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Abstract: The ongoing development of microelectromechanical systems (MEMS) over the past decades
has made possible the achievement of high-precision micromanipulation within the micromanufacturing,
microassembly and biomedical fields. This paper presents different design variants of a horizontal
electrothermally actuated MEMS microgripper that are developed as microsystems to micromanipulate
and study the deformability properties of human red blood cells (RBCs). The presented microgripper
design variants are all based on the U-shape ‘hot and cold arm’ actuator configuration, and are
fabricated using the commercially available Multi-User MEMS Processes (MUMPs R©) that are produced
by MEMSCAP, Inc. (Durham, NC, USA) and that include both surface micromachined (PolyMUMPsTM)
and silicon-on-insulator (SOIMUMPsTM) MEMS fabrication technologies. The studied microgripper
design variants have the same in-plane geometry, with their main differences arising from the thickness of
the fabricated structures, the consequent air gap separation between the structure and the substrate
surface, as well as the intrinsic nature of the silicon material used. These factors are all inherent
characteristics of the specific fabrication technologies used. PolyMUMPsTM utilises polycrystalline
silicon structures that are composed of two free-standing, independently stackable structural layers,
enabling the user to achieve structure thicknesses of 1.5 µm, 2 µm and 3.5 µm, respectively, whereas
SOIMUMPsTM utilises a 25 µm thick single crystal silicon structure having only one free-standing
structural layer. The microgripper design variants are presented and compared in this work to investigate
the effect of their differences on the temperature distribution and the achieved end-effector displacement.
These design variants were analytically studied, as well as numerically modelled using finite element
analysis where coupled electrothermomechanical simulations were carried out in CoventorWare R©

(Version 10, Coventor, Inc., Cary, NC, USA). Experimental results for the microgrippers’ actuation
under atmospheric pressure were obtained via optical microscopy studies for the PolyMUMPsTM

structures, and they were found to be conforming with the predictions of the analytical and numerical
models. The focus of this work is to identify which one of the studied design variants best optimises the
microgripper’s electrothermomechanical performance in terms of a sufficient lateral tip displacement,
minimum out-of-plane displacement at the arm tips and good heat transfer to limit the temperature at
the cell gripping zone, as required for the deformability study of RBCs.
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1. Introduction

The constantly growing need for high-precision micromanipulation has seen the implementation
of microelectromechanical systems (MEMS) in numerous applications within the micromanufacturing
and biomedical fields. Microgrippers are one such type of MEMS devices that are typically designed
to safely manipulate biological cells [1–9] as well as micromechanical parts [10–12]. The successful
development of a MEMS microgripper depends on taking into account several factors including
the design and mechanical structure [13], the actuation mechanism [14,15], the choice of materials
used [16–19], the operational requirements and limitations [20], the fabrication technology [21–26],
and the environment in which the microgripper will be operated [27].

Our previous work [25] presented an analytical and a numerical model of a horizontal electrothermal
microgripper design that were developed to reliably predict the temperature distribution and displacement
at the arm tips when operated under atmospheric pressure. These developed models focused on an
electrothermomechanical analysis which considered heat conduction to the substrate, through both the
air gap and the anchor pads, as the main source of heat loss from the structure. Tip displacement results
obtained from the analytical and numerical models were comparable with the results obtained from
the experimental testing performed on a fabricated PolyMUMPsTM structure. The main contribution
of the current work consists of utilising the models established and validated in [25] to evaluate and
compare the temperature and displacement behaviour of four electrothermal microgripper design variants.
These microgripper design variants have the same in-plane geometry, with their main differences being
the device thickness, the air gap thickness between the structure and the substrate surface, and the
intrinsic nature of the silicon material, all of which are characteristics of the fabrication technologies used.
In this regard, the current study investigates the feasibility of two commercially available fabrication
technologies—PolyMUMPsTM and SOIMUMPsTM—to realise a microgripper structure with optimised
electrothermomechanical performance. The electrothermomechanical performance is optimised based
on the requirements to micromanipulate and study the deformability properties of human red blood
cells (RBCs), and focuses on obtaining a sufficient opening stroke of the microgripper arms, minimum
out-of-plane displacement at the arm tips and minimum temperature rise at the cell gripping zone.

RBCs, with a diameter of around 8 µm and an approximate thickness of 2 µm, have an average
lifetime of 120 days. They are responsible for carrying oxygen, and carbon dioxide (CO2), from the
lungs to the body tissues and back, respectively. Healthy and diseased RBCs differ in their
deformability properties. Healthy RBCs are capable of undergoing the necessary cellular deformation
to flow even through human microcirculation vessels with small diameters, thus being able to
continuously fulfill their function of supplying oxygen to the biological tissues. However, studies have
shown that a number of pathological conditions such as diabetes, sickle cell anemia, malaria and other
genetic disorders negatively impact the deformability properties of RBCs [28,29]. The increased cell
membrane stiffness in the presence of such pathological conditions inhibits the cellular deformation
required for RBCs to freely flow through the smaller blood vessels, thus preventing RBCs from
performing their important function. In the case of healthy cells, the required gripping force will
be of the order of a few microNewtons, with this force expected to increase to achieve the same cell
deformation in diseased cells due to the increased membrane stiffness. The deformability properties of
RBCs can thus be an important measure of human well-being and their measurement has in fact been
the subject of various studies over the years [30,31].

