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Preface to ”Micromanipulation”

The idea of dedicating a Special Issue to the field of micromanipulation came about from the

society’s increasing interest in this subject. The demand of microsystems for micromanipulation has

grown quite quickly in recent decades, and many fields of applications, nowadays, need new, efficient

tools for this peculiar purpose. The problem of actuation is crucial for micromanipulation, and, for

this reason, the present book is believed to offer a small contribution to its solution. There is a certain

consciousness that this subject must be a highly interdisciplinary one, because the “engineering”

offer and the “applications” demand must meet at a certain point. Therefore, the present Issue is

composed of papers that are clearly located in the engineering field, although they suggest a variety of

implications for many other topics, such as the biomedical field. The purpose of this Special Issue is to

stimulate the interest of colleagues, engineers, and students towards a peculiar aspect of engineering

with a strong interdisciplinary content: the physical manipulation of micro objects at the micro scale.

The development of didactical methods dedicated to this special field has been also covered with

two papers. I was very pleased to have received a number of contributions from my colleagues,

who agreed to share their results with us, publishing their papers within the present Special Issue.

I am very grateful to them. Finally, I would like to thank all the staff of MDPI for supporting and

trusting me: my service for “Actuators” has helped me a lot to develop a growing sensitivity towards

the world of research and to the dissemination of scientific results. Special thanks is due to Darci

Zhou, who has supported me to develop the present Special Issue since February 2018, for her help

and enthusiasm.

Nicola Pio Belfiore

Special Issue Editor
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Editorial

Micromanipulation: A Challenge for Actuation

Nicola Pio Belfiore

Department of Engineering, Università degli studi di Roma Tre, via della Vasca Navale 79, 00146 Roma, Italy;
nicolapio.belfiore@uniroma3.it; Tel.: +39-06-5733-3316

Received: 12 November 2018; Accepted: 29 November 2018; Published: 3 December 2018

Abstract: Manipulating micro objects has become an important task in several applications. Actuation
is a crucial aspect of micromanipulation because there are physical restrictions which affect actuators’
performances at the micro or nano scale. One way of getting rid of these limitations is the use
of an appropriate mechanical structure which enhances the elasticity of the material or provides
mechanical advantage. This Special Issue of Actuators, which is dedicated to micromanipulation,
offers a contribution to the development of some promising methods to actuate a microsystem for
micromanipulation.

Keywords: micromanipulation; nanomanipulation

1. Introduction

During the last decades, microsystems have been developing very fast thanks to progress in
science and technology, giving rise to two main crucial questions, namely,

• how could these micro devices be fabricated and operated?
• how could they improve certain aspects of our lives?

The first question leads to classical issues of engineering, such as design, fabrication and control,
which study the most convenient way to create the tools for micromanipulation.

The second question is clearly related to the applications of these new developed tools and to
their exploitation, as an opportunity to solve old and new problems for the improvement of certain
aspects of our lives.

1.1. Downsizing Effects

Once involved in the development of a microsystem, designers immediately come across the
problem of handling the scaling effects. They soon become capable of monitoring how surface and
volume properties change their impact on a system; once the latter is downsized by one or more orders
of magnitude from the human-size typical dimensions: of course, surfaces or volumes will reduce
their quantities by the square or the cube, respectively, of the reduced lengths.

Scaling effects were described by Galileo Galilei in 1638 [1]. He pointed out that “a large animal
does not possess simply a bone on a larger scale, but its thickness must increase more quickly than the
length of the relevant bone”, because resistance and weight scale their quantities differently during
downsizing. Similarly, “a giant would never have the same limb ratios of a man with a normal size,
but he must have thicker limbs suitable to support its mass”.

After about a century, Jonathan Swift described the voyage of Lemuel Gulliver [2] to Lilliput. In the
book, the imaginary Surgeon, and then a Captain, reports, literally, that the Lilliputian “mathematicians,
having taken the height of my body by the help of a quadrant, and finding it to exceed theirs in the
proportion of twelve to one, they concluded from the similarity of their bodies, that mine must
contain at least 1724 of theirs, and consequently would require as much food as was necessary to
support that number of Lilliputian”. Surprisingly, the mentioned human-to-lilliputian food ratio (1724)

Actuators 2018, 7, 85; doi:10.3390/act7040085 www.mdpi.com/journal/actuators1
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only approximates the square of 12 (1728) and, even more curiously, the year of publication of the
book (1726).

1.2. Design, Fabrication, and Control

Design, fabrication and control of microsystems for micromanipulation have to face several
difficulties because, at the micro or nano scale levels, several paradigms of macro-scale engineering are
no longer valid [3]. These and many other consequences and implications have been early underlined
by Richard P. Feynman, during his seminal talk given on 26 December 1959 at the annual meeting
of the American Physical Society (APS) at the California Institute of Technology [4]. In this speech,
Feynman surprisingly mentioned many applications such as computer miniaturization, microsurgery,
micro-machining and actuation.

Nowadays, an increasing number of applications are demanding high-precision tools which
introduce more and more constraints to their design, following the classical client-to-designer feedback.

The following issues have been particularly discussed in the literature.

• Micromanipulation mechanics [5–7]:

theoretical modeling,
numerical simulation, and
experimental testing.

• Microsystems architecture, components and manufacturing [8–12]:

design,
fabrication,
fabrication constrained design rules,
packaging and
biocompatibility.

• Actuation and Sensing [13–16]:

electrostatic,
electrothermal,
electromagnetic,
piezoelectric.

• Micro-electro-mechanical system (MEMS) integration:

lab-on-chip systems [17–19],
MEMS integration with Application Specific Integrated Circuit (ASIC) [20,21].

• Control [22–24]:

automatic regulation and control of microsystems,
operational aspects of micromanipulation,
measurements.

However, while Nanotechnology has found a certain variety of good (although still perfectible)
solutions to many problems in MEMS developing [25], what makes micromanipulation particularly
difficult is its actuation. In fact, the available sources are often not able to exert an adequate force
or torque. Furthermore, the highest performances are achieved only within a rather restricted
range for end-effector displacements, and so the mechanical structure of the microsystem must be
optimized. In fact, actuators are devices which transform energy (e.g., thermal or electrical, depending
on the available source) in mechanical energy. Using the classical sources, such as electrostatic,
thermal (shape memory, electrothermal), electromagnetic, or piezoelectric [26], it turns out that it is
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rather difficult to achieve both a large force together with a large displacement at the output link
and, therefore, a micro mechanism can be employed to gain the mechanical advantage. Fortunately,
recent developments in MEMS Technology allows designers to introduce different sorts of micro
mechanisms, such as microgrippers [27,28], with multi-hinge and multi-DoF (Degrees of Freedom)
properties, and other multi-axes devices [29]. Such opportunity gave rise to the introduction of a
design technique based on the rigid-body replacement method [30], which refers to classical issues of
mechanism science such as topology [31,32], kinematic synthesis [33–35], kinetostatic indexing [36],
isotropic compliance [37,38] and parametric design [39,40].

1.3. Applications

Nowadays, micro or nano manipulation is very attractive in a large variety of applications, ranging
from medicine, surgery or biology, to microelectronics, micro mechanics and aerospace. Therefore,
the following items represent a non-exhaustive list of much more examples of applications:

• drug delivery [41,42],
• minimal-invasive surgery [43,44],
• tissue or cell manipulation [30,45–47],
• diagnostics [48–51],
• aerospace [52–54],
• micro-assembly [16,55–57], and
• microelectronics [58,59].

1.4. Forthcoming or Emerging Issues

Other than the above-mentioned classical issues, there are some others that are either more
recent or, at least, less usual than the former. In fact, once new concepts become well-established
and real devices, the interest in their optimization and use increases. Furthermore, some other
related issues appear, and so the following topics could soon become new topics for MEMS and
microsystem applications.

• Computational intelligence: optimization and control of microsystems [60,61].
• Development of ambient intelligence [62] based on sensors, actuators and standardized

internet communication.
• Use of nonlinearity benefits [63,64].
• Configuration management and reconfigurable manufacturing systems for the development of

microsystems during lifecycle [65].
• Ethics: ethical issues in the activities of criteria-based decision making autonomous

micro-manipulators in the medical, biological, aerospace and industrial fields [66–70].
• Education: new trends in microsystems teaching–learning methods, tinkering, open access,

wiki tools [71,72].

2. On the Variety of Demand vs. the Supplying Capability

A selection of 1846 papers concerning “micromanipulation”, distributed over seven different meta
categories, namely, Biology, Computer Science, Engineering, Medicine, Multidisciplinary issues,
Physics/Chemistry, Science have been analyzed. These categories have been named after the
classification suggested by one of the most acknowledged database for Science and Technology, that is
the Web of Science [73]. A series of queries has been launched on the database and some statistical
data have been extracted. At the first sight, among the above mentioned categories, there is one which
can be assumed to represent the “supplying capacity” at the actual state of the art, as introduced in
Section 1.2, namely,

3
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• Engineering,

The other six categories represent the variety of the demand of micromanipulation technology
and its temporary success in applications, as mentioned in Section 1.3, that are

• Biology,
• Physics and Chemistry,
• Medicine,
• Computer Science,
• Multidisciplinary issues, and
• Science.

Statistical analysis has revealed that the struggling for technological readiness, that could be
reasonably represented by the filed of engineering, collects almost a half of all contributions, about 45%
of the papers. On the other hand, the applications, which could be thought as the “recipient”
of the technological progress, gather the other half of the full bunch of papers. More in detail,
the Biomedical Sciences, including Biology (18%) and Medicine (11%), form 29% of contributions.
General categories such as Science (3%) and Physics/Chemistry (13%) form about 16% of the considered
papers. Finally, Computer Science includes 6% of the selected papers, while the last 4% concerns
multidisciplinary issues. Figure 1 illustrates the distribution of the selected papers according to the
above-mentioned categories.

Figure 1. Statistical distribution of 1864 papers concerning “micromanipulation” along seven different
groups, gathered over 83 Web of Science Categories.

The adopted method of paper selection has been based on classical database query tools,
as implemented in WoS [73] and, therefore, the search keys, which consist of selected words, may be
subject to double meaning errors. This introduces an error that can be roughly estimated by manually
checking some elements extracted from a randomly sampled group. On the basis of a rough estimation,
the mistake is expected not to exceed 3% of the values.

The results of the present investigation show that research into micromanipulation is still more
extended in the field of engineering than in any of the other applicative fields. However, the full group
of applications represents half of the analyzed papers, which shows that engineering vs. applications
are nowadays in balance.

These results probably reveal the actual struggle of investigators to improve the technical
characteristics from a rather low technological readiness level (TRL) [74], to higher TRL values that are
more suitable for immediate and commercial applications. It is rather difficult to predict how much
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time it takes to make micromanipulation technology ready for more applications in hospitals, labs,
cars, aircraft, appliances, and so on, while, on the other hand, it is easy to infer that the number of
applications will increase as much as new confidence is acquired in the construction and control of
the tools.

Figure 2. SEM image obtained by Alvise Bagolini and Michele Fedrizzi at Micro Nano Fabrication and
Characterization Facility, Fondazione Bruno Kessler, Trento, Italy (PS the housefly has been found dead
in Villamontagna, Trento, Italy and no harm has been inflicted to the poor insect).

3. Tools for the Observation

As known, the human eye normally barely distinguish objects within the size of a few tens
of microns, which makes it difficult for us to monitor micro devices without a proper means of
magnification. Usually, optical microscopy could give a first-hand tool for observation, with the
advantage of operating in air or liquid environments. However, SEM observation is more helpful to
characterize the prototypes, because of their higher resolution. For this reason, in MEMS development,
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the moment always comes, eventually, to take an SEM picture of a microsystem. Usually, an image
obtained by an SEM instrument declares the adopted magnification factor and other technical data
and, therefore, there is no real need to use a side comparison object (whose dimensions are universally
known). At the macro level, classical objects can be used to compare the observed subject with familiar
objects, such as a one cent coin or the portion of a ruler. However, while moving around either
the “brobdingnag” or the “lilliput” worlds, it is not always easy to grasp the real sense of the size
of an object which has unusual dimensions, such as gigantic (planets, stars, galaxies) or minuscule
(cells, atoms) things.

Figure 2 is an example of a comparison exercise at the microscale. An adult housefly,
musca domestica, was positioned over the square portion of a silicon wafer where a microgripper
had been fabricated [12]. According to the construction process and the adopted parameters,
each microgripper lays within a 5 × 5 mm2 window, whereas adult houseflies are usually from
6 to 7 mm in size. That is why the whole insect was as long as the length of a microgripper window.
The fly eyes, whose diameter is approximately one millimeter and a half, are visible at the top of
Figure 2, while the microgripper shows up in the lower half of the picture. In the upper half of the
figure, the compound eyes of the fly appear in all their complexity. In fact, there are almost 3500
ommatidia facets in the musca domestica’ eye [75], while the single ommatidium is about 10 μm [76].
This figure make the microgripper a bit less mysterious object to our understanding.

4. Micro- or Nano-Manipulators vs. Micro- or Nano-Robots

Finally, it is worth noting that the terms micromanipulator and microrobot (the same holds for
the pair nanomanipulator and nanorobot) are often used as synonymous, while it would be better not
to confuse them that way. In fact, developments in technology have made it possible to build devices
with different features; for example, their overall size or their positioning or manipulating accuracy.

Considering the scope of developing miniaturized devices at the bottom scale, it seems
to be appropriate to refer to such devices as microrobots, micromechanisms, micromachines or,
more generally, microsystems (nanorobots, nanomechanism, and so on). On the other hand, when a
device (no matter about its size) is required to be able to manipulate objects with micro (or nano)
accuracy, then it seems that the term micromanipulators (or nanomanipulators) becomes more
appropriate.

This distinction is quite substantial. In fact, in many occasions, it is necessary to handle micro-
or nano-objects, with limited concern about the size of the manipulating object. For example,
nano-manipulators used inside the chamber of a Scanning Electron Microscope (SEM) may have
extraordinary resolution, <0.5 nm, with rather a, relatively, large overall size, of about 6 cm [77].
On the other hand, in some other circumstances, it is necessary to have a small system, namely,
a microsystem, which is able to operate within specific environments, with very restrictive size
limits. Interest in miniaturizing micromechanisms [78], microrobots [79,80], microgrippers [81,82],
and microtribometer [83] has been recently expressed. In fact, in all these examples. the size of the
microsystem was fundamental for the performance of its function.

5. Conclusions

The present Editorial has been written with the intent of intriguing readers and colleagues
who may want to deepen the topic of actuation at the microscale, specially for the purpose of
micromanipulation. The actual state-of-the-art shows that this problem is rather far from being
exhausted and, therefore, the present Special Issue represents an invitation to accept the challenge to
find proper solutions to this endeavour.

Conflicts of Interest: The author declears no conflict of interest.
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Abstract: This paper presents both an experimental and a numerical study concerning the mechanical
response of a silicon microgripper with bidirectional electrostatic actuation to externally applied
excitations. The experimental set-up is composed of a probe station equipped with mobile probes
that apply contact forces. This part of the investigation aims to test the device’s mechanical resistance,
its mobility capability and possible internal contacts during the system deformation. The second
part of the paper is dedicated to the study of the free undamped vibrations of the microsystem.
Finite Element Analysis (FEA) is carried out to evaluate the system vibration modes. The analysis
of the modes are useful to predict possible mechanical interference among floating and anchored
fingers of the actuating comb drives.

Keywords: MEMS; vibration modes; DRIE; microgripper; comb drive actuators

1. Introduction

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

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

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

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

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

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

2. Design

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

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

The device is operated by means of two bidirectional electrostatic actuators. The open position
of the jaws is obtained by applying a voltage between the pads (i) and (ii) represented in Figure 2a.
With reference to the Figure 2b, the mobile set of fingers (iv) rotates counterclockwise, while the coupler
link rotates clockwise because of the given configuration of the four-bar linkage. By applying a voltage
between pads (i) and (iii) of Figure 2a, the opposite applies, and the comb drive mobile wing (v) rotates
clockwise, inducing a counterclockwise rotation of the coupler.
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Figure 1. The mask adopted during Deep Reactive-Ion Etching (DRIE) process (a); details of the fingers
of the comb drive (b); the Conjugate Surface Flexure Hinge (CSFH) hinge (c); the gap between the
conjugate surfaces (e) and the left-hand side jaw (f).

