micromachines

Article

Z-Shaped Electrothermal Microgripper Based on Novel
Asymmetric Actuator

Margarita Tecpoyotl-Torres

, Pedro Vargas-Chable 1>*(, Jesus Escobedo-Alatorre !, Luis Cisneros-Villalobos 2

and Josahandy Sarabia-Vergara 3

check for
updates

Citation: Tecpoyotl-Torres, M.;
Vargas-Chable, P.; Escobedo-Alatorre,
J.; Cisneros-Villalobos, L.;
Sarabia-Vergara, J. Z-Shaped
Electrothermal Microgripper Based
on Novel Asymmetric Actuator.
Micromachines 2022, 13, 1460.
https://doi.org/10.3390/
mil3091460

Academic Editor: Huikai Xie

Received: 3 August 2022
Accepted: 31 August 2022
Published: 3 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centro de Investigacion en Ingenieria y Ciencias Aplicadas (IICBA-CIICAp), Instituto de Investigacion en
Ciencias Basicas y Aplicadas, Universidad Auténoma del Estado de Morelos, Cuernavaca,

Morelos 62209, Mexico

Facultad de Ciencias Quimicas e Ingenieria (FCQel), Universidad Auténoma del Estado de Morelos,
Cuernavaca, Morelos 62209, Mexico

Licenciatura en Tecnologia con Area Terminal en Fisica Aplicada, Universidad Auténoma del Estado de
Morelos, Cuernavaca, Morelos 62209, Mexico

*  Correspondence: pedro.vargas@uaem.mx

Abstract: Based on a V-shaped microactuator with a pair of beams, modifications were made to the
length and width of a microactuator to observe the effects. A theoretical approach and numerical
characterization of the modified microactuator were performed. Its performance was compared
to a similar microactuator with equal beam widths, and a V-shaped microactuator. The proposed
microactuator, fed at 2 V, compared to the V-shaped actuator, showed a 370.48% increase in force, but
a 29.8% decrease in displacement. The equivalent von Mises stress level increased (until 74.2 MPa),
but was below the silicon ultimate stress. When the modified microactuator was applied to the
proposed microgripper, compared to the case using a V-shaped actuator, the displacement between
the jaws increased from 0.85 um to 4.85 pum, the force from 42.11 mN to 73.61 mN, and the natural
frequency from 11.36 kHz to 37.99 kHz; although the temperature increased, on average, from 42 °C
up to 73 °C, it is not a critical value for many microobjects. The maximum equivalent von Mises stress
was equal to 68.65 MPa. Therefore, it has been demonstrated that the new modified microactuator
with damping elements is useful for the proposed microgripper of novel geometry, while a reduced
area is maintained.

Keywords: Ansys™; FEM; MEMS; electrothermal actuation; microgripper; microactuator; chevron

1. Introduction

The development of microelectromechanical systems, MEMS, has found a strong
position in various fields of knowledge, opening areas of opportunity for the develop-
ment of new technological applications. This allows for the generation of new or op-
timized gyroscopes [1], accelerometers [2], microactuators [3], micropositioners [4], mi-
cromirrors [5], microswitches [6], microgrippers [7], microcantilevers [8,9], piezoelectric
devices [10], magnetic microactuators [11,12], microgenerators [13-15], micropumps [16],
and RF-MEMS [17,18], among others.

Understanding the mechanical, electrical, thermic, chemical, and electromagnetic
properties of materials, which are compatible with MEMS technology, as well as the theo-
retical foundations of basic and complex devices, allows for the generation or optimization
of systems, in addition to the creation of new fields of knowledge and applications.

In this fascinating field of microsystems, microactuators have received special attention
due to their fundamental role in systems developed for several applications. Among them,
the following devices stand out.

The first device is a vertical thermal actuator, VTA. A classical VTA is presented in [19],
in which the hot (thinner) arm sits on top of the cold (wider) arm, separated by a layer of air.
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The arms are joined at their ends by a “via”, while at the other ends, they are independently
anchored to the substrate. The cold arm is connected to the anchors by means of beams
that facilitate its movement in the vertical direction. In [20,21], the VTA is fed by a voltage
source. As the hot arm expands, at a greater rate than the cold arm, it pushes the actuator
tip down towards the substrate, generating orthogonal displacements.

The U-beam can be considered an improved version of the VTA. It has a pair of arms
distributed in parallel connection, forming a U-shaped geometry. The thin arm is kept
hot, and the thick arm is characterized by being cold when an electric potential is applied,
generating a bending or displacement, and a force at the junction tips of these beams [22,23].

The well-known V-shaped microactuator has a beams distribution, with an inclination
angle with respect to the anchor and the shaft. The electric potential applied at their anchors
generates the electrothermal deformation of the beams, and the linear displacement of the
shaft, as well as the reaction force [24-26].

The Z-beam actuators have a similar configuration to the V-shaped actuator, with Z-
shaped beams instead of uniform ones. With this modification, an increase in displacement
has been reported [27]. They are also actuated by temperature gradients [28,29].