This paper investigates the effects of the structure thickness, the air gap thickness, and the different
sources of silicon on the performance of a horizontal electrothermal microgripper designed for the
deformability study of RBCs. The implemented ‘hot and cold arm’ microgripper design variants
and the electrothermal actuation principle are defined in Section 2. Section 3 presents and compares
the commercially available surface and bulk micromachining processes whose feasibility is studied
for the fabrication of the considered microgripper design variants. The developed microgripper
numerical models were simulated based on the finite element analysis (FEA) modelling technique
and are described in Section 4. Section 5 outlines the setup used for the experimental investigation of
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the fabricated microgrippers that was carried out using optical microscopy. Section 6 presents and
compares the electrical, thermal and mechanical performance of the different microgripper design
variants, and finally, Section 7 highlights the concluding remarks and outcomes of this work.

2. Microgripper Design Variants and Principle of Operation

The microgripper design variants developed in this study are all derived from the U-shape ‘hot
and cold arm’ electrothermal actuator configuration [32]. A ‘hot and cold arm’ actuator design is mainly
composed of two parallel arms with dissimilar widths, the hot arm and the cold arm, that underlie the
operating principle of the electrothermal actuator, and a flexure component that allows the actuator
to bend and to achieve the required motion. Figure 1 demonstrates how two such actuators can
form a complete microgripper, with the extending microgripper arms amplifying the achieved tip
displacement. The ‘hot and cold arm’ microgripper design considered here consists of a kinematically
simple structure that can be manufactured with a limited number of fabrication steps. Such a structure
makes it easy to assess the feasibility of two commercially available fabrication processes as well as to
study the effects of basic design parameters such as structure thickness, air gap thickness and silicon
type on the performance of a microgripper for the intended application of RBC manipulation.

Figure 1. Schematic illustration of the electrothermal microgripper design based on the U-shape ‘hot
and cold arm’ actuator configuration. The encircled points within the cell gripping zone indicate the
arm tip points that will be later investigated for their x-, y- and z-displacements. The cell gripping zone
is to undergo further development in future work.

Under an applied potential, the hot and cold arms experience unequal resistive heating due
to their different cross-sectional areas, and the resulting asymmetric thermal expansions result in
a bending moment and in angular rotation of the arms about the fixed anchor pads. This motion
drives the two gripping arms to open and close as necessary, and results in non-parallel gripping
of the micro-object. The relative rotation angle for the opening motion of the arms is given by the
inverse tangent of the ratio of the arm tip’s displacement to the combined length of the hot arm
and the microgripper arm (Lh + La). In scenarios where parallel gripping is essential, a different
kinematic design will be required [33]. There is, however, no requirement for non-parallel gripping in
the case of RBC manipulation as RBCs are highly deformable and thus this non-parallel gripping is
not expected to hinder their manipulation and deformability characterisation. Moreover, the same
designed microgripper will be used to comparatively study the deformability properties of different
RBCs, and hence the non-parallel gripping effect will not influence the results obtained.

The optimal design of flexure hinges in microgripper structures has been investigated in multiple
works [34–38]. In the ‘hot and cold arm’ design, the ratio of the flexure length to the hot arm length is
one of the design parameters that influences the maximum deflection achieved at the microgripper
arm tips. This length ratio was optimised in the authors’ previous work [32] and was found to have
a value of 0.23. Moreover, the flexure is generally manufactured to have the same width as the hot arm,
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which is in turn usually designed with the smallest dimension that the fabrication process is capable of
achieving. The flexure is, however, much shorter than the hot arm, thus limiting its temperature from
increasing to the same degree as that of the hot arm. These length and width criteria ascertain that the
flexure is designed with the correct dimensions to effectively operate as a low-stiffness extension of the
cold arm, ensuring proper elastic deflection of the actuator. As for the entire microgripper structure,
the thickness of the flexure in this work is dependent on the fabrication process.

The performance of a microgripper is largely dependent on its geometry and dimensional
parameters, as well as its material properties. This work focuses on four microgripper design variants
that have the same dimensions in the x-y plane (i.e., the length and width parameters), but different
structure and air gap thicknesses, as well as different material properties. The fixed length and width
parameters of the designed microgrippers are given in Table 1.

Table 1. Fixed geometrical dimensions of the studied microgripper design variants. The dimension
annotations are given in Figure 1.