(a) (b)

Figure 2. Model of the right jaw of the microgripper with (a) and without (b) the control pads: (i) device
anchor; (ii) opening control pad; (iii) closing control pad; (iv) and (v) mobile fingers engaged with (ii)
and (iii), respectively.

3. Fabrication

The fabrication stage has been performed starting from a 6-inch SEMI standard [48] silicon on
insulator (SOI) wafer. Boron has been used as dopant for the wafer SOI device layer, with a resultant
resistivity equal to 2–4 Ω·cm. Each wafer has a 500-μm handle layer that works as the device support.
A 40 μm thick silicon layer works as device layer and is bonded at the top of the wafer. The device
(top) layer is the most important one because the suspended moving subparts are therein patterned.
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Between the support and the top layer, a 2-μm oxide layer stops etching during silicon patterning.
This layer is also necessary to support the top layer before the release of the devices. The support
and top layers of the wafer need to be both patterned and so Bosch deep reaction-ion etching (DRIE)
process is applied to etch silicon down to the buried oxide layer. The DRIE was performed with an
Alcatel AMS200 ICP plasma etcher (Alcatel-Lucent, Paris, France), using a standard two-step bosh
recipe with fluorine chemistry. The initial step consists in the deposition of a multilayer mask to
provide masking for DRIE etching process on both sides. A 150 nm silicon dioxide is firstly deposited.
Then a 200 nm aluminum film is sputtered. A 100 nm film titanium is finally sputtered and standard
photolithography is used to pattern this layer stack. The front side is exposed by means of an i-line
stepper, while the backside is aligned by means of a broadband mask aligner. Finally, stack etching
takes place in IC standard plasma reactors.

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

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

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

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

4. Contact and Mobility Tests

As mentioned in Section 2, the adopted mechanism is composed of two symmetric four-bar
linkages, each one having four CSFH compliant hinges. Since each of the two mobile suspended
structures is held in place by only two 20 × 5 μm2 cross sectional areas, some concern has arisen
about the microsystem capability to bear externally applied loads. Hence, the purpose of the present
paper consists in testing the mechanical structure of the developed microgripper. For this reason,
the experimental activities have been arranged in such a way to provide information on the resistance
of the structure, whereas its operational capability in unloaded conditions have been previously
investigated [28,49].

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

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

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

The test is performed considering the following steps:

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

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

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

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

(e) the probe contacts and pushes the floating part to the comb-drive limit position: the gripper
jaw follows an opening trajectory until the device achieve the open configuration (Figure 3e).
While the rotation between the floating and anchored parts of the opening comb-drive decreases,
the relative rotation between the same parts of the closing comb-drive increases (Figure 3e);

15



Actuators 2018, 7, 78

(f) the probe is repositioned at the starting point Figure 3d: the comb-drive is released and the gripper
jaw follows an closing trajectory, until the neutral configuration is achieved again (Figure 3f).

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

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

Contact Analysis on the Conjugate Surfaces

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

In order to analyze different contact conditions, a force F, illustrated in Figure 5, is introduced
to represent the action that could be applied to the tip during the gripping task or the positioning
phase. The right hand side four-bar linkage is also illustrated together with the CSFH’s C1, C2, C3 and
C4. The force magnitude |F| and orientation ϕ have been adopted as variable parameters, with the
purpose of detecting their critical values in correspondence of which the conjugate profiles of the four
embedded CSFH get in touch.

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

A contact chart has been obtained for each CSFH Ci, as represented in Figure 6, by iterating
FEA for discrete number of values of the angle ϕ = 0, . . . , 2π and six values of the force magnitude.
Each chart allows designer to immediately understand which are the CSFHs which present contact
for the given pair of parameters. For example, contact occurrence in Ci, i = 1, . . . , 4 is highlighted by
red colored arches and the red sectors are those corresponding to the directions and magnitudes of F

which induce contact in Ci hinge.
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Figure 5. Static load to modify the CSFH contact.
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Figure 6. Force vs. contact diagrams: contact charts for the joint C1 (a); C2 (b); C3 (c); and C4 (d),
respectively.

It is possible to observe that there are different conjugate surfaces of the CSFHs into contact for
different angles. C2 and C4 are the CSFHs where the conjugate profiles more or less easily get in
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contact, respectively. Figure 7 shows, in particular, the various CSFHs configurations for different
angles ϕ. The magnitude of the adopted force |F| (some hundreds of μN) is comparable to the value of
the forces applied to the comb drive mobile finger set (320 μN, as depicted in Figure 4) to fully close or
open the configuration.

(a) (b)

(c) (d)

(e) (f)

Figure 7. Configurations of CSFHs with |F| = 1 × 10−5 (N): (a) C1 and C2 at ϕ = 50◦; (b) C3 and C4 at
ϕ = 50◦; (c) C1 and C2 at ϕ = 180◦; (d) C3 and C4 at ϕ = 180◦; (e) C1 and C2 at ϕ = 280◦; (f) C3 and C4

at ϕ = 280◦.
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5. Vibrational Mode Analysis

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

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

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

(a) (b)

(c) (d)

(e) (f)

Figure 8. Eigenmodes and eigenfrequencies: first ( f1 = 1.5147 kHz) (a); second ( f2 = 1.9433 kHz) (b);
third ( f3 = 2.4749 kHz) (c); fourth ( f4 = 2.9982 kHz) (d) ; fifth ( f5 = 6.4103 kHz) (e); and sixth
( f6 = 6.4618 kHz) (f) eigenmode, respectively.
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The relative displacements between the anchored and the rotating fingers are tolerable only if they
correspond to a relative rotation where the center is coincident with the center of the conjugate profiles.
Therefore, it is very important to understand the nature of the relative motion for all the possible
vibration modes. In particular, the first, second and fourth modes present radial displacements for the
fingers and therefore finger contact appears to be theoretically possible.

6. Results and Discussions

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

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

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

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

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

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

The vibrational shape related to the sixth mode is rather complicated to be described. In fact,
three nodal axes can be identified (Figure 9e). These axes are all in the fabrication plane. For this case,

20



Actuators 2018, 7, 78

the microgripper behaves as a flexible plate which inflects around the nodal lines. Since the axes are in
the plane, out-plane displacements are the most significant and so no great problem is expected for
the fingers.

(a) (b)

(c) (d)

(e)

Figure 9. Pseudo-axes of rotation corresponding to the first 6 vibrational modes: (a) In-plane rotation
axes for mode (i); (b) Out-plane rotation axes for modes (ii) and (iii); (c) Out-plane rotation axis for
mode (iv); (d) In-plane rotation axis for mode (v); (e) Out-plane rotation axis for mode (vi).
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Figure 10. Critical configuration of the comb drive fingers when mode (v) is excited.

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

Table 1. Critical modes for comb drives fingers.

Frequency kHz Critical Plane Rotation Axes

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

7. Conclusions

The present investigation has shown that the microgripper under analysis it is able to sustain large
modifications of the configuration toward both the opening and the closing positions. Considering
the size of the embedded flexure hinges, which consist of silicon curved beams with a 5 × 40 μm2

cross sectional area, an evident structural robustness has been experimentally observed. In fact,
the microgripper has been able to resist to all the actions exerted by the probe. The second part of
the investigation has been based on a numerical approach. Firstly, some design charts have been
obtained to optimize the likelihood of the contact between the conjugate profiles. Secondly, FEA has
been used to detect the main vibrational modes, whose analysis is necessary to prevent fingers contacts.
The whole investigation has therefore confirmed that the microgripper under analysis is robust in
operational conditions and promising for the applications.
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Abstract: The mechanical characterization of biological samples is a fundamental issue in biology
and related fields, such as tissue and cell mechanics, regenerative medicine and diagnosis of diseases.
In this paper, a novel approach for the identification of the stiffness and damping coefficients
of biosamples is introduced. According to the proposed method, a MEMS-based microgripper
in operational condition is used as a measurement tool. The mechanical model describing the
dynamics of the gripper-sample system considers the pseudo-rigid body model for the microgripper,
and the Kelvin–Voigt constitutive law of viscoelasticity for the sample. Then, two algorithms based
on recursive least square (RLS) methods are implemented for the estimation of the mechanical
coefficients, that are the forgetting factor based RLS and the normalised gradient based RLS
algorithms. Numerical simulations are performed to verify the effectiveness of the proposed approach.
Results confirm the feasibility of the method that enables the ability to perform simultaneously two
tasks: sample manipulation and parameters identification.

Keywords: micromanipulation; microgripper; biological samples analysis; visco-elastic characteristic
measurement; dynamic parameters estimation

1. Introduction

The mechanical characterization of biomaterials represents a crucial procedure in the fields of
tissue engineering, tissue and cell mechanics, disease diagnosis and minimally invasive surgery
(MIS) [1–3].

For instance, modeling the mechanical response of brain tissue can be useful in the understanding
of traumatic brain injury [4] or blast–induced neurotrauma [5] mechanisms. In tissue engineering,
scaffolds should achieve appropriate mechanical properties in order to ensure tissue growth. Therefore,
before implantation, it is necessary to verify if these properties meet the specified requirements [6,7].
Many investigations have also been focused on the characterization and on the constitutive modeling
of skin [8,9], cornea [10], vocal fold [11], skeletal muscle [12], and blood vessels [1] tissues. Regarding
the circulatory system, it is worth mentioning that vascular stiffness is recognized as an important
factor in diseases such as pulmonary arterial hypertension, kidney disease, and atherosclerosis [13].
Generally, the variation of tissue stiffness is a hallmark of several disease states, including fibrosis and
some types of cancers [14]. Viscosity can also be considered as a biomarker for the metastatic potential
of cancer cells [15,16], and the analysis of both elastic and viscous properties could be more effective in
detecting and identifying specific diseases [17].

The characterization of the mechanical properties of biomaterials is important not only for
in vitro analysis. For example, in MIS operations, tactile information is not available to the surgeon.
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Therefore, the capability of on-line detecting and identifying tissues could play a fundamental role in
the advancement of MIS procedures [3].

The mechanical properties of tissues have been investigated by using various methods, such as
indentation and aspiration, and measuring deformations by means of ultrasound or magnetic
resonance imaging techniques [18]. Surgical instruments have also been improved with sensing
capabilities [19]. For example, a micro-tactile MEMS-based sensor to be integrated within MIS graspers
was presented in Reference [3], whereas a sensor capable of determining the stiffness of biological
tissues was modeled and tested in Reference [20].

At the cell level, experimental techniques for investigating mechanical properties include
force-application techniques (e.g., micropipette aspiration, atomic force microscope probing, optical
trapping), and force-sensing techniques (e.g., traction force microscopy, wrinkling membranes,
micropost arrays). The technique selection depends on size of the biological sample, feature to be
acquired, detrimental effects on the sample, spatial and force resolution, and accuracy [21,22].

Given the large number of experimental approaches, many mechanical models have been
proposed in literature, based on the micro/nanostructural approach and on the continuum approach.
The former model targets the sub-cell level, whereas the latter one treats the biological sample
as a continuum material. Considering the continuum approach, many constitutive models have
been proposed in literature, such as biphasic model, liquid drop models, solid viscoelastic models
(Kelvin–Voigt, Maxwell, Zener) [23,24]. Once the mathematical model is available, a parameter
estimation problem can be formulated and solved by means of different methods, such as
least-squares [25], Kalman filtering [26], or inverse finite element [18,27] methods.

In the last decade, microgrippers became essential tools in the manipulation at the
microscale [28–33], and can be adopted to develop novel techniques for the viscoelastic characterization
of soft materials. In their previous investigation [34], the Authors proposed a method to evaluate
the mechanical properties of a biomaterial sample based on the use of a MEMS microgripper.
The mechanical model was developed considering the gripper–sample kinematics and the Kelvin–Voigt
constitutive law of viscoelasticity, and a PID controller to determine stiffness and viscous parameters
of the sample.

In this work, a parameter estimation problem is formulated starting from the model presented
in Reference [34]. Recursive least squares filtering algorithms are implemented to characterize the
mechanical properties of soft biomaterials, enabling the on-line identification of stiffness and viscosity
coefficients. With respect to the other experimental techniques briefly mentioned above, that generally
are implemented only for the mechanical testing procedure, the proposed approach enables the ability
to perform the mechanical characterization while the sample is manipulated for a different purpose
in another operation. Furthermore, this method does not require additional elements other than the
measurement tool and the specimen as, for example, beads used with optical tweezers. Also, risks
related to laser-induced damage and to large deformations of the sample (involved in optical traps
and micropipette aspiration, respectively) are avoided.

The paper is organised as follows. The microdevice is introduced in Section 2, whereas the
mathematical model is discussed in Section 3. The adopted identification algorithms are described in
Section 4, and simulations and numerical results are reported and discussed in Section 5.

2. The Experimental Device

The microsystem considered in this paper consists of two silicon arms actuated by rotary comb
drives, as shown in Figure 1. The electrostatic actuators exert the input torques that, through the
conjugate surface flexure hinges (CSFH) deflections [35,36], move the arms from the initial position
to perform the gripping task [37]. In the neutral configuration, the distance between the jaws is
equal to 150 μm. The fabrication method relies on the application of deep reactive-ion etching on
silicon-on-insulator wafers [38].
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Figure 1. Optical microscope images of the device. The whole microgripper (a) and two overlapping
frames showing the left arm in neutral (0 V) and actuated (28 V) configurations (b).

In their previous investigations [34,39], the authors estimated the mechanical characteristic of
the sample considering input signals of suitable waveform. According to the proposed method,
the sample is gripped with the left arm until the right arm reaches a predefined rotation, that serves as
a reference signal for the implemented feedback control scheme. Therefore, the stiffness coefficient
can be computed at steady state conditions [39]. In order to estimate also the sample viscosity,
a small-amplitude sinusoidal signal was added to the left arm, and the viscous coefficient was obtained
as a function of the input torque frequency [34].

In this paper, an estimation algorithm for the elastic and viscosity parameters of the gripped
sample under generic control torques is presented. As demonstrated in the next Sections, the algorithm
take advantage of the mathematical model structure that, despite its general non linearity, is linear
with respect to the unknown parameters.

3. The Mathematical Model

In operative condition, the microdevice is gripping a sample between its jaws, as illustrated in
Figure 2. More specifically, Figure 2a shows a schematic drawing of the compliant structure of the
gripper. The contact points between jaws and sample are labelled as B and C, whereas the points A and
D represent the centers of rotation of the left and right arms, respectively. Starting from the compliant
mechanism, a pseudo-rigid body model (PRBM) can be obtained by substituting the constant-curvature
CSFHs with revolute joints [35,40–42]. Figure 2b shows the PRBM of the microgripper: the quadrilateral
ABCD is a closed chain composed by the links AD (frame), AB and CD (arms), and BC (sample).
All the links have a fixed length with the exception of BC, whose compression is at the basis of the
measurement procedure. The proposed model takes into account the nonlinearity related to the
kinematics of the gripper, but it assumes a linear behavior for stiffness coefficients k2 and k4. Moreover,
the identification of the cell parameters inherently assumes that its dynamic behavior can be described
by the Kelvin–Voight constitutive model of viscoelasticity.

With reference to Figure 2b, the following parameters can be introduced:

• l is the common length of the two links representing the arms, i.e., the distances AB and CD;
• d is the distance between the hinges (AD), i.e., the frame length;
• k2, k4 and k are the torsional stiffness of the two arms hinges and the stiffness of the sample,

respectively;
• c2, c4 and c are the viscous damping coefficients of the two arms and of the sample, respectively;
• I2 and I4 are the moments of inertia of the left and right arms around A and D, respectively;
• τ2 and τ4 are the input torques generated by the left and right comb drives, respectively.
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Figure 2. Schematic representations of the microgripper: compliant mechanism (a) and corresponding
pseudo-rigid body model (b).

For the sake of simplicity in the model representation, all the considered variables are referred
to the neutral layout: the gripper, in symmetrical configuration, is in contact with the sample but no
deformation occurs. By following the notation introduced in Reference [34], and with reference to
Figure 3a, the angles θ̂2, θ̂3, and θ̂4 represent the reference orientations of the links AB, BC and DC,
respectively, whereas û represents the reference length of the link BC. The notation ·̃ is used for the
parameters in the deformed configuration, as shown in Figure 3b. Therefore, the angles θi = θ̃i − θ̂i
represent the relative angular displacements of the two links from their neutral configuration, with
i = 2 for the left link and i = 4 for the right one. The orientation of BC follows the same notation, with
i = 3 and θ̂3 = 0, whereas the deformation is equal to u = ũ − û. The values of the variables in the
neutral configuration are given in Table 1.