In this paper, a novel microactuator is proposed, with a geometry based on a modified
V-shaped actuator. It is characterized by its asymmetrical beams, with different lengths
and widths, that generate a higher force response. A design trade-off is observed in the
decrease in displacement. To validate the performance of the proposed actuator, a novel
micro-gripper, with a Z-shaped arm, was developed. The force improvement was the
challenge and motivation for the development of this work

In Table 1, the main characteristics studied in the state of the art for V-shaped and Z-
beam microactuators are shown. These microactuators have been used in different systems
and application areas due to their functionality, allowing the creation of new devices and
systems, mainly microgrippers, which is the final goal of this work.

Table 1. State of the art of recent V- and Z-shaped beam microactuators, and some of their fundamental

parameters.
Microactuator Structural quber of Inclination . . Software for Displacement Stiffness
Ref. . Pair of Dimensions (pm) . . Force (uN)
Type Material Beams Angle Simulation (um) (N/m)
[3] V-shaped Poly-Si 1 NA 600 x 100 x 20 Ansys™ NA NA NA
[12] Eig:trr :?S;D’e Ni 6 4 4%x2x%04 Comsol™ 10.2 NA 5.56
[4] Ghevron Al 4 10° 510 x 335 x 10 Comsol™ 10.94 NA NA
[25] V-shaped Si 10 2° ~1500 x 300 x 30 Ansys™ 70 NA NA
[26] V-shaped Poly-Si 10 10° ~600 x 400 x 10 Comsol™ 0.6 NA NA
[28] Z-shaped Si 2 NA 412 x 60 x 10 Ansys™ 0.2107 NA NA
30 -shape i 1 0.5 ~1.5x 12 x 21 nsys ~50 1000
[30] V-shaped N ° 1 1 Ansys™ NA
[31] Z-shaped Si 2 10° ~176 x 88 x 10 Ansys™ 0.750 30-40 NA
[32] V-shaped Poly-Si 3 NA ~600 x 4 X 6.95 Abaqus™ ~ ~400 NA
Note: not available (NA).
Table 2 shows some recently developed micromanipulator devices, as well as the type
of microactuators used to carry out their operation.
Table 2. State of the art of recent microgrippers, their actuators, and fundamental parameters.
Microgripper Microactuator Structural Simulated Dimensions DlsPlacemem Initial Gap Stress Force on Stiffness
Ref. Type Type Material or (um) of Tips (um) Max Tips (uN) (N/m)
P P Fabricated (um) (kPa) p
33 ectrotherma -beam 1 abricate ~ X X ~11 at ~
[33] El h 1 U-b Si Fabri d 375 x 200 x 60 11at9Vv 15 NA NA NA
Electrostatic Fl;‘l’;?nfuelg
[34] and piezo- pe n Si and PZT Simulated ~600 x 600 x NA 2at18V ~2 ~0.156 NA NA
lectric symimetrically
€ microbeams
[35] Electrothermal Chevron Poly-Si Simulated ~1000 x 900 x 10 192at1V 100 470 0-17,000 NA
[36] Electrothermal Z-shaped Poly-Si Simulated ~2680 x 2750 x 50 80at6V 100 Na 6575 263 x 1070
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Table 2. Cont.

Microgripper Microactuator Structural Simulated Dimensions Dlspla'cement Initial Gap Stress Force on Stiffness
Ref: ™ Type Type Material or (um) of Tips (um) Max  Tips (uN) (N/m)
yP YP Fabricated u (nm) B (kPa) psiu
[37] Electrothermal  U-shaped Poly-Si Fabricated ~280 x 100 x NA 91at14V 20 104 36t014V 4.05
[38] Electrothermal = U-shaped Poly-Si Fabricated ~1000 x 210 x 2 19.6at5V 5 ND 0.011 NA
[39] Electrothermal V-shaped SU-8 Simulated ~1650 x 800 x 9.85 115{/80 ND 22 231 NA
[40] Electrothermal  Z-shaped SU-8 Fabricated ~1300 x 500 x 20 80at04V 203.8 NA 26.3 NA

In Section 2, the design, modeling, and simulation of the proposed microgripper
are shown.

2. Materials and Methods
2.1. Design Concept and Simulation

Our starting point of design is the geometry of a V-shaped microactuator, with a
pair of symmetrical arms powered by an electric potential. With the knowledge about
the operation of the V-shaped microactuator and how to develop a geometry, whose
characteristics allows us to improve the performance of at least one of its parameters, the
following research questions were formulated: Q1: What would happen if the widths
and beam lengths of the V-shaped beam microactuator were modified? Q2: Would the
performance of the displacement or force parameters be improved?

To answer these questions, the proposed device was subjected to a parameterization
analysis, applied to the width and length of its beams. The novel optimized microactuator
is shown in Figure 1.

Figure 1. (a) Elements and geometric sizes, and (b) operating conditions of the asymmetric microac-
tuator.