Parameter Value Unit

Length of hot arm, Lh 200 µm
Length of cold arm, Lc 154 µm
Length of flexure, L f 46 µm
Length of connector, Lg 3 µm
Length of gripping arm, La 203 µm
Width of hot arm, wh 3 µm
Width of cold arm, wc 14 µm
Width of flexure, w f 3 µm
Width of gripping arm, wa 6 µm

The differences in structure thickness, air gap thickness, and material type of the four microgripper
design variants were achieved by making use of different fabrication technologies: three designs
were obtained using the different structural layers offered by the PolyMUMPsTM process, and one
design was obtained using the SOIMUMPsTM process. These two fabrication technologies have
very different sources of silicon, mainly low pressure chemical vapour deposition (LPCVD) for
polycrystalline silicon films for the PolyMUMPsTM process, and mechanically-thinned wafers of
single crystal silicon (SCS) for the SOIMUMPsTM process, resulting in different material properties.
SOIMUMPsTM utilises a 25 µm thick SCS structure having only one free-standing structural layer,
whereas PolyMUMPsTM utilises polysilicon structures with thicknesses in the range of micrometers
that are made from two free-standing, independently stackable structural layers. Although the
individual sacrificial and structural layer thicknesses are determined by the PolyMUMPsTM fabrication
process, three design variants with different thickness dimensions have been fabricated by using the
two available structural layers individually as well as by fabricating a stack of both layers, enabling
the user to achieve structure thicknesses of 1.5 µm, 2 µm and 3.5 µm with the same process. These two
structural layers are both made of polysilicon but are subject to a different amount of diffusion-doping
with phosphorus, leading to different values for the electrical resistivity of the two layers. For the
same in-plane geometry, the different structural thicknesses result in a wide range of aspect ratio
(width:thickness) values, from a value of 30 for the 1.5 µm thick PolyMUMPsTM structure down to
a value of 1.8 for the 25 µm thick SOIMUMPsTM structure. Moreover, the different thicknesses of
the PolyMUMPsTM structures also result in different air gap separations between the device and the
substrate, while no small air gap is present in the SOIMUMPsTM structure.

3. Fabrication Processes

The PolyMUMPsTM and SOIMUMPsTM fabrication technologies are both standard, commercially
available Multi-User MEMS Processes (MUMPs R©) that are produced by MEMSCAP, Inc.

PolyMUMPsTM [39] is a surface micromachining process that utilises a 20 µm thick (100) SCS
handle wafer (known as Substrate), a silicon nitride layer for electrical isolation (known as Nitride),
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three mechanical layers of LPCVD polysilicon (known as Poly-0, Poly-1 and Poly-2), two sacrificial
layers of LPCVD phosphosilicate glass (PSG) (known as Oxide-1 and Oxide-2), and a layer of gold with
a thin chromium adhesion layer (known as Metal) that are deposited by electron beam for probing,
bonding, or electrical routing. Once the layers are photolitographically patterned and reactive ion
etched, the PolyMUMPsTM process results in a suspended structure, i.e., a structure that is separated
by a small air gap from the surface of the substrate. Because of this small air gap between the device
and the substrate, small bumps known as dimples are introduced underneath the polysilicon beam to
reduce the contact surface area in case the beam bends towards the substrate. Such dimples thus help
to minimise device stiction to the substrate that is driven by surface energy. The Poly-1 and Poly-2
layers can be used individually or stacked on top of each other to create suspended movable structures
that are released when the intermediate PSG layers are removed through etching with hydrofluoric
(HF) solution, followed by supercritical CO2 drying.

On the other hand, SOIMUMPsTM [40] is a silicon-on-insulator (SOI) micromachining process that
utilises a 400 µm thick (100) SCS handle wafer (known as Substrate), a silicon dioxide layer for electrical
isolation (known as Oxide), a SCS layer that is mechanically-thinned (known as SOI), and two layers of
gold with a thin chromium adhesion layer (known as Pad-Metal and Blanket-Metal) that are deposited
by electron beam . The 25 µm thick SOI layer is mechanically released by jointly using an undercut etch
with vapour phase HF acid to remove the Oxide layer, and deep reactive ion etching from the backside
of the substrate layer (known as Trench), in this way creating an overhanging movable structure,
i.e., a structure that is totally exposed to ambient with no small air gap present.

Figure 2 highlights the main dimensional differences resulting from the two fabrication processes.
The main differences between structures fabricated with these two technologies are the different
thickness of the released silicon layers t, the different air gap thickness ta or lack thereof, as well as
the different structural material. Table 2 summarises the microgripper design variants studied in
this work.

(a) (b)

Figure 2. Cross-sectional schematic of the microgripper structure fabricated with the PolyMUMPsTM

surface micromachining technology (a) and the SOIMUMPsTM bulk micromachining technology
(b) (not-to-scale). Note that the PolyMUMPsTM process results in a suspended structure (i.e.,
with a small air gap between the device and the substrate) while the SOIMUMPsTM process results in
an overhanging structure (i.e., the structure is totally exposed to ambient with no small air gap present).

Table 2. Design variants of the studied microgripper structure. The given nominal thicknesses are in
µm and are annotated in Figure 2. The thickness parameters are defined by the respective fabrication
process and the mask layers used.