A D

B C

θ̂2 θ̂4

θ̂2

θ̂3 = 0

û

l l

(a)

A D

B
C

θ̃2
θ̃4

θ̃2

θ̃3

ũ

(b)

Figure 3. Nomenclature and model parameters in neutral (a) and general (b) configurations.
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Table 1. Constants.

Parameter Value Unit

θ̂2 1.44 rad
θ̂4 1.70 rad
û 150 × 10−6 m

Assuming the inertia of the sample to be negligible, the dynamical model of the links can be
written as

I2θ̈2 = −c2θ̇2 − k2θ2 − cl sin
(
θ̃2 − θ3

)
u̇ − kl sin

(
θ̃2 − θ3

)
u + τ2 , (1)

I4θ̈4 = −c4θ̇4 − k4θ4 + cl sin
(
θ̃4 − θ3

)
u̇ + kl sin

(
θ̃4 − θ3

)
u + τ4 , (2)

where the subscripts 2 and 4 refer to the left and right joints, respectively. For the device here considered,
the values of the parameters appearing in (1) and (2) are reported in Table 2.

Table 2. Numerical values of the parameters.

Parameter Value Unit

d 5.47 × 10−4 m
l 1.50 × 10−3 m

I2, I4 1.25 × 10−14 kg m2

k2, k4 0.30 × 10−6 N m2

c2, c4 1.24 × 10−12 N m2 s−1

The system has two degrees of freedom and it is fully described by Euqations (1) and (2).
The variables θ3 and u, and their time derivatives, can be computed as functions of the state variables
θ2, θ4, θ̇2 and θ̇4 [34]:

θ3 = arctan
−l sin θ̃2 + l sin θ̃4

d − l cos θ̃2 + l cos θ̃4
, (3)

u =

√(
d − l cos θ̃2 + l cos θ̃4

)2
+
(−l sin θ̃2 + l sin θ̃4

)2 − û , (4)

u̇ = θ̇2l sin
(
θ̃2 − θ3

)− θ̇4l sin
(
θ̃4 − θ3

)
. (5)

4. Mechanical Characteristics Estimation

As briefly described in the Introduction, an approach to determine both the elastic and viscous
characteristics of a biosample by using a microgripper was proposed in Reference [34], where particular
waveforms were required for the input torques. However, this method is not suitable to perform
simultaneous manipulation and measurement tasks.

To overcome this limitation, a measurement scheme adaptable to various operative conditions
should be considered. Therefore, an on-line dynamical estimator could be implemented as a more
efficient strategy for the mechanical characterization of the sample. Recursive least square methods
can be successfully applied when the unknown parameters are the linear coefficients of the system
dynamic equations. In such cases, quite usual in literature [43–46], the model can be rearranged as a
linear time-varying system with respect to the parameters to be estimated, whereas the other terms,
supposed measurable, are functions either of the state or of the output variables.

The model dynamics has to be rearranged as

yi(t) = Mi(t)ωi(t) , i ∈ [1, . . . , m], (6)
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where m is the number of degrees of freedom of the system (m = 2 in the considered case), ωi(t) is
the vector of unknown parameters, and yi(t), Mi(t) are known quantities depending on the system
dynamics. It is worth noting that all the terms in Equation (6) are time dependent.

Equations (1) and (2) can be rewritten, according to the notation in Equation (6), in linear form
with respect to the parameters as

yi(t) = Ii θ̈i + ci θ̇i + kiθi − τi , (7)

Mi(t) = ∓lsin(θi + θ̂i − θ3)
(

u̇ u
)

, (8)

ωi(t) =

(
c(t)
k(t)

)
, (9)

where the sign in Equation (8) is minus or plus if i = 2 or if i = 4, respectively.
Referring to Equations (7)–(9), the general expressions to be defined for a generic recursive last

squares (RLS) filtering algorithm are [47]:

ω̂i(t) = ω̂i(t − 1) + Ki(t)εi(t) ,

εi(t) = yi(t)− ŷi(t) ,

ŷi(t) = φT
i (t)ω̂i(t − 1) ,

Ki(t) = Qi(t)φi(t) ,

(10)

where ω̂i(t) and ŷi(t) are the current estimation values of ωi(t) and yi(t), εi(t) is the current prediction
error, Ki(t) is the gain determining how much the prediction error affects the update in the parameters
estimation, and φi(t) represents the gradient of the predicted model output with respect to ωi(t).

Two recursive last squares (RLS) filtering algorithms are applied considering different ranges
of values for the parameters to be estimated. The algorithms are then compared to each other to
understand how much the different viscous and elastic characteristics of the dynamical system affects
the convergence of the estimation algorithms. With respect to the formulation in Equation (10), the two
approaches differ for the choice of Qi(t). Moreover, it is worth noting that the symmetric structure
of the dynamics represented by Equations (1) and (2) implies that, under a full state measurement,
the results obtained choosing i = 2 are equal to the results corresponding to the case i = 4. Therefore,
firstly the case i = 2 and consecutively the case i = 4 are addressed. Once equivalence and effectiveness
of both cases has been proved, the choice in real applications should be driven by the simplicity of the
measurement. For example, the operative technique of torque action on the first jaw only implies that
for i = 4 no torque measurement is required, strongly simplifying the implementation.

4.1. Forgetting Factor Based RLS

The first method is based on a forgetting factor based RLS algorithm. In Equation (10),
the following choice is performed

Qi(t) =
Pi(t − 1)

λ + φi
T(t)Pi(t − 1)φi(t)

, (11)

where
Pi(t) =

1
λ
(Pi(t − 1)− Ri(t)) (12)

and

Ri(t) =
Pi(t − 1)φi(t)φ

T
i (t)Pi(t − 1)

λ + φi
T(t)Pi(t − 1)φi(t)

. (13)
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It’s assumed that the residual εi(t) (the difference between the estimated and the measured value
of yi(t)) is affected by a white noise with covariance equal to 1. According to previous equations, ω̂i(t)
is computed in order to minimize the sum of residuals squares

ω̂i(t) = arg min
θ

t

∑
k=1

λt−kεi
2(k) . (14)

In Equations (11)–(14), λ ∈ R is the forgetting factor introduced in order to consider differently
the time sequence of the errors εi(t), according to an exponentially decreasing weight if λ ∈ (0, 1).
This choice is effective in case of time varying parameters while, when dealing with constant
parameters, the choice λ = 1 is usually adopted.

The algorithm in Equation (10), with positions (11)–(13), has been applied to the case i = 2.
In all the simulations, the initial values of the parameters have been chosen far from the real values.
The initial covariance, proportional to P2, has been fixed taking into account that the covariance matrix
has to be chosen according to a priori knowledge of the parameters at t = 0: very high values of the
covariance matrix elements correspond to completely unknown parameters.

Remark 1. Note that the forgetting factor method is a particular simplified case of the Kalman filter.

4.2. Normalised Gradient Based RLS

The second approach consists of a normalized gradient algorithm. This technique is based on the
choice of Qi(t) with a simpler form with respect to (11):

Qi(t) =
γ

|φi(t)|2 + β
, (15)

where γ is the adaptation gain scaled by the gradient φi(t). The bias term β is added to the square norm
of the gradient vector in the denominator of the expression, in order to prevent critical situations in the
case φi(t) is close to zero. The algorithm (10) with Qi(t) defined by (15) requires only the initialization
for the values of the parameters to be estimated.

Since the presence of noise is not explicitly considered in this formulation, the drawback is a
smaller rate of convergence and a larger sensitivity to the presence of noises.

This technique has been simulated making reference to the dynamics represented by Equation (2),
that is with i = 4.

5. Simulations

Numerical simulations, using Matlab R© (MathWorks, Inc., Natick, MA, USA) and Simulink R©
(MathWorks, Inc., Natick, MA, USA) tools, were performed in order to show effectiveness, benefits
and differences of the proposed estimation methods. Three different numerical cases were analysed,
considering predominant elastic or dissipative behaviours.

The first case corresponds to a realistic condition with elastic and damping coefficient much greater
than the ones of the mechanical structure, with c = 8.4 × 10−6 Nms/rad and k = 2.5 × 10−3 Nm/rad,
where the elastic coefficient greater than the damping one.

In the second case, a damping coefficient greater than the elastic one was considered in order
to check, by comparison, the dependency of the algorithm convergence from the two different
mechanical characteristics. The order of magnitude for the two coefficients have been exchanged,
setting c = 8.4 × 10−3 Nms/rad and k = 2.5 × 10−6 Nm/rad.

In the last case, a very poorly damped sample has been chosen with c = 8.4 × 10−11 Nms/rad,
whereas k = 2.5 × 10−5 Nm/rad.

The initial parameters values, for all the simulations and for both the estimation algorithms have
been chosen as c(0) = 10−9 Nms/rad and k(0) = 10−7 Nm/rad.
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For the forgetting factor RLS estimator introduced in Subsection 4.1, the 2 × 2 square covariance
matrix is diagonal, with both the diagonal elements equal to 1020, while the forgetting factor λ is fixed
to λ = 0.99.

For the normalized gradient estimator, presented in Subsection 4.2, the adaptation gain γ has
been set as γ = 0.9 and the normalization bias has been chosen as β = 2.2 × 10−16.

Simulation results obtained for the first case (c = 8.4 × 10−6 Nms/rad and k = 2.5 × 10−3 Nm/rad)
are depicted in Figure 4a for the elastic coefficient k and in Figure 4b for the damping coefficient c.
The solid line shows the estimation evolution with the first algorithm, whereas the dashed one reports
the results of the second algorithm. The dotted line corresponds to the true values of the parameters,
plotted as a reference. As expected, both the algorithms converge in a very short time, but the first is
faster than the second.

(a) (b)

Figure 4. Time evolution of the estimated parameters k (a) and c (b) for the first case:
c = 8.4 × 10−6 Nms/rad, k = 2.5 × 10−3 Nm/rad.

For the second case (c = 8.4 × 10−3 Nms/rad and k = 2.5 × 10−6 Nm/rad), the simulation results
are depicted in Figure 5a for the damping coefficient c, and in Figure 5b for the elastic one k. As in the
previous case, the solid line refers to the estimation evolution with the first algorithm, the dashed one
refers to the second algorithm, and the dotted one is the true reference value. The difference in the
convergence rate for the two approaches is confirmed.

(a) (b)

Figure 5. Time evolution of the estimated parameters c (a) and k (b) for the second case:
c = 8.4 × 10−3 Nms/rad, k = 2.5 × 10−6 Nm/rad.
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The results obtained by simulation of the third case (c = 8.4 × 10−11 Nms/rad and
k = 2.5 × 10−5 Nm/rad) are reported in Figure 6a for the elastic coefficient k, and in Figure 6b for
the damping one c. The difference in the convergence rate for the two approaches is confirmed,
and uniformity in the estimation of the damping coefficient c with the two algorithms is the same as in
the first case.

(a) (b)

Figure 6. Time evolution of the estimated parameters k (a) and c (b) for the third case:
c = 8.4 × 10−11 Nms/rad, k = 2.5 × 10−5 Nm/rad.

Numerical results support the effectiveness of the proposed method, tested considering different
orders of magnitude for the parameters to be estimated. Clearly, in the present formulation, the state
is assumed to be measurable, with possible additive Gaussian noise to model uncertainties and
measurement noise.

6. Conclusions

In this paper, the possibility of using a microgripper for the identification of the mechanical
properties of biomaterials was investigated. To describe the gripper–sample system dynamics, the
pseudo-rigid body model and the Kelvin–Voigt constitutive law of viscoelasticity were considered
for the microgripper and for the sample, respectively. The normalised gradient-based RLS and the
forgetting factor based RLS algorithms were implemented to solve the parameters estimation problem.
Three cases were analysed, assuming different ranges of values for the coefficients to be estimated.
The simulation results confirmed the feasibility of the method: both the algorithms converged in
a very short time, but the normalised gradient-based RLS algorithm resulted to be faster than the
other one. Therefore, the proposed approach could enable the ability to simultaneously perform the
manipulation of the biosample and the identification of its mechanical characteristics, i.e., stiffness
and damping coefficients. However, the application of the proposed method to a variety of biological
samples is limited by the assumption of the Kelvin–Voigt constitutive law of viscoelasticity. From the
methodological point of view, further investigations will focus on the implementation of more complex
constitutive models and on the design of high-performance algorithms, always attaining robustness
with respect to noise and parameter uncertainties.
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Abstract: Because they can achieve a high degree of molecular chain alignment in comparison
with their bulk counterparts, the mechanical and thermal properties of polymer nanofibers are of
great interest. However, due to their nanometer-scale size, it is difficult to manipulate, grip, and
test these fibers. Here, we demonstrate simple repeatable methods to transfer as-drawn fibers to
micrometer-scale test platforms where their properties can be directly measured. Issues encountered
and methods to minimize measurement artifacts are also discussed.

Keywords: polymer nanofiber; manipulation; precision mounting; UHMWPE

1. Introduction

Polymer nanofibers have mechanical and thermal properties significantly higher than their bulk
counterparts [1–6]. They have a wide range of potential applications in areas such as tissue engineering,
sensing, reinforcing composites, ballistic armor, textiles, and in improving thermal management [7–11].
Detailed study of their material properties is necessary to assess their true application possibilities.

However, due to their nanometer-scale size, it is difficult to manipulate and mount individual
polymer nanofibers onto a test platform to make measurements. The macroscale approach of
manipulating objects with pick-and-place tools has been scaled to smaller sizes using micro- and
nanoscale grippers [12–14]. A tweezer-like gripping mechanism in these grippers can be obtained
using various actuation mechanisms such as electrostatic, thermal, shape memory, fluidic, magnetic,
and piezoelectric [14]. But it is difficult to ensure reliable placement of a long nanofiber onto a horizontal
platform using a nanogripper. Optical tweezing is capable of sorting and manipulating an individual
DNA molecule. This technique requires a liquid medium, which is not compatible with mechanical
measurement platforms operating in laboratory air [15]. Another common approach is to use an atomic
force microscope (AFM) cantilever tip or a tungsten tip mounted on a precision XYZ manipulator.
This has been successfully used for nanoscale fabrication of polymer nanofibers [16] and precision
mounting of nanofibers [1,17]. This approach is low yield and time-consuming. In addition, the process
is generally performed in a scanning electron microscope (SEM) [17] because nanofibers are difficult to
resolve optically. However, polymer nanofibers are damaged by electron-beam irradiation [18]. Hence,
reliable optical methods are strongly needed for manipulation and testing.

In view of the urgent need for such micromanipulation, this article describes and demonstrates
a simple specimen collector technique that enables nanofiber placement with ±1 μm precision onto
micromachined test platforms using optical methods. Electrospinning is one common method to
make such long fibers [9,19,20]. Here, as an alternative example, we describe a method by which
ultra-high molecular weight polyethylene (UHMWPE) nanofibers can be made. Then we show how
they can be manipulated onto micromachined test platforms without damage. Next, we demonstrate a
nanomechanical test calibration procedure, discuss potential testing artifacts in nanomechanical and
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nano thermal measurements, and propose methods to solve them. Detailed characterization, thermal
and nanomechanical measurements on highly crystalline nanofibers prepared by this method have
been reported in reference [3].

2. Experimental

2.1. Ultra-High Molecular Weight Polyethylene (UHMWPE) Nanofiber Specimen Preparation

Ultra-high molecular weight polyethylene (UHMWPE), a linear chain polymer, is used in this
work. However, the processes described here can be generalized to other drawable polymers.
To fabricate the nanofibers, we first produced a gel from 0.8 wt % UHMWPE powder (average
molecular weight ~3 × 106–6 × 106 g/mol purchased from Sigma Aldrich, St. Louis, MO, USA) and
mixed it with decalin solvent [21]. The procedure was carried out inside an argon-filled glove box
to avoid oxidation and subsequent molecular degradation. After heating on a hot plate to 145 ◦C,
the mixture became transparent and viscous as the UHMWPE powder dissolved in the solvent while a
glass rod constantly stirred the solution. The solution was then quenched in a room temperature water
bath, and the gel formed.