To validate the performance of the asymmetric microactuator, a novel microgripper is
also proposed (Figure 2). It consists of two symmetrical arms, which are driven in their
lower section by the asymmetrical actuator; on its upper section, a Z geometry was added,
to increase the displacement of the jaws. In addition, an arrangement of compliant beams
was included, which supports the arm.

Table 3 shows the electrical, mechanical, and thermal parameters of silicon (Si) for
consideration in the simulation, using ANSYS™, as well as for the analytical models.

In Table 4, the dimensions of the microgripper elements are provided, which also will
be considered in the simulations, as well as in the analytical models. It should be noted that
the thickness of the structure was selected according to the SOI wafers used in the process
in which they could be fabricated.
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Figure 2. (a) Elements and (b) geometric sizes of the novel electrothermal microgripper.

Table 3. Mechanical and electrical parameters of Si [9,24,33,41].

Parameters

Silicon Values

Density p (kg/m?)

Thermal expansion coefficient, ot (c 1
Young’s modulus, E (GPa)

Poisson’s ratio, v

Isotropic thermal conductivity, x (W/m °C)

Isotropic resistivity, pg ((2 X m)

Average heat transfer coefficient, h (W/ m?2K)

Ultimate strength, (MPa)

Convection coefficient (W/m?2 °C)

2329
2.568 x 107°
130.1

0.33

148

0.00015

25

250

25

Table 4. Geometrical parameters of the microgripper proposed.

Element Description

Dimensions (um)

Element Description

Dimensions (um)

Length of the short and thin beam of
the microactuator (L)

Length of long and thick beam length
of the microactuator (Ly =2 x L)
Width of the short and thin beam of
the microactuator (wq)

Width of long and thick beam length
of the microactuator (w,)

Length of shuttle (Ls)

Width of shuttle (Ws)

400

800

5

25

192.5
60

Gripper length from shaft to damping
elements 1 (L¢1)

Gripper length from damping
elements to jaw 2 (Lg2)

Width of the base beam of gripper 1
(wg1)

Width of the Z section of gripper 2
(wg2)

Width of the base of jaw 3 (wy3)
Thickness of the structure (t)

631

770

25

50

25
70
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Table 4. Cont.

Element Description Dimensions (um) Element Description Dimensions (um)
Length of damping beam 1 (L3) 154.5 Gap (initial aperture between jaws) 50

. Pre-bending angle of the 5
Length of damping beam 2 (L4) 301 microactuator beams () 91

. Pre-bending angle of the damping o
Length of damping beam 3 (Ls) 170.5 beam 2 (6,) 22
Width of upper gap between gripper Pre-bending angle of the damping o

78.5 31

arms (w3) beam 3 (63)
Width of damping beams (ws) 9.5 Pre-bending angle between the beam 80°

base of the gripper and the pad (64)

In Sections 2.2 and 2.3, some models reported in the literature that investigate the
thermal, mechanical, and electrical behavior of MEMS devices, applicable to the proposed
microactuator and microgripper, are adjusted.

2.2. Modelling of the Asymmetric Actuator
2.2.1. Displacement of the V-Shaped Actuator

The models for asymmetric microactuator were generated from others reported for
the V-shaped actuator, or from well-known mechanical or electrical ones.

It is well-known that the force generated on a beam, when thermal energy is applied,
that produces an increment in temperature can be calculated by

AL
Fy= AET~ = AcEATx 1)
0

where the length increment AL of a beam of length L is given by L = LyATa. A is its
cross-section area. The component of Fj, in the Y-axis is

Fy, = AcEATasing @)

The displacement of the V-shaped actuator is due to the Joule effect, creating a bending
deformation of the beams [42]. In [41], a mathematical expression for the displacement was
given, considering both lateral bending and axial deformation of the beams under a small
deformation hypothesis, as a function of the thermal expansion of the beams.

ATwaLsinf
u, = aLsin 3)

2 2 ( 121
2+ c2 (121

where AT is the average temperature increase, c = cosf) and s = sinf, L is the length of the
beam, and I is the second moment of inertia of the cross section.

2.2.2. Displacement of the Asymmetric Actuator

The displacement equation proposed for the asymmetric actuator was developed
using the stiffness matrix method, also known as the displacement method in frames. The
main equation of this method is as follows [43]:

[K{U} = {F} +{R} 4

where [K] is the stiffness matrix of the frame, which is multiplied by the displacement
vector {U}, equal to the sum of the forces {F} and reaction {R} vectors.