Design Variant # t ta td ts tn tm Process Material Mask Layer

1 1.5 2.75 2 20 0.6 0.5 PolyMUMPsTM Polysilicon Poly-2
2 2 2 0.75 20 0.6 0.5 PolyMUMPsTM Polysilicon Poly-1
3 3.5 2 0.75 20 0.6 0.5 PolyMUMPsTM Polysilicon Poly-1 + Poly-2
4 25 - - 400 2 0.5 SOIMUMPsTM Single Crystal Silicon SOI
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4. Numerical Models

Numerical models based on the FEA technique were developed in CoventorWare R© and used
to sequentially compute the steady-state electrothermal and thermomechanical performance of
the designed microgrippers. The models of the microgripper design variants fabricated with the
PolyMUMPsTM process (Design Variants 1-3) and with the SOIMUMPsTM process (Design Variant 4)
are shown in Figures 3 and 4, respectively. A parabolic tetrahedral mesh with an element size of
1 µm was determined by a mesh refinement study to ensure an accurate and cost-effective mesh
size. The numerical simulations were performed taking into account nonlinear geometry, while the
influence of body forces such as gravity were not considered as they were found to be negligible at
the microscale. The arm tip points indicated in Figure 1 were numerically investigated for their x-, y-,
and z-displacements.

Figure 3. The suspended PolyMUMPsTM electrothermal microgripper as modelled in CoventorWare R©.
This model represents the mechanical structure for Design Variants 1-3, and demonstrates the boundary
conditions applied to the model.

Figure 4. The overhanging SOIMUMPsTM electrothermal microgripper as modelled in CoventorWare R©.
This model represents the mechanical structure for Design Variant 4, and demonstrates the boundary
conditions applied to the model.

The material properties used within the numerical models are given in Table 3 and Figure 5.
Isotropic properties are used for polycrystalline silicon. Polysilicon films with a 1 µm thickness or
larger are usually composed of relatively columnar grains with an average grain size of 300–600 nm
across most of the film thickness and dominant <100> texture. This grain size is strongly influenced by
deposition parameters and annealing temperatures. Such a microstructure permits large polysilicon
components composed of a large aggregate of grains, such as MEMS devices that are tens to hundreds
of micrometers large, to be considered as transversely isotropic and under plane strain, locally and
globally [41]. In the case of SCS, while thermal properties can be assumed to be isotropic for any given
plane, the elastic and mechanical properties are, however, direction dependent. This variation results
from the anisotropic nature of silicon whose crystalline structure exhibits cubic symmetry. The elastic
behavior of silicon MEMS structures depends on the orientation of the structure with respect to the
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crystallographic axes. The (100) plane is the most common silicon wafer orientation used for the
microfabrication of MEMS devices and thus the elasticity values of SCS are given in the frame of
reference of a standard (100) silicon wafer in this work. Due to its cubic symmetry, it is possible to
describe silicon as an orthotropic material and to give its elastic properties in terms of orthotropic
material constants as shown in Table 3 [42,43].

Table 3. Material properties extracted from the CoventorWare R© Materials Library for the
PolyMUMPsTM [39] and SOIMUMPsTM [40] fabrication processes. Unless otherwise specified,
these material properties are given at 300 K.

Property
PolyMUMPsTM SOIMUMPsTM

Poly1 Poly2 Metal SOI PadMetal

Density [g/(cm)3] 2.23 2.23 19.30 2.50 19.30

Young’s modulus, E [GPa] 158 158 57
Ex = Ey = 169

57
Ez = 130

Shear modulus, G [GPa] - - - Gyz = Gzx = 79.6 -
Gxy = 50.9

Poisson’s ratio, ν 0.22 0.22 0.35 νyz = 0.36, νzx = 0.29 0.35
νxy = 0.064

Thermal expansion coefficient, α [µm/mK] 2.80 2.80 Refer to Figure 5 2.50 Refer to Figure 5

Specific heat capacity, c [J/kgK] 712 712 128.7 712 128.7

Thermal conductivity, k [W/mK] 32 32 297 148 297

Electrical resistivity [ µ·Ω·m] 20 30 3.12 × 10−2 500 2.86 × 10−2

Figure 5. Variation of the coefficient of thermal expansion, α, with temperature for the Metal and
PadMetal Layers in the PolyMUMPsTM [39] and SOIMUMPsTM [40] processes, respectively.

The solution of the electrothermal and thermomechanical analyses also requires a number of
boundary conditions to be applied within the models to define the electrical, thermal and mechanical
constraints imposed on the system. The boundary conditions implemented within these models are
indicated in Figures 3 and 4, and included applying the actuation voltage to the top surface of the
metallised probe pads, setting an initial temperature as a volumetric boundary condition to all the
model elements, fixing the temperature of the bottom surface of the three anchored pads to room
temperature throughout the analyses since these pads are anchored to the substrate, which acts as
a heat sink, and restricting the motion of the bottom surface of the three anchored pads in all directions
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throughout the analyses. All the above-mentioned boundary conditions were identically applied to
the four microgripper design variants.