Next, we devised a two-stage tip drawing method. First a μm-scale UHMWPE fiber (MF) was
drawn, as schematically represented in Figure 1. There, a 5 mm × 5 mm silicon chip with a thin film
heater attached on the backside heated the gel to 120–130 ◦C. The temperature was measured using a
thermocouple attached to the thin film heater. A hot plate placed 1 cm below the silicon chip heated the
overhead air to 90 ◦C to prepare for hot-stretching. The translucent gel transformed to a transparent
solution as it reached 130 ◦C. As the solution became clear, a sharp (~10 μm) glass tip was inserted
into the solution using an XYZ-axis micromanipulator. It drew a MF of short length (several hundreds
of μm). The drawing induces stress-induced crystallization with folded chain lamellae (kebab) on
oriented chains (sheesh). Upon drawing, the lamellar structure unfolds into microfibrils that are pulled
taut between entanglements [4]. During crystallization, the decalin evaporates, aided by the convective
current from the hot plate. Decalin syneresis further facilitates crystallization. The fiber was then
further drawn to a length of 1 cm, after which it was quenched to room temperature to minimize
relaxation of the extended chain.

Figure 1. Schematic of tip drawing setup.

To manipulate and further process the microfiber, a bulk-micromachined specimen collector was
fabricated by bulk micromachining processes, as detailed in Appendix A. It is a 1 cm × 3 cm silicon
chip of 525 μm thickness and a square hole of 7.5 mm × 7.5 mm. Again using a standard XYZ-axis
micromanipulator, the specimen collector was raised from under the drawn MF, as depicted in Figure 1,
and the MF was gripped onto the specimen collector using epoxy. Because it was stretched when the
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specimen collector was raised and glued, the MF remained taut with a moderate tensile stress. The MF
was then cut outside the collector edges.

With the specimen collector acting as a carrier, the MF could now be conveniently transferred
from the drawing station and positioned under an optical microscope objective. There, a locally etched
and bent tungsten wire, used as a microheater, was placed in the same horizontal plane 20 μm from
the MF. Details of the microheater construction are given in Appendix B.

A voltage was applied to the microheater, the tungsten wire temperature increased due to
Joule heating, and the collected MF was heated during a ~1 s pulse by convection to make a
UHMWPE nanofiber (NF), as schematically shown in Figure 2. Most advanced thermometers have
either temporal or spatial resolution limitations that limit direct temperature measurement during
this process. We estimated the maximum temperature attained by the fiber during local heating using
the ANSYS/FLUENT computational fluid dynamics finite element analysis software package [22].
First, the microheater temperature profile was calculated. Second, we assumed a MF with a typical
3 μm diameter and placed at a distance of 20 μm from the fiber. A potential bias 0.7 V was applied to
the heater, as in the experiment. Both convective and radiative heat losses were considered. At the
microscale, the boundary layer is smaller than at the macroscale. Thus, the heat transfer coefficient
(h) greatly increases. Here, we used h = 1000 W m−2 K−1 and emissivity = 0.1 [23]. Figure 3a shows
the simulated temperature MF profile. The thermal conductivity of the MF was modeled using gel
spun microfibers with k = 20 W m−1 K−1 [24]. We used an emissivity value of the MF of 0.2 [25].
A constant thermal conductivity of air, k = 0.02 W m−1 K−1, was used. The MF temperature reached
450 K (180 ◦C), and the temperature profile along the fiber is shown in Figure 3b.

Figure 2. Schematic of the specimen collector and the fabrication of an ultra-high molecular weight
polyethylene (UHMWPE) nanofiber (NF). Adapted from reference [3] supplementary information.

During this short temperature cycle, the MF temperature likely approached the melting
temperature, and stretched rapidly due to the residual tension mentioned above. As the NF developed,
its molecular alignment and crystallization was further increased. This highly aligned structure was
then quenched as the NF rapidly cooled after the heater was turned off. The NF, now suspended
between MF regions outside the heater area, was itself typically no longer optically observable, but the
outer MF regions resided in the same location as before the second drawing stage. This indicated that
a NF now had been created and still physically connected the MF regions, as represented in Figure 2.

The geometrical dimensions of NFs created by this fabrication sequence were characterized by
scanning electron microscopy (SEM). We found that factors influencing the diameter included the
initial MF diameter, the pre-existing tensile stress, and the heater current. The diameters ranged from
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20–250 nm and a length of 100 μm. Detailed specimen geometry information is provided in reference [3].
Further characterization data on twinning as determined from transmission electron microscopy and
on molecular alignment as inferred from Raman spectroscopy has also been reported [3].

a b

Figure 3. Temperature profile of the W wire heater and the polyethylene microfiber (MF) from an
ANSYS/FLUENT simulation. (a) Temperature map of the heater and the MF. (b) Plot of the MF
temperature profile. The maximum temperature reaches 450 K (180 ◦C). Adapted from reference [3]
supplementary information.

2.2. Positioning the Nanofibers on the Test Platforms

2.2.1. Mechanical Test Platform

A micromachined stepper motor, detailed in [26], was selected for the mechanical measurements.
The test platform was designed at Carnegie Mellon University and microfabricated by Sandia
National Labs, Albuquerque, NM, USA using the SUMMiT V process [27]. The polycrystalline silicon
(polysilicon) motor was “released” in the Carnegie Mellon University nanofabrication facility. The
release process involves removing silicon oxide layers in hydrofluoric acid. Then a critical point drying
process [28] rendered the structure freestanding. The full platform included a trailing load cell and
grips, as seen on the left of Figure 4. The motor was actuated electrostatically, and each step was
approximately 60 nm. Here the steps were taken at 1 Hz. It can generate an in-plane force of up to
1 mN, substantially more than the ~100 μN needed to stretch and break the NFs. Subpixel interpolation
with approximately 5 nm resolution was used to measure displacements, as recorded through a 50×
objective in an optical microscope. Because the load spring and the NF specimen are in series, the
displacement in each depends on their relative stiffnesses. Here, the load spring stiffness was on the
same order as the NFs. The tensile load was estimated by measuring the separation between the load
cell combs, while the specimen extension was determined from the comb attached to the moving grip.
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Figure 4. The micromachined test platform used for mechanical measurements.

The minuscule sample size, the limited resolution of the optical microscope and nonlinear forces
such as van der Waals, triboelectric, and capillary forces due to moisture are factors that make it difficult
to successfully place nanofibers with tip-based methods. Yet, it is critical to locate and position the
nanofiber precisely onto the micromachined test platform without damaging it. Electron microscopes
cannot be used because of the sensitivity of polymer samples to electron beam radiation [29,30],
which scissions bonds and hence degrade the mechanical and thermal property enhancement [31,32].
The manipulation by optical methods is preferred. Regarding alignment, during tensile testing, an
unwanted bending moment can cause the load cell to rotate and the fiber force will be underestimated.

The specimen collector with a suspended NF was again used as a specimen carrier, now to align
the NF with the mechanical test apparatus. It was maneuvered above the grips, as shown in Figure 5.
The suspended MF in the undrawn region was used as a reference to align the nanofiber. Two triangular
pads, which must grip the specimen, are behind the load spring, as seen in Figure 4. One pad is fixed
to the substrate while the other is connected to the load cell. The first step in mounting the nanofiber
involves pre-gluing. A small volume of cyanoacrylate glue (~20 μm × 5 μm × 5 μm) was transferred to
the load cell beam that is connected to the specimen displacement-indicating comb using a compliant
tungsten tip. This was maneuvered into position with a precise motorized micromanipulator. This glue
held the specimen in place while the fiber was aligned and cut. The specimen collector was held
by a second micromanipulator and was aligned along triangular pads under a 50× optical objective.
This was done quickly (<5 min), as the glue cured in 20 min. The specimen collector was then lowered
until the fiber made contact with the glue. It was fixed at that position until the glue cured enough to
hold the fiber while cutting. Figure 6 shows a pre-glued PE nanofiber aligned to the grips. In this case,
as in other images of fibers presented in this article, the fiber diameter is ≈250 nm so that it is optically
detectable. Fibers with diameters <100 nm were also successfully mounted. Though they could not be
observed optically, their presence was confirmed during mechanical or thermal testing.
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Figure 5. Schematic of alignment of the NF along the platform grips (figure not to scale). Adapted from
reference [3] supplementary information.

 

Pre-glued
beam

gripsAligned 
nanofiber

Figure 6. Optical image showing the pre-glued beam and an aligned nanofiber.

Next, the fibers were glued to the grips. Using a sharp compliant tungsten tip, glue was gently
placed onto the aligned fiber over the pads. If the fiber came out of alignment, it could be nudged back
into position using the same tungsten tip. As the glue became more viscous, manipulating it became more
difficult and the success rate diminished. Since the working time of the glue was ~8 min, this process was
completed within 6–8 min. Figure 7 shows a sample that has successfully been gripped at both ends.

Figure 7. Optical image of UHWMPE nanofiber tor ready for mechanical testing. (a) The fiber is glued
to both grips pads after the cutting process (b) Magnified image of the pads after gluing.

43



Actuators 2018, 7, 71

After 15 min, the glue had partially cured. The microheater then cut the fiber to a length of
200–300 μm by Joule heating, much longer than the 30 μm gauge length. A DC power of 8–15 mW cut
the fibers. As the heater made contact with the fiber, it melted it locally, thereby cutting it. Due to the
tensile stress remaining from the specimen collector, the fiber was pulled towards the pad by a few μm.
Similarly, the other end of the fiber was cut, thereby keeping the NF within the grips, with some extra
length extending beyond the glue.

After a fiber had been glued, it was cured in laboratory air for 48 h, and was then ready for testing.
Figure 8 shows a SEM image of a gripped nanofiber in the mechanical platform.

Figure 8. SEM image of a 250 nm diameter NF in comparison with human hair. Inset: detailed view of
gripped nanofiber.

2.2.2. Thermal Test Platform

A different microdevice, consisting of suspended platinum resistance thermometers (PRTs) was
used to conduct thermal characterization [33]. A total of seven SiNx beams, with platinum deposited
on each, supports each of two suspended SiNx plates. Serpentine platinum coils are fabricated on
top of the SiNx plates and are connected to electrical pads in a supported region. A lock-in amplifier
detects small changes in the resistance of these PRTs. Consequently, the device is sensitive to minute
temperature changes. A NF connecting one platform to the adjacent one conducts heat from the heated
side to the sensing side. Details of the measurement system are given in reference [33].

The alignment of the nanofiber to the plates was similar to that discussed above for the mechanical
device. However, it was found that epoxy glues wetted the Pt wire surface, creating an insulating layer
that significantly increased the thermal contact resistance, Rc. Without glue, the cutting process tended
to pull the nanofiber off the suspended plates. Focused ion beam (FIB)-deposited Pt would likewise
reduce the crystallinity and significantly increase the thermal resistance.

To solve this problem, we took advantage of the surface tension from evaporating isopropanol
(IPA), which was able to affix the fiber onto the substrate. As the liquid evaporated, it pulled the fiber
into contact with the plates and created sufficient adhesion to keep the nanofiber in place during the
cutting process. This adhesion process was termed “capillary-assisted adhesion” and is discussed next.

Steps to achieve capillary-assisted adhesion are schematically shown in Figure 9. In this process,
an IPA liquid drop was first placed on top of the thermal device (Figure 9b). Evaporation of IPA from
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the device was closely monitored under the optical microscope. After the liquid meniscus connecting
the suspended plates broke, the suspending beams (not shown) cause the plates to separate to their
nominal 5–10 μm gap. Before the liquid layer evaporated from the surface of the plates, a pre-aligned
nanofiber was expeditiously lowered into focus and contact was made with the pads (Figure 9c).
The liquid wet the fiber and the evaporating liquid surface pulled the fiber down due to surface tension.
The fiber then adhered to the pads (Figure 9d). This surface tension, accompanied by the van der Waals
force, increased the contact width of the fiber on the pads. Also, the fiber conformed to the undulating
surface, increasing the contact length significantly. Increased contact width and contact length due to
capillary-assisted adhesion reduced the thermal contact resistance. Figure 10 shows an optical image of
a mounted nanofiber on the device. NFs that are of a significantly smaller diameter and not resolvable
under the optical microscope could be manipulated and mounted onto the test platform.

 

a

b

c

d

Figure 9. Schematic diagrams representing nanofiber placement onto a platinum resistance
thermometer plates. (a) suspended plates, (b) a small drop of isopropanol (IPA) is placed on the
platforms (c) after the IPA evaporates, the microheater cuts the fibers, (d) The evaporating IPA pulls
the fiber into contact with the plate.

 

Figure 10. Optical image of a UHWMPE nanofiber sample mounted on the thermal device.
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3. Results and Discussion

3.1. Calibration of Mechanical Test Platform Using Silica Fibers

Silica nanofibers were used to validate the nanomechanical measurements reported in [3].
They were prepared using a flame brushing technique [34], where a silica microwire was heated
in the center using a butane torch and pulled at other two ends. It was stretched until broken;
nanofibers were then obtained. The nanofiber was placed on a PDMS substrate, and in this case,
conventional manipulation methods were used to mount the fiber. A tungsten tip with a tip of 1 μm
diameter connected to a high precision micro-manipulator was used to manipulate the silica nanofiber
sample from the PDMS to the mechanical test platform. Cyanoacrylate glue was used to attach the
silica nanofiber to the grips.

Stress and strain were obtained from the force normalized over the cross-section diameter and
elongation over the gauge length. Figure 11 shows the stress–strain curve of a silica nanofiber of
diameter 108 nm. The Young’s modulus was obtained from the slope of the stress–strain curve in the
elastic region. For that fiber, it was found to be 67.7 GPa. The strength was 4.5 GPa and its elongation
at failure was 9%. A second silica nanofiber was also tested with diameter D = 90 nm (Figure 11).
The Young’s modulus value was 76.5 GPa, while the ultimate strength was 8.2 GPa, twice that of the
previous sample. Elongation at failure was also observed to be higher than the previous sample at 13.8%.

E = 76.5 GPa
E = 67.7 GPa

E         = 72 GPabulk

Figure 11. Stress–strain curves for the silica nanofibers.

The Young’s modulus values are similar to that of bulk silica (72 GPa) [35]. Silva et al. tested silica
nanofibers using an AFM cantilever bending test and found that silica nanofiber Young’s modulus
for diameters larger than 280 nm was similar to bulk [35]. Wang et al. [36] obtained 27 ± 7 GPa for
diameters between 43 nm and 95 nm and Dickin et al. [37] obtained 47 ± 7 GPa for diameters between
80 nm and 98 nm. These measurements were done in the TEM using a resonance method. Recent
work [38] on a tensile test of silica nanofibers of dimensions 33.9 nm and 18.7 nm under TEM found
that Young’s modulus was about 77.6 GPa, close to bulk silica. The values in Figure 11 are in good
agreement with the bulk value and with much of the literature.

The strengths are much higher than bulk silica (0.2 GPa) [39]. This is because of nanoscale size
effect, where flaw density is significantly reduced and the probability of having a flaw larger than
critical flaw is minimal. However, our values of silica nanofiber strength are somewhat lower than that
of reference [39], where an average strength of 10 GPa was measured. Our fabrication method of using
butane torch and strength test in high relative humidity (~70%) introduces hydroxyl groups in the
silica surface that may degrade the silica sample [39,40].
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We observed elongation as high as 13.8% in the silica nanofibers. However, SEM imaging of the
fractured glass fiber shows a flat fracture surface, consistent with brittle failure. It is likely that the glue
slipped to a small degree as failure was approached, as the curve deviated from linearity. However,
this only affects the penultimate portion of the stress–strain curve. From this data, it is apparent that
the test platform can measure strength and strain if the specimen is firmly gripped.

3.2. Gripping the UHMWPE Nanofibers in Mechanical Testing

For UHMWPE nanofibers, initial test results revealed more severe slip at the grips before their
strength was reached. The surface energy of PE is low (31 mJ m−2) and the absence of a polar
component (similar to PTFE, 19 mJ m−2) makes it difficult to wet with adhesives [41,42]. There are
many commercial including Loctite 3032, Loctite 3035, Scotch weld DP 8005, Scotch weld DP 8010,
Loctite plastic bonding system, and TAP poly-weld. They are designed for low surface energy olefins
such as polyethylene and polypropylene. However, their viscosity, working life, and/or requirement to
surface treat the sample made them unsuitable for this work. All available glues were tried. All slipped
to some degree.