The analysis considered all the degrees of freedom at each end of both beams, which
share the 4, 5, and 6 DOFs.
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The stiffness matrix of the frame is given by the following equation [43]:
[ 1 2 3 4 5 6 ]
o o -E 0 0
i s e 3
k=| o & 4 o Sm (5)
-2 0 o B o0 0
0 -If ey o L _a
0 @ ﬁ 0 —%EI ﬁ
L 12 L L2 L
The local displacements and forces are expressed as global ones. For beam 1,
Ur c s 0 0 0 0]fJUpy Fa c —s 0 0 0 O] [Fa
uLyz —s ¢ 0 0 0 0 Uyz Fyz S c 0 0 0 0 FLyZ
Ugsz| [0 01 0 0 0f]|Us and Mz |0 0 1 0 0 Of]|Ms ©)
Upa|l [0 00 ¢ s 0] Uy Fa| [0 0 0 ¢ —s 0| |Fru
ULy5 0 0 0 —s ¢ O Uy5 Fy1 0 0 0 s C 0 PLyS
Upe 0 00 0 0 1][Us M3 0 0 0 0 0 1] |[M

Equation (7) is obtained from substituting Equations (5) and (6) into Equation (4) and
is as follows:

i 1 2 3 4 5 6 U
(2M + s2N) s(M—N) —sm —(c*M—s?N) cs(—-M+N) —sm Uﬂ
cs(M —N) (*M+c*N)  em  es(-M+N) (=M —c2N) cm uy2
—sm c?m n sm —cm r U3
(—®M —$2N)  cs(—M+N) sm (M +s°N) cs(M—N) sm LIX4
es(-M+N) (=s2M—c*N) —cm  cs(M—N) (M +c*N)  —cm uyS
L —sm sm r sm —cm n ] -6

Similarly, the following equation is obtained for beam 2:

[ 4 5 6 7 8 9 7 U
(®M + s°N) s(M—N) —sm —(c*M—s*N) cs(—-M+N) —sm UX4
cs(M —N) (M +2N)  em cs(-M+N) (=M —c?N) cm uy5
—sm c2m n sm —cm r U6
(—2M —s*N)  es(—-M+N) sm (M +s°N) cs(M —N) sm UX7
es(-M+N) (=M —c?>N) —cm  cs(M—N) (M +2N)  —cm uyS
L —sm sm r sm —cm n | =77

F x4
Fy5
Mg
F x7
Fyg
Mo

@)

®)

For the sake of simplicity, the elements of the stiffness matrixes are denoted by
M = (EAc/L), N = (12 EI/L3®), m = (6 E/L?), n = (4 EI/L) y r = (2 EI/L), where A is the
corresponding cross-section area of the corresponding beam, c = cos, and s = sinf, with 6

in grades.

Equations (7) and (8) were added to obtain the total system equation. As a first
approximation, the assumptions and conditions that were used in [41] for the symmetric
chevron were considered. Uy = 0, i.e., there is no displacement in the X-axis, Uy, # 0,
meaning there is displacement in the Y-axis and Ry = Ry = 0, and M3 = 0, meaning there are
no reactions or moments. The only displacement that will be generated is in DOF 5, in the
Y-axis, since DOFs 2 and 8 are embedded to the anchors and the displacement matrix is

given by
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Fyq Rq (cs(—M+N)) Us
Fy 0 (s2M — ¢2N) Us
M3 R3 (sz> U5
(Fra)1 + (Fra)y (Re); + (Re)p ([es(M = N)]; + (es(M — N)),)Us
(Fi5), + (F5), | + 0 = [ ((s*M +¢2N), + (s*M — 2N),)Us | (9)
(Msg)1 + (Ms), (Re)1 + (Re)q ((—em)y + (sz)z) Us
Fyy Ry (es(=M+ N)),Us
Fyg 0 (—s*M — *N),Us
L M9 ] L Rg ] L (sm)2U5 ]

Considering only the expression for the DOF 5, Equation (9) is reduced to
(Fs); + (Fs),
((s?M+c2N); + (s2M — c?N),)
By substituting Equation (2), and considering Us = Uy, and the corresponding subindexes

1 and 2, for the case of the geometrical characteristics of beam 1 and 2, respectively, Uy is
obtained as

(Fs)y + (Fs)y = ((M+EN) + (M= ¢N) JUs —Us = (10)

aATsind(A + Ay)
2(A1 | A 2( L 4 I
2(f+42) +12 (L§+Lg>

where A; and Aj; are the cross-section areas, L1 and L, the beam lengths, I; and I, are the

(11)

. . . . tw3 tw3
inertia moments in (m*) of beams 1 and 2, respectively. [} = 43, and I = 7.

2.2.3. Force of V-Shaped Actuator

In [25], the stiffness of the V-shaped clamped thermal beams can be represented by
the following equation:
, _ 2NE (12Icos?0 + AL%sin?0)
= T3
where N is number of the pairs of beams. The other variables were previously defined.
The force due to a pair of beams can be obtained as F,, = kU,, with k and Uy given by
Equation (12), with N = 1, and Equation (3), respectively.

(12)

2.2.4. Force of Asymmetric Actuator

From Equation (4), and considering the different cross-section areas (A; and Ay) and
lengths (L1 and L) of beams, the equivalent stiffness coefficient can be given by:

k=ki+kp (13)

with 5 _
E(12I 6 + ALisin“6
kl = ( 1608 L—;— 1517’1 ) and k2 =
1

E(12Lyc05%0 + ALZsin?0)
Ly

(14)

k; and k), were obtained from Equation (12). The force in the Y direction can be calculated
as Fy = kUy, with k and Uy given by Equations (11) and (13), respectively.