An additional boundary condition was then separately applied to the PolyMUMPsTM structures
(Design Variants 1-3) and the SOIMUMPsTM structure (Design Variant 4) to simulate convective heat
transfer. Due to the very small air gap, ta, between the microgripper and the substrate resulting from
the PolyMUMPsTM fabrication technology (Figure 2a), convection from the bottom surface of the
microgripper to the substrate becomes significant, and other heat losses by natural convection from the
other beam surfaces can justifiably be assumed to be comparatively negligible. Moreover, the small air
gap permits the convective heat transfer coefficient of the bottom surface to be modelled by conduction
through the air gap to the substrate [44]. This approach was thus applied to simulate heat losses in the
numerical models for Design Variants 1-3. On the other hand, due to the absence of a small air gap
beneath the overhanging SOIMUMPsTM structure (Figure 2b), there is no dominant convective heat
loss from the bottom surface compared to the other beam surfaces and thus, in this case, a convective
heat transfer coefficient was equally applied to all the beam surfaces in the numerical model for Design
Variant 4 to simulate heat losses by natural convection in air. Moreover, heat losses by radiation can be
reasonably ignored for thermal actuators operated at low operational power [44,45] and were thus
excluded from all the models in this work.

5. Experimental Setup

The experimental testing reported in this work was carried out on the microgripper structures
fabricated with PolyMUMPsTM (Design Variants 1-3). Different laboratory procedures are in place to
reliably test RBCs under atmospheric conditions [46], thus justifying actuation characterisation in air
in this study. The probe pads of the released fabricated structures were ultrasonically wire-bonded to
the contact pads of an integrated circuit (IC) package to facilitate testing. Voltage probes, each with
an integrated positioning system in the x-, y- and z-directions, were then used to electrically achieve
a connection between the IC package and the power supply. Each microgripper structure based on
Design Variants 1-3 was actuated by applying a potential in increments of 0.5 up to 3 V on each arm,
in the meantime also taking note of the current through the structure. The thermal time constant of
the studied microgripper design variants is of the order of milliseconds, and thus an interval of a few
seconds between each voltage step ensured that steady-state conditions were obtained before applying
the new voltage.

The relative opening displacement of each microgripper arm tip was measured at atmospheric
pressure on a vibration isolation Cascade Microtech Summit 11,000/12,000 B-series probe station with
an embedded optical microscope-based vision system. A Mitutoyo’s Metallurgical Plan Apochromatic
(M Plan APO) 10× objective lens, in conjunction with the 10× magnification of the eyepiece, was
used for the experimental characterisation. The features of such an objective lens include infinity
corrections, bright field observation, long working distance and corrections of chromatic and spherical
aberrations. A tracking software program was used to automatically measure the relative opening
stroke of each arm, from which the absolute total gap opening could then be calculated by taking into
account the 5 µm initial gap between the arm tips in the closed (i.e., not actuated) position. The width
of the gripping arm (6 µm) was taken as a reference for calibration. The experimental setup is shown
in Figure 6.
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Figure 6. Experimental setup used to test the microgripper design variants fabricated with PolyMUMPsTM.
The microgripper structures are mounted on an integrated circuit package and actuated with voltage probes
on the Cascade Microtech probe station [25].

6. Results and Discussion

The four microgripper design variants that differ in terms of the device thickness, the air gap
thickness between the device and the substrate or the lack thereof, and the silicon type (polysilicon
versus SCS) have been studied for their electrothermomechanical performance. This has been
conducted analytically, numerically and experimentally for Design Variants 1-3, and analytically
and numerically for Design Variant 4.

6.1. Thermal Analyses

The temperature distribution developed within the microgripper is one of the important factors
to be considered in a microgripper design. The maximum temperature on the hot arm determines
the microgripper’s performance, but, at the same time, this temperature needs to be kept within the
material limits to avoid the onset of material damage. Additionally, for specific applications in the
biomedical field, the temperature at the microgripper arm tips needs to be kept as minimum as possible
to ensure the manipulation of living cells and tissues without inducing any damage.

Thermal characterisation of the actuated microgripper structures was performed analytically and
numerically in this work. Figure 7 compares the analytical results for the temperature distribution along
the different actuator components for Design Variants 1-4. The temperature profiles along the hot arm
Th(x), cold arm Tc(x), and flexure Tf (x) for these structures were calculated using Equations (1)–(3),
respectively, as derived in [25]:

Th(x) = TH + C1emhx + C2e−mhx, (1)

Tc(x) = TC + C3emcx + C4e−mcx, (2)

Tf (x) = TF + C5em f x + C6e−m f x, (3)

where mh, mc and m f are to be calculated for the hot arm, cold arm and flexure, respectively, using:

m =

√
S

kptRt
, (4)

where S is the shape factor that accounts for the impact of the shape of the hot arm/cold arm/flexure on
heat conduction to the substrate, kp is the thermal conductivity of polysilicon, t is the device thickness
and Rt is the thermal resistance between the polysilicon beam and the substrate. The constants C1 to C6
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are calculated based upon the boundary conditions applied to the actuator structure as detailed in [25].
In the case of Design Variant 4, a very large air gap thickness of 400 µm was used in the analytical
model, in this way rendering heat conduction from the bottom surface of the device through the large
air gap negligible as is the case for an overhanging structure.

Figure 7. Comparison of the analytical results for the temperature profile along the hot arm, cold arm
and flexure components of Design Variants 1-3 at 3 V, and of Design Variant 4 at 14 V. The diagram
above the graph illustrates an unfolded thermal actuator without the extending microgripper arms.