Six ultra-drawn NFs with diameters ranging from 85 nm to 255 nm were tested with Loctite®

AA 3032/Henkel, which is a specialized glue for PE and was found to be the best glue for this work.
From composites theory [43], the maximum force (Fmax) applied to a specimen of diameter D before it
slips can be used to obtain the average interface shear strength, τmax. Accordingly,

τmax =
Fmax

πDlglue
(1a)

which can be rewritten as
Fmax

πlglue
= τmaxD (1b)

Here, lglue is the length of the nanofiber/glue interface. In Figure 12a, Fmax/πlglue is plotted
against D. The slope of specimens that slipped before failure, as indicated by the red circles, is 4.7 MPa.
This corresponds to τmax. Indeed, video images taken during the testing revealed the slip directly.
The τmax value compares reasonably well with the shear strength of Loctite® AA 3032/Henkel, (6 MPa
with high density PE). On the other hand, specimens tested until failure (blue circles in Figure 12a)
displayed a significantly higher force per unit length. The additional gripping force was contributed by
a mechanical locking procedure, as described in [3]. Figure 12b,c shows the schematic of fiber within
the glue.
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Figure 12. Estimate of glue shear strength. (a) Shear force per unit length versus fiber diameter for
Loctite® AA 3032/Henkel glue/fiber interface. The slope gives the shear strength of the glue/nanofiber
interface. (b,c) are schematic cross-section and longitudinal views of the fiber in the glue. Adapted
from reference [3] supplementary information.

From this data, we can estimate the length of the glued/fiber interface required to grip a typical
100 nm NF at a uniaxial stress of 10 GPa, on par with the tensile strength, σts. Then, lglue = σtsD/4τmax

≈ 53 μm. The gripper length was 30 μm. With greater lengths, it should be possible to test UHMWPE
nanofiber specimens to failure without the mechanical locking procedure, and thereby also assess
Young’s modulus.

3.3. Thermal Contact Resistance

Thermal contact resistance Rc between the sample and the islands will result in an incorrect
thermal conductivity value if not correctly assessed. Furthermore, if Rc is much larger than the
intrinsic thermal resistance of nanofiber, Rs, the procedure is subject to large errors. The total thermal
resistance at steady state is the sum of thermal contact resistances, 2Rc, and Rs. Then,

Rtot = Rs + 2Rc (2)

For high thermal conductivity samples, such as UHMWPE nanofibers, Rs can be increased by
making the nanofiber long and the cross-section area small. However, this will also reduce the heat
flux significantly. Consequently, the temperature rise of sensing side will be lessened, making accurate
measurement difficult. A platinum or graphite coating, using electron beam or focused ion beam
(FIB), has been extensively used in literature to reduce thermal contact resistance [44,45]. However,
high-energy electron/ion beam amorphized the NFs and reduced the thermal conductivity down to
the bulk value, as shown in Figure 13. There, Rtot data is shown over a wide temperature range, but
the extracted thermal conductivities of 0.1 to 0.4 W/mK are very low. A better approach is to obtain a
condition in which 2Rc � Rs. Values from 60–90 W/mK [3], on par with metals, were measured for
NFs attached by the capillary-assisted adhesion method described in Section 2.2.2.
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Figure 13. (a) NF attached by a platinum coating using FIB. (b) The thermal conductivity values of NF
prepared by this procedure are similar to bulk PE due to the damage in the NF chains. Adapted from
reference [3] supplementary information.

4. Summary and Conclusions

Polymer nanofibers may possess properties much higher than their bulk counterparts, and
therefore accurate assessment of these properties is of great interest. However, because of their small
size and the omnipresence of van der Waals, electrostatic and capillary forces, it is often difficult
to manipulate individual polymer nanofibers on to test platforms that measure their properties.
Here, we have detailed the fabrication (Appendix A) and use (Section 2.2.2) of a specimen collector
(Figures 1, 2 and 5), which makes it possible to position nanofibers within ±1 μm of the desired
location (Figures 6–8) without exposing them to damaging electron beam irradiation. Even after they
are in place, the very high strength and low surface energy of UHWMPE nanofiber render grip strength
an obstacle to accurate mechanical testing results (Figure 12). This issue can be surmounted by gripping
outside the smallest nanofiber region if extra material has accumulated there. Alternatively, longer
grip regions may be effective. With respect to thermal measurements, contact resistance can dominate
the values (Figure 13). We have found that a capillary-assisted technique (Figure 9) can significantly
reduce contact resistance without damage to the nanofiber. While we find these procedures to be
helpful, further manipulation improvements will surely be welcomed by practitioners.
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Appendix A. Specimen Collector Fabrication

The specimen collector was fabricated by bulk micromachining techniques, as shown in Figure A1.
The selectivity of a traditional oxide mask for silicon etching is insufficient for a through etch. Four-inch
(100)-oriented silicon wafers coated with a 300 nm LPCVD silicon nitride (SiNx) film on both sides
were purchased from WRS materials. The wafers were HMDS vapor-primed at 150 ◦C for 5 min to
promote photoresist adhesion. AZ 4210 photoresist was spin-coated at 4000 rpm, resulting in a 2.1 μm
thick layer. This was followed by a soft bake at 95 ◦C for 1 min.

Figure A1. Micro fabrication processes of the sample collector.

The photoresist was patterned using a Karl Suss MA6 aligner with ultraviolet light of 320 nm
wavelength at 5 mW/cm2 for 80 s. The exposed photoresist was then developed by a 1:4 mixture
of AZ 400K and deionized (DI) water for 120 s. The wafer was then cleaned in DI water and dried
with nitrogen.

The photoresist pattern was transferred into the SiNx by reactive ion etching (RIE) using a
Plasmatherm 790 RIE system. A gas mixture of tetrafluoromethane (CF4) and oxygen (O2) at flow rates
of 19.5 sccm and 0.5 sccm, respectively and a total pressure of 35 mT. An RF power of 60 watts at a
bias of 315 volts was applied to induce plasma. The fluorine in CF4 reacts with the silicon in silicon
nitride to form volatile silicon tetrafluoride (SiF4). Carbon can form polymer deposit onto the surface,
reducing the etch rate. Hence, the fluorine/carbon ratio determines the SixNy etch rate. A higher ratio
provides a higher etch rate. Oxygen can react with the carbon forming volatile gas, which increases
the fluorine to carbon ratio and thus increase the reaction rate. However, oxygen also etches the
photoresist, so an optimum ratio must be found. We obtained an average etch rate of 26 nm/min but
the etch rate decreased over the time due to the polymer deposit. After 6 min, the etching was stopped
and argon gas was used to purge the chamber for 2 min at 200 mT. This was done to eliminate polymer
deposit that would otherwise hinder the SiN etching. The total duration was 12.5 min to ensure all
silicon nitride had been etched. Oxygen plasma was then applied for 5 min at 50 mT and 100 W to ash
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the photoresist and remove any residual polymer. The chamber was once again purged with argon at
200 mT for 2 min. The wafer samples were then cleaned using acetone, isopropanol alcohol and DI
water, respectively.

The wafer was now through-etched using KOH according to SiNx. pattern. KOH etching depends
on the crystal orientation of silicon, the solution concentration and the temperature. Here, KOH pellets
were mixed with DI water to obtain 20% solution, an optimum concentration for (100) Si etching [46].
The solution was heated to 80 ◦C and the wafer was placed in the solution, whereupon hydrogen
bubbles, indicative of the etching, were immediately observed. The glassware was covered with
aluminum foil to reduce evaporative loss, thereby reducing the KOH concentration increase as the
vapor re-condensed into the solution. However, the foil reacted with the vapor and some holes were
produced. The total etch duration was 7 h for an average etch rate of 78.5 μm/h, less than the reported
etch rate for 20% KOH at 80 ◦C [46], likely due to the increasing concentration. Etching ceased at the
bottom SiNx layer. KOH etching is an anisotropic etch with the (111) plane etching more slowly than
the (110) and (100) planes, resulting in a characteristic pyramid like structure with 54.7◦ [46]. At the
end of KOH etch, we obtained square holes with the expected 54.7◦ slanted walls. The wafer was
rinsed in DI water, and the remaining SiNx material on the top and bottom was removed after 15 min
in 49% hydrofluoric acid (HF). The wafer was then diced into individual specimen collectors.

Appendix B. Microheater Construction

The micro heater is a sharply bent tungsten wire locally etched at the tip to 5–10 μm. It is
joule-heated to a temperature exceeding 500 ◦C (Figure 3) at its tip to locally transform a MF into a NF.
It was constructed and assembled as follows: Tungsten wire of 50 μm diameter was purchased from
ESPI metals, cut to a 10 cm length, bent near its center, and adhered to a glass slide. The protruding
bent edge was submerged in a beaker with 30% H2O2 solution that was held at room temperature
while it was stirred magnetically. The wire was etched until the final diameter at the tip reached
5–10 μm as shown in Figure A2a. The ends of the wire were attached with copper tape for electrical
attachment. Figure A2b shows a fabricated microheater.

3 mm
5 μm

Figure A2. Microheater used for local heat stretching and cutting PE fiber. (a) microheater (b) tungsten
tip of microheater with diameter ~3 μm.
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Abstract: The evolution of microelectronic technologies is giving constant impulse to advanced
micro-scaled systems which perform complex operations. In fact, the actual micro and
nano Electro-Mechanical Systems (MEMS/NEMS) easily integrate information-gathering and
decision-making electronics together with all sorts of sensors and actuators. Mechanical manipulation
can be obtained through microactuators, taking advantage of magnetostrictive, thermal, piezoelectric
or electrostatic forces. Electrostatic actuation, more precisely the comb-drive approach, is often
employed due to its high versatility and low power consumption. Moreover, the device design and
fabrication process flow can be simplified by compliant mechanisms, avoiding complex elements
and unorthodox materials. A nano-scaled rotary comb drive is herein introduced and obtained using
NEMS technology, with an innovative design which takes advantages of the compliant mechanism
characteristics. A theoretical and numerical study is also introduced to inspect the electro-mechanical
behavior of the device and to describe a new technological procedure for its fabrication.

Keywords: microactuation; nanoactuation; comb drives; flexure hinge; nanofabrication; electron
beam lithography

1. Introduction

The end of the 1960s has witnessed the rise and consolidation of semiconductor fabrication
technologies leading, together with the first microchip developments, to the evolution of increasingly
complex systems able to connect advanced electronics and engineering systems with the physical
world [1]. This process was made possible due to the development of MEMS sensors and actuators,
that are currently an essential part of our daily life, being present in information-communication,
electromechanical, optical, chemical and biological devices [2–5]. Moreover, the scaling phenomenon
from macro- to micro-actuators led to a drastic change in the influence of individual parameters and
opened new perspectives with innovative mechanical designs.

MEMS actuators and sensors are many and different. Micromachined structures movimentation
can be carried out using various approaches: such as magnetostrictive, thermal, piezoelectric or
electrostatic [6]. In this work, attention is given to work-producing actuators, with silicon being the
key material, by an electrical and mechanical point of view. State-of-the-art MEMS devices are often
actuated taking advantage of electrostatic forces between charged surfaces at a distance. Electrostatic
actuation combines high versatility, fast dynamic response and low power consumption with a
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simplified design and a fabrication process flow which is made possible by avoiding complex elements
like coils or cores and unorthodox materials like shape-memory-alloys or piezoelectric ceramics [7].
It exploits the relation of surface to spacing (not volume to spacing), therefore its force is less affected
by scaling [8].

Among all the possible electrostatic actuation techniques, the comb-drive approach is one of the
most employed [9], with different possibilities in terms of out-of-plane [10] or in-plane [11] motion.

Moreover, Compliant mechanisms have been successfully adopted to develop MEMS devices in
order to replace hinges and improve motion properties: the incorporation of the Conjugate Surfaces
Flexure Hinges (CSFH) mechanism into the MEMS technology has opened up new perspectives for a
completely new class of microdevices, characterized by a neutral stable configuration with a stationary
pose, avoiding lubrication due to the absence of mechanical backlash, and easier to actuate [12].
The outcome is not a combination of different layers and sub-parts, the whole device can be made
of a monolithic body of a single material, obtained by a highly simplified fabrication procedure,
being at the same time extremely versatile in terms of integration in complex systems and structures
for different applications, such as compliant 3 D.O.F. microrobots [13–16], micromechanisms [17,18],
micro hinges [19–21] and microgrippers [22–27].

The drastic reduction of complexity made possible by the CSFH principle, together with its
minimization of internal stresses and its robustness in operation, can facilitate the scaling process from a
Micro-Electro-Mechanical System to a Nano-Electro-Mechanical System (NEMS), with new challenges
in terms of mechanical movement, actuation possibilities and applications [28–30]. In this work,
the properties of a NEMS rotary comb-drive nano-scaled actuator is introduced, its design is inspected,
its electro-mechanical behaviour is theoretically and numerically studied and a new technological
procedure for its fabrication is described, making it able to integrate in standard systems as well as
in wearable/flexible systems, polymer substrates or in glass devices, with a variety of applications
in the field of mechanical manipulation, such as nano-surgery, lab-on-chip bimolecular analysis,
or nano-movimentation in space environment.

2. A Nano-Scaled Rotary Comb-Drive Electrostatic Actuator

The presented structure covers a total area of 120 × 75 μm2 and is made of 2 main components,
as depicted in Figure 1:

• A fixed part (red colored), with interdigitated fingers;
• A suspended part (green colored), composed by a mobile rigid body with interdigitated fingers

and a flexure hinge with an anchored part on the left.

The system can be moved by changing the voltage between the static and movable part,
which generates an alteration in the electrostatic forces between the two components, which are
proportional to the capacitance between the two interdigitated structures: the result is a variation of
the gap between the comb fingers and a movement of the rigid suspended body, made possible by the
flexible hinge. Figure 2 shows a 3D sketch of the system.

The actual comb-drive mechanism is 50 × 25 μm2, the smallest size ever presented in literature
(to the best of the authors’ knowledge), and has two arrays of 18,600 nm-wide and 1800 nm-spaced
fingers, with a length which changes from 4 μm up to 9 μm; the first and last finger of each array is
1200 nm-wide. The whole suspended part is able to move due to a 600 nm wide curved beam flexure
hinge, with a circular shape and a radius of 20 μm. The curved beam is considered as a revolute joint,
centered in correspondence of the center of the beam elastic weight.
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Figure 1. Top view of the proposed device.

Figure 2. Three-D sketch of the proposed device.

3. Microelectromechanical Simulation

The response of the comb drive to the application of a voltage on the pads connected to the fixed
and mobile sets of fingers has been simulated in two steps.

Firstly, considering the geometry of the systems, the number of fingers and the dielectric
characteristics of the gap, an elementary force F has been calculated as acting on each one of the
n fingers. Force F has the line of action perpendicular to the finger free-end section and can be
calculated as [31]

F =
ε0εrhV2

g
, (1)

where ε0 is the vacuum permittivity (8.8541 × 10−12 Fm−1), εr is the air relative permittivity (1.00058),
h is the thickness of the finger, g is the radial distance between the movable and fixed finger, and V is
the applied voltage.

Then, a static force analysis has been performed by means of the commercial Finite Elements
Analysis software ANSYS c© (Canonsburg, PA, USA). Polycrystalline silicon has been considered as
structural material, with Young’s modulus equal to 164 GPa and Poisson’s ratio equal to 0.22 [32].
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Isotropic material formulation and nonlinearity due to large deflections were also considered. A fixed
support was introduced to simulate the anchor constraint at the flexure end–section.

Two different layouts for the comb drives have been considered.

3.1. First Layout

For the first layout, n = 19 fingers, a thickness h = 500 nm and a gap g = 600 nm have been
considered. The forces were calculated for an applied voltage ranging from 1 to 14 V, with steps of 1 V.

Figure 3 shows the generated mesh, composed of 9484 nodes and 7594 elements, and refined in
correspondence to the flexible beam and to the comb-drive fingers.

