig. 3. This process takes
place:

e First, we positioned the building platform in the liquid
tank at a layer height for the surface of the liquid.

e After positioning, we reflect the image of the first layer
on the building platform and the UV laser beam selec-
tively hardens and solidifies the photopolymer resin to
form the layer.

e When the first layer is finished, the platform moves to a
safe distance and prepares for the next layer. These pro-
cesses continue until we completed the complete piece.

e After the complete part is finished, the part fabricated
from the 3D printer is taken. We did not fully cure this
part and requires UV light finishing if high surface qual-
ity, high mechanical and thermal properties are required.

To fabricate the micro-gripper, we used a bottom-up 3D printer
system. The Anycubic Photon Mono X 3D printer (company,
city, state abbrev if USA, country), which is one of the desktop
3D printers fitted with a 405 nm laser with 30 um XY
resolution and 10 um dynamic Z resolution, was used in this

(a) Fabrication process image

(¢) Internal view of 3D printer

Fig. 3 Schematic of the SLA method
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Elevator

study. The highest printing speed is 50 mm/hour, with a
maximum building scale of 192 x 120 x 245 mm. The
masking method generally consists of three kinds: liquid crystal
display (LCD), digital micro mirror device (DMD), and liquid
crystal on silicon (LcoS). This printer is manufactured with
LCD based SLA printing technology and uses a 4K mono-
chrome LCD as its light source.

2.4 Simulation Model

In this section, a finite element analysis (FEA) model has
been developed that calculates and analyzes the electrical,
thermal and displacement behavior of the micro-gripper
designed using the COMSOL Multiphysics program. The
analysis of the micro-gripper is divided into two parts:
electrothermal and displacement analysis. The electrothermal
analysis process consists of converting the dispersion values
calculated by the solvent into data points reflecting the Joule
heating effects resulting from the current resulting from the
application of voltage. In the displacement analysis process, the
displacement of the micro-gripper in the lateral plane (y-axis)
as a result of the applied voltage was examined. During both
the electrothermal and displacement analysis process, voltage

(b) SLA-based 3D printer

Z Lead Screw

Platform Bracket

Printing Platform

Wi-Fi Module

Switch
USB Port
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will be applied to the micro-gripper. During the simulation, a
meshing sequence was defined to improve the accuracy of the
results and achieve a faster computation time. The maximum
and minimum element size for the overall meshing sequence
was set to 38.5 and 2.8 um, respectively. The maximum
element growth rate was set to 1.45, with a curvature factor of
0.4. The computational complexity and size of the model were
reduced by using swept meshing method for each component in
the overall model. The face meshing method was selected to be
quadrilateral. For perovskite layer, the mesh was swept with the
number of elements = 40 and element ratio = 0.15.

The model of the micro-gripper created in COMSOL
consists of a single layer. During the analysis, the material
properties were chosen the same as the photoconductive resin
given in Table 2. The model created for simulation requires the
application of boundary conditions within the electrical,
thermal and mechanical fields. For electrical and mechanical
boundary condition, the micro-gripper is fixed from the pads,
while the other arms are free to move. In this case, electrical
voltage is applied from the pads and the gripper is opened and
closed. Thermal boundary conditions consisted of applying a
homogeneous room temperature (293K) as an initial condition
to all model elements. As the substrate works as a heat sink, it
was assumed to be at room temperature along the analysis.
Since the probe pads are anchored to the substrate, the bottom
surface of the pads was set to the constant substrate temperature
(293K). The small dimensions of the micro-gripper allowed the
convective heat transfer coefficient of its bottom surface to be
modeled by conduction through the air gap to the substrate.