The temperature distribution results obtained from the developed numerical models of the
PolyMUMPsTM structures (Design Variants 1-3) and the SOIMUMPsTM structure (Design Variant 4) in
CoventorWare R© are given in Figures 8 and 9, respectively.

(a) (b)

Figure 8. Simulated steady-state temperature distribution on the polysilicon microgripper structures
fabricated with PolyMUMPsTM (Design Variants 1-3). The simulated plots in (a) show the temperature
distribution with and without an applied potential for Design Variants 1-3. The maximum temperature
of the actuated microgripper structure is located on the hot arm and is given by TMAX , which is then
quantified with applied potential in (b) for each specific design variant.
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(a) (b)

Figure 9. Simulated steady-state temperature distribution on the single crystal silicon microgripper
structure fabricated with SOIMUMPsTM (Design Variant 4): simulated temperature plots showing the
distribution with and without an applied potential (a), and variation of the maximum temperature,
TMAX , with applied potential (b). The maximum temperature, TMAX , of the actuated microgripper
structure at 14 V is 610 K and is located on the hot arm as shown in (a).

It can be observed that, for each microgripper design variant, the maximum temperature is always
located on the hot arm, independent of the structure thickness and the fabrication technology used
(Figures 7, 8a and 9a). This is an inherent characteristic of the ‘hot and cold arm’ actuator design.
In this design, the temperature difference between the hot and cold arms plays an important role in
the achieved end-effector lateral displacement, with the latter increasing as the stated temperature
difference increases for the same applied voltage. One way to maximise this temperature difference
is to design the hot arm in such a way that its cross-sectional area is as small as possible considering
the capability of the fabrication process. In the case of PolyMUMPsTM and SOIMUMPsTM fabrication
technologies, the recommended minimum feature width is 3 µm [39,40], which is, in fact, the value
used for the width of the hot arm for the four microgripper design variants in this study (Table 1).

When considering the microgrippers fabricated with the PolyMUMPsTM technology (Design
Variants 1-3), it can be observed that the most distinguished difference is between the temperature
distribution of Design Variant 1, and that of Design Variants 2 and 3. The structure thickness, the air
gap thickness and the intrinsic nature of the materials used (mainly in terms of the electrical resistivity
property) all play a major role in defining the obtained temperature distribution on the microgripper
structure. The maximum temperature developed on the hot arm increases with a thicker structure,
a larger air gap thickness due to less heat lost by conduction through the air gap, and a smaller value for
the electrical resistivity material property. When compared to Design Variants 2 and 3, Design Variant 1
has the smallest structure thickness of 1.5 µm, the largest air gap thickness of 2.75 µm and the highest
value for electrical resistivity (Table 3). The effects of the higher electrical resistivity value and the
smaller structure thickness outweigh the effect of the larger air gap thickness, resulting in an overall
reduction in the maximum temperature on the hot arm. The temperature distribution for Design
Variants 2 and 3 is similar. These two microgripper design variants have the same air gap thickness
(2 µm), which affects the amount of heat lost by conduction to the substrate. The different thicknesses
(2 µm for Design Variant 2 and 3.5 µm for Design Variant 3) and electrical resistivities (20 µΩm for
Design Variant 2 and 23.33 µΩm for Design Variant 3) of the two structures almost balance out each
other, resulting in a similar temperature distribution.

On comparing the temperature distribution of a surface micromachined structure (Design
Variants 1-3) as given in Figures 7 and 8, to that of a bulk micromachined structure (Design Variant 4)
as given in Figures 7 and 9, it can be observed that, despite the larger structure thickness and lack of
a small air gap within the SOIMUMPsTM structure, the larger electrical resistivity value of SCS when
compared to that of polysilicon (Table 3) results in greater power required to achieve a quantitatively



Actuators 2018, 7, 38 12 of 20

similar temperature distribution to that obtained for the PolyMUMPsTM structures. It can be also
observed from Figure 7 that the temperatures on the cold arm and the flexure are relatively high for
Design Variant 4 when compared to those for Design Variants 1-3. This results in Design Variant 4
having the smallest temperature difference between the hot and cold arms, and, as stated previously,
the larger this temperature difference, the larger will be the achieved end-effector lateral displacement.
This small temperature difference will in fact cause the tips of Design Variant 4 to undergo the smallest
opening stroke as will be shown in Section 6.2. Another interesting observation is that while the arm
tips of the actuated PolyMUMPsTM structures remain at room temperature (Figure 8a), this is not
the case for the SOIMUMPsTM structure. It is shown in Figure 9a that the arm tips of the actuated
SOIMUMPsTM microgripper undergo a rise in temperature due to the higher thermal conductivity
of SCS when compared to that of polysilicon (Table 3). The lower thermal conductivity value of
polycrystalline silicon is a result of the grain boundary scattering of phonons that governs the thermal
resistance [47]. It must be ensured that the temperature rise at the arm tips is limited as much as
possible to prevent damage to the studied RBCs.