2.2.5. Electric Modelling of the Asymmetrical Microactuator

The electrical resistance of the proposed asymmetrical beam actuator (Figure 3), ac-
cording to the notation given in (Figure 1), can be given by the following equation:

(2L, Ly | 2L
Rg—p(Aa T A2> (15)
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where L, and A, are the length and cross-section area of the anchor, respectively, and
Ly = 2L4. Electric current can be calculated from Equation (6), as I = V/R..

% Ri1 R2

Figure 3. Resistances of asymmetric actuator.

R, = 248.57 ) is obtained by Expression (6), considering p = 1.5 x 1074 Q x m.

2.3. Electrical Modeling of Microgripper

A half of the microgripper was considered (Figure 4) for the resistive analysis of
the microgripper (Figure 5). The values of the resistances R to Ry are calculated by the
well-known relation R = p%, where p is the resistivity, L and A are the length and the
corresponding cross-section of the beam, respectively. The geometric sizes of the elements
with R; to Ry3 are given in Table 5. We considered p = 1.5 x 10~% O*m, and t = 70 um.

Ri
R4 Re LS
Rs Rui ———
R R
3 J RlO R|2
Figure 4. A half of the microgripper.
R2 Rs Re
R7
Ri R4 Rn
CeAVAVAS cAVAVASS,
Ro R
R3 Rs Ri2 Ri3
AAA—AAN O
Rio
(a) (b)

Figure 5. (a) Resistive equivalent circuit of one half of the microgripper with damping elements. (b)
Equivalent resistance.

Table 5. Geometric sizes of the elements with R; to Ry3.

Resistance Length Width Resistance Length Width
(um) (um) (um) (um)
Ry 200 263.72 Rg 192 25
R; 400 25 Ry 154.6 3.5
R;3 400 5 Rip 293.56 25
Ry 232.5 60 Rig 170.44 3.57
Rs 400 25 Ry 300 25
R 240.92 50 Ri3 200 100

Ry 300.7 1.75
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The resistive equivalent of one half of the microgripper, Ry, is obtained by performing
the corresponding simplifications of the resistive circuit shown in Figure 5a, considering
two transformations, the first one from delta to star, and the second one from star to delta.
Therefore, the total resistance, Rt, of the microgripper is calculated as the parallel of the
two resistances Ry, as follows:

R
RoR RoR
RetRe+R 9Rqy ) ( 9R10 )L
numl ( 586 TR7+ Rg R g +Ry + Rs+ Ro7Ryp+Ri7 ) Rz
Ry Rs+ num1 R8+R RgRqg +num1
9

RoRy TRig+R T Ry
RygR11 Rs+Re +R7+ Rg+R g +R17
R, Ri+ R+ Riz+ rorrioirg s
Ry = I = + (16)
2 2 ( X )
RoRyy ( RoRyg )L
2 Ri + RstRotR7+ RotRotRn /4 R8+RI92+1510+R11 Ry
4 R3+ num R Rg+ 910 4 numl
R5+Rg+Ry +W01+IR11 Rg+Ryp+Ryp © Ry
with
RoRyy
(Ro + Ry)(Rs + Re + Ry + gy ) + RaRa
numl =
Ry
withp=15x 107* Q x m, Re =41.74 Q.
3. Results
3.1. Multiphysics FEM Model of Asymmetric Microactuator
To choose the geometry that provides the larger force, the simulation of the asymmetric
actuator was performed, considering the following two cases: microactuator 1, where the
arms have different lengths and equal widths and microactuator 2, with arms of different
lengths and widths. Table 6 shows the details of the multiphysics elements considered in
the corresponding simulations.
Table 6. Technical details about FEA in Ansys Workbench for microactuators 1 and 2, and the
V-shaped microactuator.
Element Face Inflation Convergence Total Mass
T MGG o Twhe e o Nebm  Neoms
Microactuator 1 ) 3941 1749 07776 x 10~8
Microactuator 2 Mechanical APDL f&ﬂz&f}gz;‘:ﬁem Default 0272 5 12 3003 1324 1176 x 108
V-shaped 26,237 12507 7.77 x 1079

microactuator

The results obtained when the actuators were fed with 2 V are shown in Figure 6.

With regard to the boundary conditions for the device simulated in Ansys Workbench,
the actuator was fed with 2 V, and the room temperature was considered as T, = 22 °C.
As part of the device operating conditions, the pads were fixed. The left pad was set to a
temperature of 22 °C, and its electric potential was set to 0 V. The right pad was set to 2 V.
It should be noted that the simulations of microactuators 1 and 2 were performed with the
same boundary conditions.

For comparison, a V-shaped microactuator was developed with a length of 600 pm,
the same total length, and width of 5 pm, and with the same shaft dimensions of the
asymmetric actuators.