3. Fabrication and Experimental Setup

3.1 Fabrication of the Micro-Gripper

The fabrication process of the micro-gripper using a 3D
printer is shown in Fig. 4. The 3D fabrication process requires a
CAD model of the part that can be designed or created from
reverse engineering. The 3D CAD model was converted to the
STL format to define the finished micro-gripper during the
fabrication process. With this format, the micro-gripper is
represented by triangular surfaces defined by x, y and z
coordinates. Then, the STL file of the micro-gripper was sliced

Table 2 Properties of resin material

Property Value Unit
Density (liquid) 1.65 g/(cm?)
Density (solid) 1.65 g/(cm?)
Young’s modulus 375 MPa
Hardness 120 MPa
Tensile strength 12
Thermal conductivity 45 W/m°C
Thermal expansion 62 x 107* um/C
Temperature coefficient 1.75 x 1073 ppm/°C

Convective heat transfer coefficient 4.558 W/(m*°C)
Electrical resistivity 8.5 x 1072 Qu
Glass transition temperature 350 °C
Service temperature 320 °C

Relative permittivity 2.5
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Fig. 4 The flow chart of the 3D printing process

with the slicing program. This program converts the 3D model
into G code language that the printer can understand. The 3D
printer is turned on and the G code is transferred to the printer
via USB. The parameters of the printer must be entered after the
transfer process. To successfully complete the fabrication
process, it is necessary to determine the best value for each
printing parameter. The parameters for this study were deter-
mined by trial and error method. Because the aim is to fabricate
the smallest micro-gripper with a 3D printer. For this reason,
many grippers have been fabricated by changing the parameters
and printing parameters have been determined for optimum
fabrication. These parameters are exposure time, curing time,
and layer thickness. These parameters are determined as 7s, 6s,
and 5 um, respectively. After parameter definition, the photo-
conductive resin is poured into the vat and the 3D printer starts
working. The fabrication process with 3D printer continues as
described in Sect. 2.3 until all layers of the micro-gripper are
fabricated and the process is completed.

In the 3D fabrication process, it is possible to create 3D
structures using plastic or polymer-based materials. In this
study, photoconductive resin, which is a photopolymer, was
used as a material for the SLA method. This resin has a
structure that can be photo polymerized. It is also an electrically
conductive material. The resin is viscose and designed for 3D
printing devices. Because of such features, the use of resin type
materials in MEMS has become widespread. Some of the
electrical and mechanical properties of the photoconductive
resin are given in Table 2.

An image of the micro-gripper fabricated in a 3D printer is
shown in Fig. 5. We got some unsuccessful results during
fabrication. It was determined that this was because of the
insufficient number of supports in the cold, hot, and flexure
arms. When the number of supports was low, collapses
occurred in the micro-gripper. For this reason, we have
achieved fabrication by increasing the number and density of
supports over the micro-gripper. The optimum support number
for this study was determined to be 16. It listed geometry
parameters used during fabrication in Table 1.

3.2 Experimental Setup

The micro-gripper fabricated by the fabrication process
defined in Sect. 3.1 was mounted on a probe station to make
experimental testing and electrical characterization. The exper-

Volume 31(10) October 2022—8153



Fig. 5 The microscope image of the micro-gripper fabricated using
SLA-based 3D printer

Fig. 6 The micro-gripper mounted on the platform of the probe
station

imental setup is shown in Fig. 6. The experimental setup
consists of a probe station, power supply, optical microscope
and digital camera. The micro-gripper, which is connected to
the station for characterization, is connected with a circuit
board with cables connected to electric pads. Then voltage is
applied to the micro-gripper using the power supply and
voltage probes, each of which has a 3-axis positioning system.
An optical microscope and digital camera setup was used to
measure the displacement of the micro-gripper as a result of the
applied voltage.

The operating voltage for the micro-gripper was determined
experimentally. The voltage value was increased in 1V
increments until deterioration or breakage of the micro-gripper
structure was observed. To check that steady state conditions
were reached, the interval between each step was kept more
than 10 s.