6.2. Structural Analyses

A horizontal MEMS microgripper should always be designed such that it maximises the in-plane
displacement and minimises the out-of-plane deflection at the microgripper am tips. The steady-state
lateral displacement at the gripping arm tip, utip, was calculated as a function of applied potential
using Equation (5) as derived in [25]:

utip =
Lh

2

6EIh
(X1Lh − 3X3) +

LaLh
2EIh

(LhX1 − 2X3) , (5)

where Lh is the length of the hot arm, E is the Young’s modulus of polysilicon, Ih is the moment of
inertia for the hot arm, and X1, X2 and X3 are the chosen redundant loads acting on the actuator
structure. The force method [48] was applied to analyse the bending moment of the actuator due
to these three redundant loads, which were calculated by solving the following set of simultaneous
equations as detailed in [25]: f11 f12 f13

f21 f22 f23

f31 f32 f33


X1

X2

X3

 =

 0
∆Lh − ∆Lc − ∆L f

0

 , (6)

where the terms fij represent flexibility coefficients that define the deflection at i due to a unit load at j.
The flexibility coefficients are determined using Equation (7) where mi and mj represent the bending
moments due to the respective three unit redundants X1, X2 and X3:

fij =
∫

L

mimj

EI
dx. (7)

The relative opening stroke of each arm tip, calculated using Equation (5), is compared for Design
Variants 1-4 in Figure 10. The steady-state in-plane and out-of-plane displacements are also obtained
numerically with CoventorWare R© for Design Variants 1-4 (Figures 11–13), and good agreement
is observed for the obtained in-plane displacement between the analytical and numerical results.
The current and power dissipated across each microgripper arm of Design Variants 1-4 with applied
voltage are given in Figure 14.
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Figure 10. Analytical results for the variation of the relative y-displacement of the arm tip, utip,
with applied voltage for Design Variants 1-4.

(a) (b)

Figure 11. Simulated steady-state lateral displacement distribution on the polysilicon microgripper
structures fabricated with PolyMUMPsTM (Design Variants 1-3). The simulated plots in (a) show the
y-displacement distribution with and without an applied potential for Design Variants 1-3. The absolute
gap opening in the closed position (i.e., when not actuated), uo, is 5 µm with this absolute gap increasing
to uo + 2utip when actuated. The relative opening stroke of each microgripper arm tip is then quantified
with applied potential in (b) for each specific design variant.
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(a) (b)

Figure 12. Simulated steady-state lateral displacement distribution on the single crystal silicon
microgripper structure fabricated with SOIMUMPsTM (Design 4): simulated y-displacement plots
showing the distribution with and without an applied potential (a); and variation of the relative
opening stroke of each microgripper arm tip with applied voltage (b). The absolute gap opening in the
closed position is 5 µm with this absolute gap increasing to 8 µm at 14 V.

(a) (b)

Figure 13. Simulated steady-state displacement profiles of Design Variants 1-4 with applied
potential: x-displacement (forward displacement) of the microgripper arm tips (a); and z-displacement
(out-of-plane displacement) of the microgripper arm tips (b).

On comparing the relative arm lateral displacements of Design Variants 1-4 (Figures 10–12), it is
evident that Design Variant 4 undergoes the smallest opening stroke when actuated. In the case
of Design Variant 4, the total gap opening is analytically and numerically predicted to be around
8 µm at an applied potential of 14 V, which is just in line with the design requirement of gripping
a RBC. On the other hand, Design Variants 1-3 exceed the basic requirement of 8 µm for the absolute
gap opening between the arm tips. Despite this, it can be observed that SOIMUMPsTM structures
require much greater power than PolyMUMPsTM structures (Figure 14) to achieve the intended motion.
Another important observation is the difference in out-of-plane displacement (z-displacement) at 0 V
for Design Variants 1-4 (Figure 13b). This difference can be attributed to the inherent greater thickness
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and lower aspect ratio (width:thickness) fabrication of SOIMUMPsTM structures when compared to
PolyMUMPsTM structures. The aspect ratio for PolyMUMPsTM structures depends on the layers used,
but it is always much larger than the aspect ratio for SOIMUMPsTM structures. The greater moment of
inertia of structures with low aspect ratio, such as those fabricated with SOIMUMPsTM, minimises any
unwanted out-of-plane displacement of the actuator arms as well as offers better resistance to the
effects of in-plane residual stress, making such structures more suitable for in-plane directed thermal
actuators [49]. It can also be observed from Figure 13b that Design Variant 3, which is composed
of the stacked Poly-1 and Poly-2 layers, has the least out-of-plane displacement when compared to
Design Variants 1 and 2, which confirms that lower aspect ratio structures minimise out-of-plane
bending occurring as a result of residual stresses inherent in the fabrication process. Minimising the
out-of-plane path deviation of the microgripper arms is an important requirement for the successful
gripping of RBCs to ensure that the arm tips remain on the same plane as the RBC so that the latter can
be successfully gripped during actuation.

(a) (b)

Figure 14. Numerical variation of the current and power dissipated with voltage across each arm of
the microgripper structure for Design Variants 1-3 (a), and for Design Variant 4 (b).