To numerically determine the temperature distribution and the displacement of the
devices with respect to their length, a simulation trajectory was created along each device
(from pad to pad). The results are shown in Figure 7. They allowed us to choose the most
suitable asymmetric microactuator to apply to the microgripper.
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Figure 6. Simulation results of (a) deformation and (b) equivalent von Mises stress of microactuator

1. (c) Deformation and (d) equivalent von Mises stress of microactuator 2. (e) Deformation and
(f) equivalent von Mises stress of V-shaped microactuator.

The simulation results of force and equivalent von Mises stress for microactuators 1, 2,
and the V-shaped microactuator are given in Figure 8.
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From the graphs shown in Figure 7a, it is observed that, with respect to actuator 2,
the temperature distribution shows a peak at the thin arm length of ~350 um, from which
the temperature tends to remain constant, in the range between ~105 °C and 120 °C. In
the case of actuator 1, an increasing trend is also observed, but smaller than in the case of
microactuator 2; there is also a tendency to stabilize in the same range as microactuator 2.
In the case of the V-shaped microactuator, a similar trend to microactuator 1 is observed,
but with a greater convergence of values. In summary, the highest temperature values are

From Figure 7b, a greater symmetry of the displacement is observed in the case of the
V-shaped microactuator, followed by microactuator 1. In both cases, the maximum of the
curves is localized at its midpoint, with a slight shift to the left in the case of actuator 1. Of
the three actuators, actuator 1 achieves the largest displacement (6.69 um), while actuator 2
achieves a maximum displacement of 4.8 um, at the end of its thin beam.
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Figure 8. (a) Force, and (b) 2D and (c) 3D graph of equivalent von Mises stress microactuators 1, 2,
and V-shaped.

Regarding the force, from Figure 8a, we can observe the increasing tendency of the
three actuators, with higher values for actuator 2, reaching a maximum of 24 mN, while
actuator 1 reaches a value of 5.4 mN, when they are fed with 2 V. This remarkable increase
in force was the reason for choosing microactuator 2.

For all actuators, the stress values are below the ultimate stress for Si, with larger varia-
tions in the case of microactuator 1, but with larger values in the thin beam of microactuator
2. The highest stress values occur in actuator 1 and the V-shaped actuator, very close to the
junction point of their corresponding beams with the pad, where the positive potential is
applied (Figure 8b,c).

The simulation results for all the actuators analyzed are summarized in Table 7, where
the results for a conventional V-shaped actuator are also included.

Table 7. Comparison of performance parameters of microactuators 1 and 2, and the V-shaped
microactuator obtained by simulation in ANSYS™.

Device Displacement @ 2 V Force at 2 V (mN) Stiffness
(um) (N/m)
Microactuator 1 6.69 54 807.17
Microactuator 2 4.8 24 5000
V-shaped actuator 6.23 5.1 818.620

It can be observed from Table 7 that the increase in force of actuator 2 is superior to the
others, exceeding the V-shaped force by 370.38%, but with a 29.8% decrease in displacement.
The force increase is the reason for choosing it to actuate the proposed micro gripper.

In Figure 9, the results of the simulations of equivalent von Mises stress are shown.
The maximum value is given for each actuator in 3 points of interest. In Table 8, these
results are summarized for them.

As it can be observed in Figure 9 and Table 8, in all cases shown, the equivalent von
Mises stress values are smaller than the ultimate stress for Si. The location of the maximum
stress is also similar, near to the anchor where the voltage source is applied.
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Figure 9. Results of equivalent von Mises stress for the microactuators considered. A represents the
pad fed with 0 V, B corresponds to the shuttle location of each actuator. C indicates the pad fed at 2 V.

In A, B and C the von Mises stress values are shown.

Table 8. Equivalent von Mises voltage results for the considered microactuators.

Maximum Von Misses Stress (MPa)

Device

Point A Point B Point C
Microactuator 1 29.8 11.5 163.8
Microactuator 2 53.3 57.3 74.2
V-shaped actuator 344 144 161.8

The analytical result of the displacement for actuator 2 using Equation (11) is 3.29 um,
with an error of 31%, in relation to the numerical values, while Fy = 17.3 mN with an
error of 28% and the the stiffness calculated using Equation (13) was 5250 N/m, with
an error of 0.05%. It is necessary to mention that in simulation, thermal convection was
used, which could increase the errors. Similar errors were observed for the case of the
V-shaped actuator, where displacement has an error of 29%. In addition, in this first
approach to the displacement calculation of the asymmetric actuator, no moments or
reactions were considered.

3.2. Multiphysics FEM Model of Microgripper

The proposed microgripper was simulated in ANSYS™ using Si, with the microactua-
tor 2, with and without damping elements, and with the V-shaped microactuator (Figure 10)
to compare the displacement between its jaws. It was considered to maintain the reduced
total area. The technical details are shown in Table 9.

As can be observed from Figure 10, the displacement of the microgripper is smaller
in the case without damping elements. The smallest displacement corresponds to the
microgripper actuated with the V-shaped actuator.

*MWD = microgripper with damping elements; *MWoutD = microgripper without
damping elements; *MWVS = microgripper with V-shaped actuator.