8154—Volume 31(10) October 2022

4. Results and Discussion

4.1 Thermal Analysis

One of the most important parameters affecting the dis-
placement performance of the micro-gripper is the maximum
temperature reached in the gripper structure under the applied
voltage values. The peak temperature of the photoconductive
resin based micro-gripper must remain within the material
boundaries. The maximum temperature at the applied potential
of 5V is 619 K and is located near the middle of the hot arms.
The design is limited to this temperature value so that higher
temperatures do not damage the micro-gripper structure and
pads. Also in healthcare applications, the operating temperature
of the micro-gripper plays a critical role due to manipulation of
living cells. As a result of the applied voltage value of 5V, it
was observed that the temperature at the arm tips of the micro-
gripper was close to the room temperature (Fig. 7).

It can be said that the micro-gripper can be used safely in
many MEMS areas due to its arm tip temperature reaching
around 293K. For the 5V voltage value, the temperature values
at the tip, hot, cold and flexure arm of the micro-gripper were
calculated 295, 619, 450, and 400K, respectively. It is possible
to estimate the arm and maximum temperatures of the micro-
gripper with the COMSOL Multiphysics model. For each
voltage value, the average temperature values at the tip, hot,
cold and flexure arm of the micro-gripper are given in Table 3.
As can be understood from the values, as the applied voltage
value increased, the maximum temperature increased.

4.2 Structural Analysis

In this section, the simulation, experimental study and
maximum stress analysis results of the micro-gripper are
examined. With these studies, the opening and closing of the
gripper was examined by observing the arm tip displacement.
Since the operation of the micro-gripper is electrothermal, when
voltage is applied to the pads, the different expansion of the hot
and cold arms causes the arm tip of the gripper to move
laterally in a curved movement toward the “cold” arm side.
Thus, the opening and closing occurs at the tip of the micro-
gripper.

The displacement analysis process of the micro-gripper
simulation model was performed using finite element analysis.
By applying electrical voltage for analysis, the arm tip of the
micro-gripper was opened and closed. This operating voltage
has been applied from OV to micro-gripper with 1V increments
until breaks or deteriorations are observed in the gripper

I
——
————
y
%—»x V¥ 293 [ ) A 619 K
400 600

Fig. 7 Simulated temperature values of the micro-gripper when 5V
voltage applied
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structure. Positive voltage is applied to the pads on the left and
right of the gripper, while the middle pad is grounded (Fig. 1b).
The results of simulated lateral displacement of the micro-
gripper are shown in Fig. 8.

As can be seen from the results in Fig. 8, the micro-gripper
showed lateral displacement without any deterioration in its
structure up to 5V voltage value. However, breakages and
deteriorations occurred in the arm tip of the micro-gripper after
5V. It has been observed that when 6V voltage is applied to the
micro-gripper pads, the gripper moves a maximum of 150.6
um. Actually, movement is out of the question here. When
Fig. 8 f is examined carefully, it will be seen that there are
breaks and distortions in the thin and thick arms. It is seen that
analysis on the micro-gripper will not be possible in the case of

a 6V voltage application. The voltage values that should be
given to the system to characterize the system healthily are
revealed by these analyzes. Since the gap opening of the micro-
gripper in the closed position is 10 um, the lateral displacement
values of the micro-gripper in Fig. 8 are calculated as below.
For example, at a voltage value of 5V, each arm tip moves 9.97
um laterally, and as a result, the total gap opening at 5V is
29.94 pm.

Electrical characterization was performed using a real-time
experimental setup to perform the arm tip displacement analysis
of the micro-gripper fabricated. The voltage between 0 and 5V
was applied to the micro-gripper connected to the probe station.
As a result of electrical voltage, the displacement values at the
arm tip of the micro-gripper were determined by the installation