Figure 15 shows the investigation of the developed maximum stresses within the ‘hot and cold
arm’ microgripper structure. It can be observed that the maximum stresses are mainly located where
the arms join the anchor pads, within the flexure component and at the connectors joining the hot
and cold arms. The maximum Von Mises stress for Design Variants 1-4 ranges between 40 MPa and
60 MPa at full actuation voltage (3 V for Design Variants 1-3, 14 V for Design Variant 4). The ultimate
tensile strength for polysilicon and SCS has been reported in literature as 2.9 GPa [50] and 2 GPa [51],
respectively. This indicates that the simulated maximum stress values are by far within the limits of
the allowable stress, concluding that maximum stresses and strains during the opening motion are
not critical.

The analytical and numerical models of the PolyMUMPsTM structures (Design Variants 1-3)
were validated through optical microscopy studies carried out under atmospheric pressure using
the setup described in Section 5. Figure 16 shows the optical microscope images of Design 2 in the
closed and actuated positions. The absolute gap opening between the arm tips when the microgripper
is not actuated is 5 µm. The simulation and experimental measurement results of the absolute gap
opening between the microgripper arm tips are compared for Design Variants 1-4 in Figure 17.
Figure 17 demonstrates that the mean absolute gap openings obtained experimentally at 3 V are
9.5 µm for Design 1, 12.5 µm for Design 2 and 12 µm for Design 3, and that the results predicted by
the numerical models are in good agreement with the experimental results for Design Variants 1-3.
The measured gap opening values confirm that Design Variants 1-3 are all suitable for the desired
function of securing a RBC with an approximate 8 µm diameter.
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Figure 15. Von Mises stresses developed within the microgripper structure for Design Variant 1 at
3 V with inset images showing detailed views of the stresses where the arms join the anchor pads,
within the flexure component and at the connectors joining the hot and cold arms.

Figure 16. Images based on optical microscopy of one of the fabricated microgripper structures
(Design 2) when not actuated (top), and when each arm is electrothermally actuated with 3 V (bottom).
The pixel resolution of the vision system photographs is 1023 pixels (width) × 767 pixels (height),
and the marked values give the absolute gap openings between the microgripper arm tips.
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Figure 17. Comparison of the experimental and numerical results for the absolute gap opening between
the arm tips of the studied microgripper design variants with applied voltage. Experimental (mean
values) and numerical results are presented for Design Variants 1-3 while numerical results are shown
for Design Variant 4. All design variants start from an absolute gap opening of 5 µm, which is the gap
opening in the closed position.

7. Conclusions

This paper has presented four design variants of a horizontal electrothermally actuated MEMS
microgripper that were developed for the micromanipulation and deformability study of RBCs
using two commercially available fabrication technologies. Three microgripper design variants
were achieved using the different stackable structural layers offered by the PolyMUMPsTM process,
resulting in polysilicon structure thicknesses of 1.5 µm, 2 µm and 3.5 µm. The other microgripper
design variant was achieved using the SOIMUMPsTM process resulting in a SCS structure with a 25 µm
thickness. The studied microgripper design variants have the same in-plane geometry and their main
differences are due to the mechanical structure thickness, the air gap thickness or lack thereof, and the
silicon type (polysilicon versus SCS), all of which are a result of the inherent characteristics of the
specific fabrication technology used.

The electrothermomechanical performance, specifically the power dissipation, the temperature
distribution, the lateral opening stroke and the out-of-plane deflection at the microgripper arm
tips, were examined and compared for the microgripper design variants. Analytical calculations
and FEA simulations with the commercial software package CoventorWare R© were performed on
the four microgripper design variants to investigate the steady-state response of the microgripper
structures under electrothermal actuation. It could be observed that greater power is required for
the SOIMUMPsTM structure to achieve a quantitatively similar temperature distribution and tip
displacement to that obtained from the PolyMUMPsTM structures. Another interesting observation
was that the microgripper arm tips of the SOIMUMPsTM structure, unlike PolyMUMPsTM structures,
undergo a rise in temperature, making such a design less suitable for the safe manipulation of biological
cells. However, SOIMUMPsTM structures have lower aspect ratios when compared to PolyMUMPsTM

structures. This means that the greater moment of inertia of SOIMUMPsTM structures results in
substantial out-of-plane stiffness, thus minimising any undesired out-of-plane path deviation and
ensuring a more stable in-plane motion. The maximum stresses developed within the microgripper
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structure were also investigated for all the design variants and they were found to be well within the
allowable material limits, confirming that the microgripper design variants are able to perform a stable
opening and closing motion.

The three microgripper design variants based on the PolyMUMPsTM process were fabricated,
and were subject to optical microscopy studies under atmospheric pressure. The tip displacement
results from the actuation testing were found to comply with the analytical and numerical predictions,
and all the design variants were also found to be in line with the design requirement to secure and
characterise a RBC. However, it can be concluded that Design 3, which consists of two polysilicon
stackable layers, resulting in a 3.5 µm thick PolyMUMPsTM structure, best fulfills the desired function.
This design experimentally achieved a sufficient mean gap opening of 12 µm at 3 V, while, at the same
time, it was numerically found to limit the out-of-plane motion at the arm tips and to ensure room
temperature conditions at the cell gripping zone.
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