The rotation of the floating part and the maximum value of the maximum principal stress (MPS),
for increasing values of the applied voltage, are reported in Figure 4. The value of 14 V corresponds a
rotation of 4.85 ◦, close to the maximum rotation permitted by the comb-drive geometry (5◦). This case
is represented in Figure 5, showing the deformed and neutral configurations of the structure and the
stress distribution on the flexure. The maximum MPS value is equal to 66.7 MPa. Yield strength of
polycrystalline silicon is equal to 1.2 GPa [33,34].

Figure 3. First layout: mesh of the floating structure and detail of the comb-drive fingers.
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Figure 4. First layout: maximum values of the MPS and rotation angle of the movable fingers for
increasing values of the applied voltage V.

Figure 5. First layout: neutral and deformed configurations, and stress distribution on the flexure.

A modal analysis has been performed with ANSYS to evaluate the dynamic performance of
the actuator. The first resonant mode, occurring at 16.5 kHz, corresponds to an out-of-plane motion
characterized by an axis of rotation parallel to the y-axis (see Figure 5). This occurrence is not really
critical for the fingers which are subject locally to a relative translation with no problems for fingers
interference.

The second mode occurs at 18.3 kHz, and it is associated to an in-plane oscillation with an axis of
rotation parallel to the z-axis. This mode corresponds, actually, to the designed working motion for the
mobile fingers and therefore there are no interference problems.

The third and sixth modes, corresponding to out-of plane motions, are characterized by natural
frequencies equal to 41.6 kHz and 149.3 kHz, respectively.

The fourth and fifth modes, occurring at 56.5 kHz and 126.9 kHz, respectively, are attributed
to in-plane motions that could be detrimental because of the possible contact among floating and
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anchored fingers. Finally, higher order modes have been neglected because the natural frequencies are
very high.

3.2. Second Layout

After the former simulation, a second case has been studied with a gap g between the fingers
larger than in the first case. In fact, the gap has been increased by the 30%, in order to avoid surface
sticking during the fabrication and the releasing of the device. Furthermore, this could help operational
performances during actuation.

To model the comb drive action in this second layout, the force F has been applied to each one
of the n = 13 fingers. The thickness of the finger h remained 500 nm, as well as the radial distance
between the movable and fixed finger (1.2 μm), while the range of applied voltage spans from 1 to
24 V, with 1 V steps.

Figure 6 reports the generated mesh, composed of 8065 nodes and 6423 elements, and refined in
correspondence to the flexible beam and to the comb drive fingers.

The rotation of the floating part and the maximum value of the maximum principal stress (MPS),
for increasing values of the applied voltage, are reported in Figure 7. The value of 24 V corresponds
to a rotation of 4.88 ◦, close to the maximum rotation permitted by the comb-drive geometry (5◦). As
for the previous layout, the limit case is reported in Figure 8, that shows the deformed and neutral
configurations and the stress distribution. The maximum MPS value is equal to 66.7 MPa.

Figure 6. Second layout: mesh of the floating structure and detail of the comb-drive fingers.
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Figure 7. Second layout: maximum values of the MPS and rotation angle of the movable fingers for
increasing values of the applied voltage.

Figure 8. Second layout: neutral and deformed configurations, and stress distribution on the flexure.

As for the first layout, modal analysis has been conducted to calculate the most affecting natural
modes and so the first six natural frequencies have been considered, having, respectively, values equal
to 16.7, 18.6, 40.4, 57.7, 127.1 and 147.9 kHz. The corresponding modes are similar to the ones described
in the previous case.

4. Fabrication

Microelectronic manufacturing technologies, and its constant evolution in time, opened new
possibilities for the fabrication of micro- and nano-scaled electro-mechanical systems, allowing to
obtain a highly complex mechanism through a sequence of iterations of simple steps:

• Deposition/growth of a chosen material on a substrate in form of thin/thick film, using various
kinds of methods, such as Physical or Chemical Vapor Deposition (PVD/CVD), Atomic Layer
Deposition (ALD) and Epitaxy;

• Geometry definition of the latter, usually via lithographic techniques or similar;
• Material patterning, via wet/dry etching procedures.
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The result is a device assembled by a composition of different layers overlapped, each shaped
with the corresponding geometry [35,36].

MEMS manufacturing and production, for this kind of devices, usually employs a standard
Silicon-on-Insulator (SOI) stack. For this work, an unconventional material stack is designed,
as sketched in Figure 9.

Figure 9. Three-D sketch of the proposed device.

In particular, the stack is composed by:

• A glass substrate;
• A Ti/W metallic alloy as intermediate sacrificial layer;
• Doped hydrogenated amorphous silicon (a-Si:H) as structural layer: a highly versatile material,

suitable for large-area and low-cost electronic devices, biologically compatible, while monolithically
integrable on rigid or flexible, metallic, dielectric or polymeric substrates [37–42]. It also shows
interesting mechanical features and was chosen to build bridge-like structures and cantilevers
based devices [43].

• Chromium as masking layer for the structure patterning.

The fabrication procedure was carried out as follows:

• PVD of the sacrificial layer;
• CVD of the amorphous silicon layer;
• Geometry definition on a PVD obtained chromium film by lithographic technique: in particular,

Electron Beam Lithography (EBL) was required, in order to obtain submicrometric resolution,
on an electron-sensible polymeric film [44];

• Structure patterning by Reactive Ion Etching (RIE) technique, with the previously shaped
chromium film as masking layer;

• Structure releasing via isotropic and selective removal of the intermediate layer, in a wet etching
solution. Etch holes in the rigid suspended bodies were considered in order to promote the
under-etching phenomenon and optimize the releasing process.

Figure 10 shows first examples of the nanoscaled rotary comb-drive during its fabrication process.
Since the structure geometries reach the sub-micrometric scale, it was impossible to appropriately
identify and discern all the features of our device with an optical microscope: therefore Scanning
Electron Microscope (SEM) pictures were taken.
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Figure 10. SEM pictures of the nano comb-drive during its fabrication process: top view of the whole
patterned device (a) with a 30◦ tilted enlargement on the comb-drive fingers (b); 45◦ tilted view
of an anchored flexure hinge (c) and fingers (d) released from the glass substrate and suspended.
These images were taken with an accelerating voltage (EHT) of 10 kV, 10 kV, 2 kV and 5 kV respectively;
a magnification of 2630×, 8630×, 8000× and 2281×, respectively; a working distance of 5.5 mm, 10
mm, 5.9 mm and 10.0 mm, respectively, and a beam current of 10 pA.

Figure 10a,b show a top view (top left) of the whole device during the structure patterning
phase, with an enlargement on the comb fingers (top right). Figure 10c,d show the crucial parts of the
device suspended and detached from the substrate after the releasing process: the attachment between
the hinge of the actuator and the anchor (bottom left), and the comb-drive fingers (bottom right).
The displayed devices have n-doped a-Si:H, deposited by Plasma Enhanced Chemical Vapour
Deposition (PECVD), as structural layer, with the following parameters:

• A substrate temperature of 200 ◦C;
• A SiH4 flow of 45 sccm and a PH3 flow of 10 sccm into the process chamber, with a process

pressure of 0.3 Torr;
• A glow discharge with a power density of 25 mW/cm2, for 1 h.

5. Conclusions

This paper has shown the feasibility of a new nano fabrication process to build nano actuators,
based on electrostatic actuation. The construction process has been applied to a rotary comb-drive which
appears promising as a tool for microactuation and micromanipulation. Furthermore, the numerical
simulations gave also encouraging results in terms of operational capability. Two models have been
studied with different characteristics and the results showed that operational capabilities can be
increased by reducing the gap between the fingers and their size, which makes the systems less robust.
Therefore, an optimal design should find a balance of mediation between the two different factors.
The developed actuator seems to be one of the smallest actuators available as state-of-the-art, and this
could lead to new applications, especially in the biomedical field.
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Abstract: The number of studies on microgrippers has increased consistently in the past decade,
among them the numeric simulations and material characterization are quite common, while the
metrological issues related to their performance testing are not well investigated yet. To add
some contribution in this field, an image analysis-based method for microgrippers displacement
measurement and testing is proposed here: images of a microgripper prototype supplied with
different voltages are acquired by an optical system (i.e., a 3D optical profilometer) and processed
through in-house software. With the aim to assess the quality of the results a systematic approach
is proposed for determining and quantifying the main error sources and applied to the uncertainty
estimation in angular displacement measurements of the microgripper comb-drives. A preliminary
uncertainty evaluation of the in-house software is provided by a Monte Carlo Simulation and its
contribution added to that of the other error sources, giving an estimation of the relative uncertainty
up to 3.6% at 95% confidence level for voltages from 10 V to 28 V. Moreover, the measurements on the
prototype device highlighted a stable behavior in the voltage range from 0 V to 28 V with a maximum
rotation of 1.3◦ at 28 V, which is lower than in previous studies, likely due to differences in system
configuration, model, and material. Anyway, the proposed approach is suitable also for different
optical systems (i.e., trinocular microscopes).

Keywords: microgripper; displacement; measurement; uncertainty; image analysis

1. Introduction

Microgrippers are MEMS technology-based devices, able to manipulate objects with dimensions
of the order of 10−6 m. The development and diffusion of such devices is increased considerably
thanks to the advent of D-RIE (Deep Reaction Ion Etching) manufacture technology, which led the
construction even on a micrometer scale. The microgrippers under study in this article are made
up of flexible beams, and the mechanism that allows the movement of these devices is based on a
particular and innovative hinge, called a conjugate surface flexure hinge (CSFH), which can be built as
a monolithic body and easily integrated into any mechanical structure of a MEMS. These devices are
actuated by innovative capacitive rotary comb-drives that can generate a torque when driven by an
applied voltage (Figure 1). Based on the theoretical model in [1], to perform an electro-mechanical
characterization of these devices, in [2] the behavior of Comb-Drive as studied when a potential
difference is applied. In this study, however, some important characteristics such as mass and material
effects were neglected and the rotary capacitors were assumed as parallel plates. To validate the
theoretical results and obtain a more realistic and accurate model, a numerical simulation based
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on Finite Element Method (FEM) was also proposed. Moreover, through the Direct Method, it was
possible to validate the theoretical behavior, solving the problem of offering a good angle of rotation
while minimizing the maximum internal stress. Through a Finite Element Analysis (FEA) simulator,
the displacement of the clamps according to the applied potential difference [3] were studied. In
addition, in [4], simulations have been conducted on V-Rotation Comb-Drive and V-Force relationships.
Thanks to these studies a quadratic behavior of the relationship between the applied voltage and
the angular rotation of the Comb-Drive was determined. Despite the great variety of applications
involving microgrippers, such as biology [5,6], surgery [7,8] or aerospace [9,10], very few works
reported measurement data for the experimental characterization of such devices [2] and the quality of
the results is not established through an in-depth uncertainty analysis. To give a contribution to this
issue, in this study an experimental approach to measure the microgripper displacements is proposed
and applied to verify the theoretical relationship between the applied voltage and the Comb-Drive
rotation. To this aim an uncertainty analysis of the quantities measured is also performed: an example
of measurements and testing on a microgripper prototype is described here to confirm the theoretical
displacement of its comb-drives by means of an optical system (profilometer) and an in-house image
analysis software.

 
(a) 

  
(b) (c) 

Figure 1. Images of a microgripper captured by a trinocular microscope. (a) microgripper, the
displacement of the arm A is provided by the rotation of the Comb-Drive C (b) Hinges and rotary
Comb-Drive (c) pliers.

67



Actuators 2018, 7, 64

2. Materials and Methods

With the aim to properly characterize and test the microgripper behavior, many kinematic and
dynamic output quantities should be measured (e.g., from position and displacement to forces and
torques) and related to the input quantities supplied to the device (e.g., voltage, current), therefore a
first systematic approach may consider the displacement of one or more of its components taking into
account the characteristics of the experimental set up (Table 1).

Table 1. Experimental setup.

Device Characteristics

Power supply Keithley 236, Range settable to 1.1/11/110/1100 V with
respectively 0.1/1/10/100 mV resolution, accuracy 0.06 V at F.S.

Micropositioners n.1 MP25L, n.1 MP25R, range X/Y/Z 10/10/10 mm with 5 μm
resolution

Probes (supply) PA-C-1M with tungsten needles

Device Under Test (DUT) Silicon microgripper (Silicon type P. dopant Boron, orientation
<100>, electrical resistivity 0.005–0.03 Ohm×cm), module
dimensions 2000 μm × 1500 μm, device thickness 40 μm,
insulated layer thickness 3 μm, handle thickness 400 μm,
capacitive comb-drives

DUT stage The wafer containing the DUT is placed on the profilometer
working surface fixed by an adhesive tape

Optics: 3D Optical Profilometer field of view from 7.2 mm × 5.4 mm to 80 nm × 60 nm, maximal
lateral resolution 0.6 μm

Digital Image 768 × 580 pixels, 8 bit, 0.6 px/μm

Image Processing Software In-house software developed in MATLAB (2017a, MathWorks)

Notebook pc Intel core i7-2670, 6 Gb RAM, Nvidia GeForce GT 520 MX

In particular, with reference to Table 1 the following components have been considered:

a. The microgripper under study (Device Under Test or DUT), made up of flexible beams and hinges,
is actuated by capacitive rotary comb-drives that generate a torque when a voltage is applied
(Figure 1).

b. A constant voltage source should be provided to evaluate the dependencies of the mechanical
output on the voltage. In our study, the power supply device is a Keithley 236 SMU with 0.055%
F.S. output voltage accuracy.

c. Two micropositioners embedded with probe arms and tungsten needles have been used (Figure 2)
to apply the voltage to the DUT.

d. The microgripper displacements have been measured from images acquired and collected by
a Fogale Zoomsurf 3D optical profiling system (Figure 3). The maximum resolution is limited
by the diffraction as in conventional optical microscopes to 0.6 μm and the vertical resolution
reaches 0.1 nm. The digital image resolution is 0.6 pixel/μm therefore each pixel corresponds to
about 1.6 μm. Taking into account that to clearly discriminate 2 point objects in a digital image,
3 pixel are needed in the best case [11,12], the total lateral accuracy into the digital image has been
estimated to be ±2 pixel (about ±3.3 μm).

e. The acquired images have been processed by an in-house software developed in MATLAB® and
a notebook PC. From the analysis of the image sequences, the movement of the components has
been measured by means of a template-matching algorithm. A set of images has been acquired,
each one corresponding to a specific voltage setting: to calculate the angular displacement,
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the first acquired image (0 V) has been compared with the others (i.e., 2 V, 4 V, ..., 28 V) through
the following steps:

• Step 1:

• The initial coordinates of the Comb-drive ICR (Instant Center of Rotation) are estimated. As
shown in Figure 4, four points are manually selected on the edges of the Comb-Drive, and
the intersection of the two corresponding lines coincided with the ICR of the Comb-Drive.
The second phase involves the manual selection of a particular Region of Interest (ROI)
on the image. The Comb-Drive under examination, has been designed in such a way that
it has a static part anchored to the structure of the MEMS device and a mobile part. In
Figure 4 the lower part is the static one. As shown in Figure 5, a ROI can be selected on the
mobile part of device’s Comb-Drive to determine the angular displacement (see step 2).
Figure 6 shows the superposition of two images in the sequence, one corresponding to no
actuation (the neutral configuration) and one corresponding to a 28 V applied voltage.

• Step 2:

• The coordinates of the following three points are used: the most distant point from the
ICR on the fixed Comb-Drive part, the ICR of the Comb-Drive and the center of the ROI.
They determined a triangle, where the vertex ICR corresponds to the angular opening of
the Comb-Drive.

• A match is found between the coordinates of the selected ROI on the first image (see
step 1) and on all the subsequent images. Through this operation the in-house software
can detect the new coordinates of the ROI’s center of gravity for each subsequent image
and therefore for each applied voltage. On the hypothesis of no deformation due to the
movement of the Comb-Drive, the rigid movement of the device keeps unchanged the
points on the bottom left and that corresponding to the ICR. Therefore, for each subsequent
image in the sequence, the coordinates of the center of the ROI are detected and used to
identify a new triangle and consequently a new angular opening of the Comb-Drive for
each applied voltage.

• From the angular aperture of the Comb-Drive at each voltage, the corresponding angular
displacement is obtained.