Table 3 Arm temperature values of the micro-gripper for voltage values

Voltage [V] Hot Arm [K] Cold Arm [K] Tip Arm [K] Flexure Arm [K]
1 212 125 40 90
2 356 250 85 150
3 481 315 125 225
4 553 385 170 345
5 619 450 295 400
- B J —
= =]
" E 2|
= el ﬁ . |
vo [ ee—— ] A6.14 um vo [ — | A 732 um
0 5 0 5
(a) The displacement of the micro-gripper at 1V (b) The displacement of the micro-gripper at 2V
Q_ﬁ ) — _ ! ‘M
. - ;
Vo _—— . A 820 Hm Vo [ e—— ] A 948 Hm
0 5 0 5
(c¢) The displacement of the micro-gripper at 3V (d) The displacement of the micro-gripper at 4V
| :
Vo O — A 9.97 MM wo [ — A 1506 Hm

0 100

(e) The displacement of the micro-gripper at 5V (f) The displacement of the micro-gripper at 6V

Fig. 8 Simulated lateral displacement results of all voltages applied to the micro-gripper
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of an optical microscope and digital camera. As a result of the
characterization, the lateral displacement values of the micro-
gripper are shown below. In addition, optical images showing
that the fabricated micro-gripper is operated under 5V voltage
and when no voltage is applied are given in Fig. 9. The gap
opening in the closed position is 10 um. A voltage of 5V
applied across the micro-gripper arm results in a total gap
opening of 28.35 um.

In the experimental electrical characterization study, a
breakages occurred in the structure of the micro-gripper after
5V voltage value. The displacement values obtained as a result
of experimental studies are shown in Fig. 10. According to
these values, as the voltage value increases, the displacement of
the micro-gripper’s arm tip increased. It can be seen that the
results of the model obtained as a result of the simulations made
with finite element analysis correspond very well with the
experimental results (Fig. 10). The displacement error values
between simulation and experimental results for 1, 2, 3, 4 and
5V voltage values were measured as 9.80, 9.69, 6.95, 8.95, and
7.45%, respectively.

The minor differences observed between simulation and
experimental results for the displacement of the micro-gripper
handle tip may be because of many factors, including the
electrical, thermal and mechanical properties of the photocon-
ductive resin material. We can also assume that the nonlinear
material properties varying with temperature at low voltages are
constant because of the low temperatures in the micro-gripper.
However, increasing the maximum temperature makes this
assumption obsolete, and capturing the nonlinear temperature
dependency behavior becomes very important when modeling
devices at high operating temperatures.

Another important parameter that affects the performance of
the micro-gripper is the resulting stress values. For this reason,
it is necessary to investigate the maximum stress that occurs
when the micro-gripper is operating, both in terms of size and
position. The maximum stresses caused by the application of
5V voltage to the micro-gripper are shown in Fig. 11. The
maximum values appeared at the junction of the hot arms with
the pads and at the connector, combining the hot and cold arms.
At the potential of 5, the maximum Von Mises stress
approaches 85 MPa, which is far less than the value of

Initial gap:10 pm

allowable stress. The fracture strength of the photoconductive
resin material is 1.8 & 0.4 GPa in tensile tests.

Another important factor is the out-of-plane curvatures of
oscillating structures due to residual stresses exposed during the
fabrication of the micro-gripper. Residual stresses are elastic
stresses that remain in the part after various fabrication process
and significantly affect the performance and life of the part.
Since the micro-gripper is operated electrothermal, the residual
stresses can be caused by a thermal mechanical mismatch due
to differences in thermal expansion coefficients between
different layers of material that are brought together and
subjected to a temperature difference, as well as internal
stresses arising during the fabrication process. The presence of
such residual stress is inherent in the fabrication process and, in
the case of a commercially available process used in this work,
is beyond the user’s control. However, such residual stress
distributions can be characterized experimentally and entered as
a pre-stress value for the material in the numerical model of the
micro-gripper. The application of such considerations is
necessary to improve the functionality of the designed micro-
gripper and to reduce its failure or failure during deformability
characterization. In our next study, the measurement and
characterization of residual voltage values on micro-gripper
will be performed.