The simulation results of the microgripper with actuator 2, with and without damp-
ing elements, and with the V-shaped actuator are shown in Figure 11, considering their
relationship of distribution of temperature to the length of the microactuators, the force
to the voltage applied, and displacement to the length of the jaws. The highest values of
these parameters correspond to the microgripper actuated by the micro actuator 2. Table 10
summarizes the results at 2 V.



Micromachines 2022, 13, 1460

14 of 20

C: Static Structural
Total Deformation 2

Type: Total Deformation ¥
Unit: m
Time: 15
2.1d45e-6 1.608de-6 1.0722¢-6 5361267 © Min ®

2.4126e-6 Max 1.8764e-6 1.2403e-6 8.0418e-7 2.6806e-7
[ I I | — I — | X

[} 0.00035 0,0007 (m)

T 1
0.00017 000052

(a)

==

C: Static Structural
Total Deformation
Type: Total Deformation

Unit m v
Tirne: 15
1,6303e-6 1.2227e-6 8.1513e-7 4.0756e-7 0 Min
1.834e-6 Max _ 1.4265¢-6 1.0189e-6 6.1135¢-7 2.0378e-7 ®
®
0 0.0004 0.0008 (m)
I 020 O S
00002 00006

C: Static Structural

Total Deformation

Type: Total Deformation

nit: m
Time: 15 v
3.7885e-T 2.8414e-7 1.8042e-7 0.4712e-8 0 Min
426267 Max 331497 2.3678e-7 14207e-7 4.7356e-0
| I I | I I —— ] Y
X
[ 00004 0.0008 ()
]
0.0002 0.0006

(©)

Figure 10. Displacement of microgripper (a) with and (b) without damping elements. (c) Displace-
ment of microgripper with a V-shaped actuator.
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Table 9. Technical details about FEA in Ansys Workbench for microgripper simulation.

Inflation Convergence
. Solver Target Physics Type and Analysis Type Element No. of Total Mass
Device Type/Mesh/Number of - . Max. Growth No. of Total ’ (kg)
Transition Ratio Total
DOF Layers Rate Nodes
Elements
*MWD Electric -> steady-state Solid187 /refinement /39356 20,223 10877 0.551 x 10~7
*MWoutD  Mechanical APDL Thermal-electric conduction (1) Solid187/refinement/36432 0.272 5 12 12,834 5685 0.545 x 10~7
*MWVS Structural -> static structural (2) Solid187 /refinement /38304 13,478 5930 0.534 x 10~7

*MWD = microgripper with damping elements; *MWoutD = microgripper without damping elements;
*MWYVS = microgripper with V-shaped actuator.
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Figure 11. (a) Temperature distribution vs. length, (b) force vs. applied voltage, and (c) displacement
vs. jaw length for the micro gripper with actuator 2, with and without damping elements, and with
the V-shaped actuator.

Regarding the displacement in the Z-axis, U, = 0.023 pum for the microgripper with
damping elements, and without them, U, = 0.022 um. In both cases, these values are small
compared to the displacement in the other axis.

From Table 10, it is observed that MWD has the larger displacement and force, as
expected. It also has the larger natural frequency, notably improving its response.
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Table 10. Comparison of performance parameters of microgripper, obtained by simulation in ANSYS.

Displacement (um)  Force (mN) at 2 Natural Frequency
Actuator at2 vV vV AT at2V (kHz)
MWoutD 1.830 70.151 111.53 14.899
MWD 2.426 73.61 111.52 37.994
MWVS 0.426 42.11 111.09 11.361

The equivalent von Mises stress results are shown in Figure 12 and Table 11 in the
specified points of interest to observe the microgrippers’ performance and the location of
the maximum point of stress.

24217€+007 52320 +007 5065404007 %
] ? \ 6065401007
Mode 4302 Node 2825

MW
D

Mode 4283

2 Node 4276

7174784+ 007
2 3084e+007 B

MWoutD

2 7ecte+007 b l.2108¢+007

Figure 12. Equivalent von Mises stress distribution for MWD, and MWoutD. A, D, G, and ] represent
the pad fed with 0 V. B, E, H, and K correspond to the shuttle location of each actuator. C, F, I, and L
indicate the pad fed at2 V.

Table 11. Equivalent von Mises stress values for MWD, and MWoutD.

Von Misses Stress (MPa)

MWD
A B C D E F
24.2 34.8 68.65 18.0 37.93 57.26
MWoutD
G H I ] K L
33.98 35.13 71.74 27.8 42.1 72.19

According to Figure 12, the maximum values for both cases are located near the
junction point between the beam and the anchorage where the stress source is applied. The
maximum value of MWD is 68.65 MPa, which is smaller than the maximum value obtained
for MWoutD. This is another advantage of the use of damping elements.

In Figure 13, the simulation results of current for the actuator 2 and the microgripper,
with and without damping elements, are given. At 2 V, the calculated current value for
MWD is 47.9 mA, and 8.04 mA for the microactuator 2. The error for MWD s current,
compared with the numeric approach, is 13.8%, and for the actuator, it is only 0.0047%,
which validates our electric models.
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Figure 13. Behavior of current vs. voltage by numeric and modeling results.