The above steps can be easily adapted to measure the movement of other elements of the
microgripper and are suitable on digital images produced also by systems different from that used
in this work. On the other hand, it is important to consider the errors due to the variability of the
parameters related to the manual selection of the operator, together with the uncertainty of the code
itself. For this reason, an uncertainty analysis has been made considering the above issues by means of
Monte Carlo Simulation (MCS).
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Figure 2. Micro-positioner.

 

Figure 3. Optical profiling system.

 

Figure 4. Microgripper under study (DUT): image of the Comb-Drive provided by the 3D optical
profiling system. From the intersection of the yellow lines the ICR is determined.
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Figure 5. Image of the DUT provided by the 3D optical profiling system. ROI identification on the
mobile arm of the Comb-Drive.

Figure 6. Superposition of two images of the DUT Comb-Drive, corresponding to 0 V and 28 V applied
voltage, respectively.

First of all, an uncertainty analysis of the errors due to the experimental setup has been done,
therefore the main uncertainty sources have been identified and evaluated, as shown in Table 2 where
for each source a probability density function PDF together to the uncertainty type, mean m and
standard deviation σ is determined.

• Power supply uncertainty has been evaluated trough the data sheet and a Gaussian distribution
has been assumed, therefore the corresponding standard deviation σ is evaluated from the declared
uncertainty u as σ = u/2.

• DUT stage: orientation and vibrations of the DUT stage are related to a change in image focusing
during measurements. The corresponding uncertainty has been assumed negligible as the setup is
mounted on an optical table with a pneumatic suspension system and at each step a correct image
focusing is maintained.

• Optical system and digital image: as described before the uncertainty due to the use of the optical
profilometer has been evaluated considering its maximal lateral resolution and the digital resolution
of the acquired image, i.e., 0.6 μm and 1.6 μm/px, respectively. As shown in Figures 7–10, two point
objects in a digital image are resolved if they are separated by 1 or more pixel depending if they are
centered or not on a picture element. In the best case (i.e., for high contrast and Signal to Noise
Ratio) the minimum distance needed between them should be about 3 pixels [11,12], therefore in
this study a uniform uncertainty distribution with a 2 pixels semi-amplitude is assumed.
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• Software Processing: two uncertainty contributions can be determined: the former is related to
the step 1 (manual selection), while the other is due to the template-matching algorithm. As in
previously works [14–17] the total uncertainty has been evaluated by an MCS.

Table 2. Uncertainty sources.

Uncertainty Source
Probability Density

Function (PDF) 1 Type 2 m σ Unit

Power Supply:
Voltage accuracy N (m, σ) B 0.03 V

DUT Stage:
Plate planarity and vibration, focusing plane

variation
- - - - -

Optical System:
Profilometer Maximal lateral resolution due to

diffraction
U (m, σ) B 0.4 μm

Digital Image:
digital conversion U (m, σ) B 1.9 μm

Calibration:
Included in the nominal uncertainty of the

Optical System
- - - - -

Image Processing Software:

U (m, σ) Auncertainty in point identification ±2 pixel
uncertainty in ROI position (template-matching) ±2 pixel

uncertainty in ROI size (template-matching) ±2 pixel

uncertainty in the template-matching algorithm A Monte Carlo Simulation is used.
1 N(m, σ) is a Gaussian PDF with mean m and standard deviation σ; U(m, σ) is a uniform PDF with mean m and
standard deviation σ; 2 Type A and type B uncertainty as in [13]

 

Figure 7. Two pixel-centered point elements separated by 2 pixels.

 

Figure 8. Two point elements in 2 near pixels.
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Figure 9. Two point elements not pixel-centered separated by 3 pixels.

 

Figure 10. Two point elements not pixel-centered separated by 2 pixels.

To evaluate the accuracy of image processing software, a simulation was implemented in
MATLAB® in accordance with the MCS Method. In this procedure the uncertainty sources were
introduced by the variability of the parameters related to the manual selection of the operator.
In particular:

• Uncertainty due to point selection: with the aim to determine the ICR, the operator manually
selects some points on the image. This operation is performed only once at the beginning of the
measurement process, and even if the coordinates of these points are confined to a limited region
of space (the mobile edge of the Comb-Drive), there is a variability introduced by the nature of
the manual process. Under the same conditions (same image selected and same operator), a set
of 10 consecutive tests were carried out and a dispersion of ±2 pixels was estimated. A uniform
distribution U (m, σ) was also assumed with semi-amplitude of 2 pixels and mean m from the
average of the 10 tests.

• Uncertainty related to ROI position in the template-matching algorithm: the operator arbitrarily
chooses the ROI position in the image. Although the ROI lies in a limited region of the image (i.e.,
the mobile part of the Comb-Drive), an uncertainty is introduced by the variability of the manual
selection. Also, in this case, a set of 10 consecutive tests were carried out and a dispersion of ±2
pixels was determined: a uniform distribution U (m, σ) was assumed with a 2-pixel semi-amplitude
and mean m from the average of the 10 tests.

• Uncertainty related to ROI size in the template-matching algorithm: in the same way, the ROI size
selected by the operator may vary. Under the same conditions (same image selected and same
operator), also in this case a set of 10 consecutive tests were carried out and a ±2 pixels dispersion
was estimated. A uniform distribution U (m, σ) was also assumed with mean value equal to the
average of the 10 trials and a 2-pixel semi-amplitude.

• Uncertainty of template-matching algorithm: also, the template-matching gives a contribution to
uncertainty as described in [13], nevertheless it is included in the MCS results, as the final data
dispersion is affected by this source of error too.
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Once the distributions related to the variability of manual selection processes have been
established, the process of calculating the angular displacement of the Comb-Drive is performed
10,000 times (i.e., 10,000 iterations in the MCS), for an applied potential difference of 28 V. This
procedure is carried out to verify the distribution of the angular displacements when the above
parameters change.

The total uncertainty uc of the displacement measurement is evaluated as suggested in [13] with
the following expression:

uc =
√

u2
A + u2

B (1)

where uA and uB are the type A and type B overall uncertainty respectively. In particular, uA is the
uncertainty contribution evaluable with a statistic analysis of the measurements dispersion obtained
with the system and uB is the overall uncertainty from the main error sources related to the experimental
setup. To also evaluate the uncertainty contribution of the power supply the relation f between the
voltage V and the angular displacement α has been considered. The uB can be written as:

uB = δα =

√
(δαt)

2 +

(
∂ f
∂V

δV
)2 δαt

αt
=

√(
δαp

α

)2

+

(
δαs

α

)2
(2)

where αp are the angle measurement uncertainty due to the profilometer system (optical and A/D
conversion), αs is the angle measurement uncertainty due to the implemented software system, δV
the uncertainty on the supply voltage and ∂f/∂V is the derived function that described the correlation
between the supply voltages and the Comb-Drive rotations [13]. This last uncertainty contribution
has been evaluated through an MCS. To evaluate the αp contribution, the angle has been measured by
means of the triangular properties as shown in Figure 11 and (3).

αp � tgαp =
a
b

(3)

From Figure 11 the values a and b are obtained from the Δx and Δy lengths, following the
expressions in (4):

a =
√

Δxa2 + Δya2, b =
√

Δxb
2 + Δyb

2 (4)

Therefore, the uncertainty due to the profilometer error in Table 2 can be obtained as:

δαp

αp
=

√(
δa
a

)2
+

(
δb
b

)2
(5)

where:

δa =

√(
∂a
∂x

δx
)2

+

(
∂a
∂y

δy
)2

=

√√√√( Δxa√
Δxa2 + Δya2

δx

)2

+

(
Δya√

Δxa2 + Δya2
δy

)2

(6a)

δb =

√(
∂b
∂x

δx
)2

+

(
∂b
∂y

δy
)2

=

√√√√( Δxb√
Δxb

2 + Δyb
2

δx

)2

+

(
Δyb√

Δxb
2 + Δyb

2
δy

)2

(6b)

The quantities a and b in (6) depend on the image resolution and size. For this study, the lengths
of the Comb-Drive triangle in the image are considered for the maximum rotation, i.e., Δxa = 25 pixel,
Δya = 150 pixel, Δxb = 680 pixel and Δyb = 150 pixel, therefore a = 152 pixel, and b = 700 pixel.

From Table 2 and the maximum measured angle is 1.3◦ and the relative uncertainty is up to 3.6%
for voltages higher than 10 V.
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In a second step of our study some tests have been conducted to evaluate how good the
microgripper behavior fits the theoretical model [2]. With this aim it has been supplied with different
voltages, i.e., from 0 V to 28 V at 2 V steps, forward and backward 6 times.

In Figure 6 two superimposed images of the same Comb-Drive at different voltages are shown:
the in-house software can evaluate the angle difference between them.

For each voltage value the standard deviation and the average of the angular displacement of the
Comb-Drive have been measured as above. Finally, all the measurement data have been processed
and interpolated to provide a curve fitting of the actual motion of the Comb-Drive depending on the
voltage supply.

Figure 11. Angle measurement for the uncertainty evaluation related to the profilometer image.

3. Results

From the MCS the image processing software accuracy has been estimated: as shown in Figure 12
the distribution of results followed a Gaussian curve with ±0.02◦ interval at a 95% confidence level
(percentile values for 2.5% and 97.5% are 1.29◦ and 1.32◦ respectively). This value has been used to
evaluate the total measuring system uncertainty following (1).

The uncertainty analysis above has been applied to angular measurements on the microgripper
at different voltages (Figure 13, Table 3). Measurement data showed that the interpolating curve
(voltage vs angular displacement) was similar to the numerical results and to measurements reported
in other works on similar devices [2,16], but the angles measured here were usually lower for the same
voltages. This different behavior is likely due to the different microgripper used (a different model,
configuration, and material). Indeed, in the studies above mentioned [2,16], different microgripper
configurations and models provided different angular behaviors, as shown in Table 3.

In Figure 13 the measurement results proposed here seem to be more similar to [16] than [2]. The
different materials and configuration may be related to different elastic resistances in the hinges
translating in different angular displacements. Anyway, a best fitting curve with a R2 = 0.999
demonstrated a coherent behavior along all the voltages: this is likely due also to the systematic
approach and to the in-house software applied in this study to perform the measurements with
repeatability and low-operator-dependence.

 

Figure 12. Example of results of the Monte Carlo Simulation for software uncertainty analysis
(10,000 cycles).
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Figure 13. Curve and points obtained for measurements made with the proposed system (blue dashed
line) compared with that from the analytical model (yellow dashed line) and the experimental data
(orange dot-dashed line) in [2,16] (dotted line).

Table 3. Results on angular displacement measurements (Figure 13).

Supply Voltage (V)
Angle Rotation
Mean Val. (◦)

Standard
Deviation (◦)

Angle [2] (◦) Angle [16] (◦)

2 0.005 0.005 0.02 0

4 0.011 0.008 0.08 0.1

6 0.065 0.004 0.24 0.1

8 0.11 0.011 0.5 0.2

10 0.1603 0.004 0.8 0.3

12 0.227 0.006 1.08 0.4

14 0.3190 0.007 1.65 0.4

16 0.427 0.015 2.08 0.6

18 0.5425 0.011 - 0.7

20 0.696 0.016 - 0.9

22 0.810 0.018 - 1.1

24 0.952 0.024 - 1.2

26 1.122 0.027 - 1.5

28 1.308 0.027 - 1.8

4. Conclusions

With the aim to characterize and test the behavior of a microgripper a systematic approach to
measurements is proposed and applied. An experimental setup has been developed and the main
sources of error have been evaluated to estimate the measurement uncertainty in angular displacements
of the microgripper Comb-Drive depending on the applied voltage.

The results showed a stable behavior of the Comb-Drive with angular displacement lower than
in other works, that was likely due to the different MEMS configuration and model, as the different
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materials and configuration could imply a different elastic resistance in the hinges evolving in different
angular displacement.

The software here implemented can work on different components of the gripper (clamp instead
Comb-Drive). Moreover, the method proposed can be easily applied to images provided by systems
that provide bidimensional images of the microgripper in operational conditions, e.g., it can work
also with images from a trinocular microscope equipped in a probe station. In this case, an in-depth
analysis of the probe station characteristics and its calibration should be done. Although the overall
measurement uncertainty may be higher than in the case described here, it must be pointed out that
the optical microscope is a measurement system less complex and expensive than the 3D optical
profilometer, therefore it may be a good trade-off between costs and results accuracy. Future works will
be focused on this kind of testing system and a study on the clamp motion behavior in comparison with
the Comb-Drive rotation is going to be conducted to further contribute to a more complete approach
to microgripper experimental characterization and testing.
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Abstract: In the last decades, microelectromechanical systems have been increasing their number
of degrees of freedom and their structural complexity. Hence, most recently designed MEMSs
have required higher mobility than in the past and higher structural strength and stability.
In some applications, device thickness increased up to the order of tens (or hundred) of microns,
which nowadays can be easily obtained by means of DRIE Bosch process. Unfortunately, scalloping
introduces stress concentration regions in some parts of the structure. Stress concentration is
a dangerous source of strength loss for the whole structure and for comb-drives actuators
which may suffer from side pull-in. This paper presents an analytical approach to characterize
stress concentrations in DRIE micro-machined MEMS. The method is based on the linear elasticity
equations, the de Saint-Venant Principle, and the boundary value problem for the case of a torsional
state of the beam. The results obtained by means of this theoretical method are then compared
with those obtained by using two other methods: one based on finite difference discretization of
the equations, and one based on finite element analysis (FEA). Finally, the new theoretical approach
yields results which are in accordance with the known value of the stress concentration factor for
asymptotically null radius notches.

Keywords: scalloping; stress concentration; compliant mechanisms; DRIE

1. Introduction

Interest in microelectromechanical systems devices has steadily increased in the last years.
Micro-scale technologies have proven to be very effective, playing a prominent role in a wide variety of
applications from different fields, such as drug delivery [1–5], aerospace [6,7], medical diagnosis [8,9],
surgical applications [10–12], and cell manipulation [13–15].

Since 2013 [16,17], a new class of MEMS, equipped with Conjugate Surface Flexure Hinges
(CSFH) has been developed [18,19] and fabricated [20]. A sample of CSFH is depicted in Figure 1.
These systems consist essentially of micro compliant mechanisms where the flexure hinges are
manufactured as CSFHs. In such kind of flexure, the thickest rigid elements are linked by a certain
number of CSFHs, where each CSFH consists of a curved beam together with a portion of
a conjugate-profile pair, as illustrated in Figure 1. According to the CSFH design, the center of each arc
is coincident with the center of the elastic weights of the curved beam [21].

Actuators 2018, 7, 57; doi:10.3390/act7030057 www.mdpi.com/journal/actuators79
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Figure 1. Curved beam adopted in CSHF hinges and comb-drive fingers.

The availability of CSFH hinges gave rise to the design and fabrication of new devices,
such as microrobots [16,17,22–24] micromechanisms [17,25], microgrippers [18,26–28], and even
a microtribometer [29].

In-plane MEMSs perform properly only if their flexible elements offer high compliance selectivity
around the perpendicular axis. Hence, high aspect ratio structures are desirable. While surface
micro-machining offers, typically, thickness from 2 to 5 μm, the Deep-Reactive Ion Etching (DRIE)
process is used to obtain thickness of 50 μm and much more.

Since 1993 [30], Bosch DRIE process has introduced an effective method to provide, simultaneously,
high mask selectively and very high anisotropy of the etched structure. In 1999, the scalloping
observed on vertical walls during time multiplexed deep etching (TMDE), the roughness of horizontal
surfaces exposed to the glow discharge, and the radius at the bottom of etched features were
highlighted [31]. Few years later, it was demonstrated that important features of the samples,
such as achievable anisotropy, etching uniformity, fillet radii, and, mainly, surface roughness,
are strongly dependent on chamber pressure, applied coil and electrode power, and reactant gases flow
rate [32]. This experimental observation lays the groundwork for the present investigation. In fact,
scalloped sidewall roughness affects the performance of DRIE-manufactured comb-drives from both
an electrical and a mechanical point of view. An example of DRIE-manufactured rotary comb-drive is
depicted in Figure 1.

Considering the electrical aspect, scalloping determines, along the thickness of the device
layer, gap variations between the facing surfaces of the fixed and movable fingers. Therefore,
it affects the force or the torque exerted by the linear or rotary comb-drive, respectively. Furthermore,
charge concentrations occur in sharp edges [33], determining variations of the electric field along the
thickness direction.