4.3 Discussion

We showed a comparison of experimental and finite element
analysis results in Fig. 10. When the simulation results are
taken as a comparison, it is seen that the maximum displace-
ment errors between the experimental study and the simulation
results do not exceed 10%. These differences may be due to
established analysis models that only consider bending defor-
mations, while the simulation study takes into account all
deformations. It can also depend on many factors, including the
electrical, thermal and mechanical properties of the photocon-
ductive resin material. More accurate simulation models will be
derived in future studies.

When comparing existing micro-grippers, the superiority of
this fabrication is obvious. Because while MEMS type grippers
in the literature were fabricated with conventional fabrication
techniques, additive manufacturing technique was used in this
study. As suggested in the literature, micro-grippers provide

Gap opening:28.35 um

(a) When voltage is not applied

Fig. 9 Optical images of the micro-gripper fabricated
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(b) When operated under a voltage of 5V
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Fig. 11 Von Mises stresses occurred at a potential of 5 V within
the micro-gripper structure

displacements of 25 um (Ref 52), 80 um (Ref 53), 60 um (Ref
60), and 63 um (Ref 61) from high input voltages of 5, 6, 70,
and 72V, respectively. In this article, a tip displacement of
28.35 um was easily achieved with a low operation voltage of
5V, contributed by the apparent capacity of the U-type
electrothermal actuator used in conjunction with a new
structure design. However, after the voltage value of 5V,
breaks and distortions occurred at the tip arm of the micro-
gripper. By changing the size of the designed micro-gripper,
fabrications resistant to higher voltages can be made. Thus,
higher tip displacements can be achieved.

There are also some MEMS grippers operated by thermal
actuators in previous work. For example, a micro-gripper
actuator with integrated V-beam thermal capability has been
reported in the literature (Ref 62). This actuator generates a
force in the y-axis direction, and the force is transmitted from
the y-axis to the x-axis direction using a displacement
amplification bend. While this bending causes a relatively
large loss of displacement in the vertical direction, it is not as
accurate when performing a clutch operation. In addition, an
electro thermally actuated arrester can be found in the literature
(Ref 63). This gripper has a simple working principle.
However, the complex mechanical structure complicates the
manufacturing process. By comparison, the U-type electrother-
mal micro-gripper presented in this article has advantages such

Journal of Materials Engineering and Performance

as easy fabrication and less impact of manufacturing defects on
the functionality of the gripper.

5. Conclusions

A new electrothermal MEMS micro-gripper has been
designed, simulated, fabricated, and experimentally tested in
this paper. Electrothermal actuation is used in the displacement
of the gripper and it is designed to be suitable for use in many
areas by providing a very low temperature at the arm tips of the
micro-gripper during actuation. The fabrication of the micro-
gripper was done using a SLA based 3D printer with a
resolution of 30 um. The most successful fabrication was
carried out in the dimensions of the micro-gripper 1050 um
long, 285 um wide and 5 pm thick.

An electrical characterization setup was created for the
experimental study. Electrical voltage was applied to the micro-
gripper placed in the station, starting from 1 to 1V increments,
until deterioration or breakage was observed in the gripper
structure. It has been determined that the micro-gripper can
with-stand a maximum voltage of 5V. As a result of the
characterization, each micro-gripper arm had a maximum in-
plane displacement of around 9 pm at 5V, resulting in a total
micro-gripper opening of 2835 um. The simulation and
experimental results for the displacement of the micro-gripper
arm tips are all in good agreement. The displacement error
values between simulation and experimental results for 1, 2, 3,
4, and 5V voltage values were measured as 9.80, 9.69, 6.95,
8.95, and 7.45%, respectively.

In our next study, the micro-gripper whose voltage and
displacement performance is observed will be developed to
include force feedback. Grip force measurements will be
provided by the integration of capacitive force sensors into the
design. These measurements are important for the micro-
gripper to grasp the objects precisely and without damaging
them. Object gripping and release will be achieved by applying
the operating voltage and the resulting gripping force will be
determined as feedback.
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