4. Discussion

From the results given in the previous section for the microactuator proposed, Q1 can
be answered by mentioning that when the widths and lengths of the arms of a V-shaped
actuator are modified, considering the proportions for the microactuator 2 (L, = 2 L1, and
W, =5 W), and applying 2 V, the temperature increases nonlinearly until approximately
100 °C in the short beam at ~350 um, and after, the growth is slower with a tendency to
remain constant, in the range between ~105 °C and 120 °C (Figure 7a). This actuator was
compared with actuator 1 (L, = 2 L1, and W, = W) and the V-shaped actuator (L =3 L;/2,
W = Wj). In all cases, the temperature in the short beam of microactuator 2 was higher,
which is a disadvantage.

The displacement decreases from 6.23 um to 4.8 um (Figure 7b), that is, a reduction
of 29.8% compared with the case of the V-shaped microactuator; however, the force goes
from 5.1 mN to 24 mN (Figure 8a), which is equivalent to an increment of 370.58%. The
equivalent von Mises stress increases in the microactuator 2, with the largest values at
the end of the thin beam (74.2 MPa), near to the anchor where the voltage source was
applied, but with values under the ultimate stress of Si (250 MPa) (Figures 8b and 9). The
3D graphical comparison shown in Figure 8c allows us to observe the highest stress values
for microactuator 1, and the V-shaped microactuator at the end of the beams near to the
corresponding anchors where the voltage is applied, as well as the more punctual locations.

The answer to Q2 is that the improved parameter is the force, which, for our applica-
tion, is very useful.

For the case of the novel microgripper, which is normally closed, with an initial
aperture of 50 um, it was implemented with the analyzed microactuators, maintaining a
similar total area. A disadvantage of using microactuator 2 is given by its temperature
increment, compared to the case when a V-shaped actuator is used and on average increases
from 45° to 72°, with an increment of 60% (Figure 11a). The temperature, however, is not
excessively high, so there is a range of microobjects that can be clamped.

From the data given in Table 10, at 2 V, actuator 2 with damping elements (MWD)
has an aperture of 4.85 um, which represents an increment of 370% compared when the
V-shaped actuator. The force showed an increment of 74.80%, reaching a value of 73.61 mN.
The natural frequency had an increment of 234%, with f, = 37.994 kHz. Its maximum
equivalent von Mises stress was 68.65 MPa, a lower value than the ultimate stress for Si
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(Table 11). The performance parameters of MWD also have larger values than the case of
MWoutD (Tables 10 and 11).

At 2V, the calculated current value for the MWD is 47.9 mA, and 8.04 mA for the
microactuator 2. The errors relative to the numerical analysis are 13.8%, and 0.0047%
(Figure 13), which validates our electrical models.

The largest diameter that could be clamped is 54.85 pm. The initial aperture can be
easily modified, increasing the versatility of the use of this microgripper. Because of the
increase in force up to 73.61 mN, it can support masses up to 7.5 mg.

Due to the high force, some immediate applications could be found in the research of
materials or microdevices for observation, or experimental tests of stress, among others.
Currently, several microobjects are under development for diverse areas, for example, micro
components for microdevices, microwires or microfibers for RF or optic communications,
and micro assembling for micro manufacture.

The microgripper has a relatively high gripping force with a compact design, making
it suitable for potential applications as part of microinjection or drilling systems that are
required in several fields, such as micromanufacture and assembling processes. However,
for this possible application, future intensive research is required.

With the developed theoretical approaches and the numerical results, the performance
of the proposed microstructures has been demonstrated. More complex theoretical models
of the microactuator and the microgripper could be developed in the future. The fabrication
of the structure and the corresponding experimental tests could also be performed.

5. Conclusions

In the novel and optimized microgripper, the use of a new asymmetric electrothermal
microactuator is remarkable. The microgripper is characterized by its Z-beam shape and
damping elements. In the case of the microactuator based on a V-shaped actuator, only two
beams are needed, with different lengths and widths, and a small prebending angle (1°,
in relation to the horizontal angle) and in comparison with the V-shaped microactuator of
two beams of equal total length, the increment in force is 3.7 times, but the decrement in
displacement is 29.8%.

Benefiting from the new actuator design concept, the total size of the entire gripper
is only 2.068 mm x 0.527 mm x 0.07 mm. At the same time, by increasing the driving
voltage applied to the asymmetric thermal microactuator to 2 V, the force increases until to
73.61 mN and the displacement up to 4.8 um. With the implementation of the asymmetric
microactuator, the stress level is low and its highest value on the arrow is 37.93 MPa,
while the ultimate tensile stress of silicon is 250 MPa. To avoid collapsing and nonlinear
displacements in the microgripper, the implementation of the damping elements is included
in the microactuator design, which increases the force, displacement, and frequency range.

Our simulation and analytical results verify the feasibility of the MEMS gripper design.
This geometry can be used in other fabrication methods, such as the numerical control
machine, which may be considered in future work.
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