From a mechanical perspective, it was observed that [31,32] post etch behavior for specimens
with high surface roughness always indicated low fracture strength, whereas for specimens with better
surface quality there was a wider distribution in sample strength. In addition, recent experimental
tests [34] showed that some teeth are subject to lateral pull-in, with possible large deflection
and instability.

The present investigation focuses on the mechanical aspect.
As discussed in the next paragraph, one source of strength decay is the stress concentration factor,

which holds in those zones where surface discontinuities appear. In high aspect ratio DRIE Bosch
process, problems and challenges regarding scalloping attenuation have been reported in various
investigations [35–40], although the problem presented several difficulties.
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More recently, it has been shown that the sidewall roughness varies with the depth and depends
on the trench width. In addition, the surface upper region exhibits a scalloping morphology, while the
rougher lower region shows a curtaining morphology [41]. Although cryogenic-DRIE (see for example
Refs. [42–45]) has recently been employed to fabricate trenches with highly vertical sidewalls and
obtained relatively smooth surfaces, Bosch DRIE remains of great interest for the construction of
many devices.

In 2012, a study [46] dedicated to Through-Silicon Via (TSV) technology showed that an etch
method not based on Bosch process can get quite smooth sidewalls with no scalloping, together with
a good control of the etched profile.

Since scalloping is not acceptable in specific applications, a dedicated effort has been provided
to control and reduce it, mainly based on the optimization of DRIE process parameters [47–50],
or, alternatively, removing it after fabrication [38].

Unfortunately, indentations and notches on the surface of a DRIE manufactured device give rise
to high stress concentration that leads the samples to break at an unexpectedly low load.

The present work intends to contribute in filling this gap and to investigate about the shear stress
distribution in the neighborhood of each single scalloped discontinuity on the walls device.

Hence, to develop a theoretical model, a uniform cantilever beam with circular cross section has
been considered. To model the scalloping effect, a circular region, or notch, has been subtracted from
the beam cross section. The center of the notch lies on the cross section profile.

By applying the linear elasticity theory to the beam with notched cross section, the shear stress
distribution can be obtained analytically for the case of pure torsion. The idea of studying the beam
torsional state can be justified by considering that stress concentration is actually due to tangential
tensions. In addition, the shearing force is quite likely eccentric with respect to the center of shear of
the cross-section. This implies a twisting moment acting on the beam, which is dangerous because of
the very low torsion rigidity of thin-walled open profiles. Furthermore, the equations are integrated
also by using a numerical approach based on finite discretization of the section and finite differences.
Finally, the results are compared to those obtained with finite element analysis (FEA).

2. Motivation of This Work

The Bosh DRIE process is performed by means of pulsed regimes in two steps: in the first one,
plasma etches the wafer along mainly the vertical direction, while in the second phase a passivation
layer (Polytetrafluoroethylene) is chemically deposited on the silicon surface thanks to the action
of a source gas (usually Octafluorocyclobutane). The two steps are iterated in such a way that,
after each surface passivation phase, an etching phase follows, during which ions attack selectively the
passivation layer at the bottom of the trench but not along the side walls. This iterative process permits
very deep vertical etching [30]. However, the etching phase affects also the lateral walls and so the side
is not perfectly planar, but it is rather undulating, as pictorially represented in Figure 2. The first image,
reported in Figure 2a, represents a simplified scheme of a portion of a SOI wafer, after four cycles
(note that the stop layer, represented in gray color, is reached after one more cycle only). The central
cantilever beam appears after the wet etching phase, as illustrated in Figure 2b,c, during which the
oxide is partially removed.

As known, any geometric irregularity on the cross section of a beam is responsible for stress
concentration, which decreases its actual strength. The capability of micro-electromechanical systems
(MEMS) to move is a direct consequence of their embedded flexures. According to the adopted
process, a SOI (Silicon on Insulator) is used to obtain a suspended so-called device layer that can move
along in-plane directions. The geometry of the device is designed and then transferred to the device
layer by means of a mask. In the device layer, there are some pseudo-rigid parts that achieve motion
capability because of the presence of flexible micro-beams. It is therefore clear that the strength of the
micro-beams affects performance and reliability of the whole microsystem.
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(a) (b) (c)

Figure 2. A simplified representation of the SOI wafer after four cycles of the D-RIE process (a), and of
a cantilever beam after oxide wet etching, subject to out-of-plane (b) and in-plane (c) shear tension.

Given the large variety of applications, micro-beams in MEMS are used for many different purposes.
For example, they can be used either to create the fingers (linear or curved) of a comb-drive actuators
or as a structural element (once again linear of curved) of a flexure. Therefore, these micro-beams
are generally subject to local or distributed external forces that induce shear tensions on the beam
cross-section. These forces may act along either an out-of-plane or an in-plane direction. Out-of-plane
tensions are represented in Figure 2b, while in-plane tensions are depicted in Figure 2c. In the case of
comb-drive actuators, fingers are subject to the lateral pull-in effect, and therefore they are inflected
around an axis that is orthogonal to the pane of motion (in-plane inflection). On the other hand,
surface forces, such as electrostatic forces, may act perpendicularly to the plane of motion, giving rise
to out-of-plane inflection.

Furthermore, since the gaps among fingers can be reduced to as small as one micron, the possible
inflection is responsible for stitching, which makes the MEMS practically impossible to use any
further. The mechanics of adhesion this context has been extensively discussed in a recent review [51],
where some fundamental parameters for microscale adhesion in MEMS are discussed in detail.

Figure 3 shows scalloping over nine fingers of a circular comb-drive that the authors use for
MEMS actuation. Although comb-drives fingers do not present direct contacts, mechanical impacts,
vibrations or electrostatic field forces can still play a certain action on the fingers.

Figure 3. Comb-drive finger region.

However, a much greater stress state is generated on the curved beam which sustains the moving
parts. For example, in the case of CSFH hinges [34], the curved beam is bent around an axis which is
orthogonal to the plane of motion.
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Figure 4 shows how scalloping produces roughness on one finger surface.

Figure 4. Scalloping details in one finger.

3. Theoretical Background

We refer to a prismatic beam as a region bounded by an exterior cylindrical surface and two
terminal plane sections perpendicular to the generators [52]. The beam axis has a mild curvature
compared to its thickness, so the theory for straight beams can be extended to this case of study.
According to Ref. [53], this assumption is true when the ratio of the curvature radius to thickness is
greater than 5.

The generic cross-section is depicted in Figure 5. Axes x and y, not necessarily principal of inertia,
intersect each other in the centroid S and form an orthogonal Cartesian frame with z lying along the
direction of the beam axis.

Figure 5. Cross-section with nomenclature.

The present formulation applies with no restriction to cross-sections of arbitrary shape and also
to hollow beams. However, the case of simply-connected domain is analyzed here.

In the case of two axes of symmetry, the section centroid coincides with the center of shear,
and extension, bending , and torsion are uncoupled if forces are applied to S [54–58].

The cross-section is a domain D of area Ω, bounded by the exterior directrix s whose direction
is uniquely defined asking the associated outward normal n and tangent t unit vectors to form
a right-handed system with the unit vector êz.

83



Actuators 2018, 7, 57

In the following sections, shear stresses is determined from the theory of linear elasticity. Once the
stress and strain tensors are defined, the semi-inverse method of Saint-Venant [59–61] is applied by
setting [52,54,55,57,58]

σx = σy = τxy ≡ 0 ,

the equilibrium equations, neglecting body forces, read

∂τxz

∂z
= 0 , (1)

∂τyz

∂z
= 0 , (2)

∂σz

∂z
+

∂τxz

∂x
+

∂τyz

∂y
= 0 . (3)

Assuming the exterior surface to be free of stress corresponds to setting

τxzdy − τyzdx = 0 (4)

on ∂D, with dy = nxds and dx = −nyds.
The hypotheses of isotropy and linear elastic behavior of the material lead to the

stress-strain relations:

σz = Eεz = E
∂w
∂z

, (5)

τxz = Gγxz = G
(

∂u
∂z

+
∂w
∂x

)
, (6)

τyz = Gγyz = G
(

∂v
∂z

+
∂w
∂y

)
, (7)

where u = [u, v, w]T is the small displacement field, and E and G are Young’s and shear modulus,
respectively.

The stress resultants on the cross-section are the normal and shear forces Tz, Tx, Ty and the
twisting and bending couples Mz, Mx and My:

Tz =
∫
D

σz dxdy , Mx =
∫
D

yσz dxdy ,

Tx =
∫
D

τxz dxdy , My = −
∫
D

xσz dxdy , (8)

Ty =
∫
D

τyz dxdy , Mz =
∫
D

(xτyz − yτxz) dxdy .

4. Shear Stresses in Torsion

As mentioned in Section 1, we focus on the shear stress concentration due to a scallop-like
geometry in a beam subject to pure torsion. To compute the shear stresses, the solution of Poisson’s
problems, with Neumann or Dirichlet boundary conditions, is required. Such problems imply the use
of Laplace operator in two dimensions [52,54–58,62].

Pure torsion is defined as the partial solution of the problem of shear stresses where σz ≡ 0
(implying the absence of shear forces and bending moments) [52]. The shear stresses τ = [τxz, τyz]T

satisfy the simplified equilibrium equation:

div τ =
∂τxz

∂x
+

∂τyz

∂y
= 0. (9)
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When a twisting couple Mz is applied to the free end of a clamped beam, the flatness of the
section is preserved only if the beam has circular cross-sections. In all other cases, the longitudinal
displacement w is not linear in the variables x and y, causing a warping of the section.

Assuming the torsion angle of the cross-section ωo = ωo(z) to be small, the displacement field u

in pure torsion is devoid of rigid contributions,

u = −ωo(z)y , v = ωo(z)x , w = θg(x, y) , (10)

where the constant parameter θ = dωo
dz is the twist of the centroidal fiber and g(x, y) is the so-called

warping function.
Generally, the function g(x, y) is not linear in x and y and causes the loss of flatness of the section.

It is defined only up to an additive constant and can be made unique by the constraint
∫
D

g dxdy = 0.

Deriving shear strains as shown in Equations (6) and (7) allows us to write shear stresses as:

τxz = Gθ

(
∂g
∂x

− y
)

, τyz = Gθ

(
∂g
∂y

+ x
)

. (11)

By substituting Equation (11) into the equilibrium condition, Equation (9), leads to

Gθ

(
∂2g
∂2x

+
∂2g
∂2y

)
= 0 .

Together with the boundary condition in Equation (4) it determines the following
Neumann’s problem: {

∇2g = 0 in D,
∂g
∂n = 1

2
∂
∂s
(

x2 + y2) on ∂D,
(12)

with ∇2 Laplace operator in the plane of the domain D. The solution g(x, y) of this boundary value
problem is unique up to an additive constant, and can be found in a closed form only for some
simple cases (e.g., circular cross-sections, where g = 0 is an exact solution and fulfills the boundary
condition [52]). Once the problem is solved, shear stresses are determined by means of Equation (11).

Another formulation of the problem can be derived defining Prandtl’s stress function Φ(x, y)
such that

τxz = Gθ
∂Φ
∂y

, τyz = −Gθ
∂Φ
∂x

. (13)

The equilibrium condition, Equation (9), is satisfied when the stress function Φ is a solution of
the problem: {

∇2Φ = −2 in D,

dΦ = 0 on ∂D.
(14)

Since the addition of a constant to Φ does not affect stresses, the constant value Φ0 on the outer
boundary ∂D0 can be set equal to 0. In hollow beams (multiple connected domains), the values of Φ0i
on the inner boundaries ∂Di cannot be chosen arbitrarily, but must satisfy the circuital conditions

∫
∂Di

∂Φ
∂n

ds = 2Ωi, i = 1, 2, . . . , n

where Ωi denotes the area of the ith cavity. This constraint, which is necessary to ensure the
displacement w has one value, cannot in general be solved explicitly within numerical analysis [56,63].
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The torsion cross sectional rigidity J, entering the linear constitutive relationship for the
twisting couple,

Mz = GJθ ,

can be determined by integrating Prantdl’s stress function over the section [52,54–58,62]:

J = 2
∫
D

Φ dxdy.

5. Circular Notched Cross-Section

As recalled in previous sections, the shear stress field is the solution of elliptic boundary value
problems defined on the cross-section of the beam. Such problems are generally solved by means of
finite differences or FEA.

However, the scheme presented here takes advantage of the simple form that the stress functions
present for some particular geometries.

The warping function g(x, y) and its harmonic conjugate Z(x, y) = Φ(x, y) + 1
2
(

x2 + y2) are two
functions which are coupled by the Cauchy-Riemann relations, i.e.,

∂g
∂x

=
∂Z
∂y

,

∂g
∂y

= −∂Z
∂x

.

Simple analytical solutions of Laplace equation are given by polynomials in the complex variable
x + iy, such that the generic m-th term is

g + iZ = (pm + iqm)(x + iy)m, (15)

with [52]

g = pm

(
xm − m(m − 1)

2
xm−2y2 + . . .

)
+

− qm

(
mxm−1y + . . .

)
,

Z = pm

(
mxm−1y + . . .

)
+

+ qm

(
xm − m(m − 1)

2
xm−2y2 + . . .

)
.

In the case of negative values of m in Equation (15), the function g + iZ will present poles,
i.e., singularity points where the function approaches an infinite value. Thus, negative exponents
m are possible in Equation (15), provided that the generated poles fall out of the elastic region D.
For example, for m = −1, there is one simple pole in the origin:

g + iZ =
(p−1 + iq−1)(x − iy)

x2 + y2 .

In this case, the stress function

Φ(x, y) =
−hr2x
x2 + y2 − 1

2

(
x2 + y2

)
+ hx +

1
2

r2 (16)

is regular inside the domain D, vanishes on the boundaries x2 + y2 = r2 and (x − h)2 + y2 = h2

and satisfies the problem in Equation (14) (it is Prandtl’s stress function for the torsion of a circular

86



Actuators 2018, 7, 57

cross-section beam, of radius h, with a circular notch of radius r centred on its surface, see Figure 6).
Considering the details shown in Figure 4, the circular shape of notches is assumed to be a first
approximation fitting the real profile.

Figure 6. Reference frame, cross-section with radius h, and notch with radius r.

The associated warping function is, up to a constant,

g(x, y) =
(

1 − r2

x2 + y2

)
h y. (17)

Thus, for a beam with such a cross-section undergoing pure torsion, shear stresses can be easily
evaluated with Equation (11) or (13) by partial differentiation of either g or Φ.

6. Theoretical Aspects in the Finite Element Formulation

The second order partial differential equation problem (with Dirichlet or Neumann boundary
conditions) can be written, in its strong formulation, as:

⎧⎨
⎩
∇2 ϕ = f0(x, y) in D
∂ϕ

∂n
= f1(x, y) or ϕ(s) = f2(s) in ∂D

(18)

in the previous equations,

f0(x, y) = 0,

f1(x, y) =
1
2

∂

∂s

(
x2 + y2

)
,

in the case ϕ(x, y) = g, while

f0(x, y) = −2,

f2(x, y) = Φ0,

in the case ϕ(x, y) = Φ.
The weak form of the problem, which can be implemented by most finite element solvers, can be

obtained by a weighted residuals method, introducing a set of weighting functions, η. The integral sum
over the domain D in the product of the weights η by the residual R = −∇2 ϕ + f0(x, y) is required
to vanish

G(ϕ, η) =
∫
D

Rη dΩ =
∫
D

(
−∇2 ϕ + f0

)
η dΩ = 0 . (19)
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Integration by parts, and Neumann’s boundary condition, provide the weak form of the boundary
value problem:

G(ϕ, η) =
∫
D

∇ϕ · ∇η + η f0 dΩ −
∫

∂D

η f1 ds = 0 , (20)

with ∇ the gradient in the plane of the domain D.
The condition for η is η = 0 on ∂D. The integral over the boundary will then vanish in the case of

Dirichlet boundary conditions.
Equation (20) can be solved approximately using the finite element method; the domain D is first

decomposed into a number � of sub-domains, each one having n nodes.
The nodal approximations for the coordinates vector x = [x, y]T , the unknown function ϕ and the

weighting function η are built using the same shape function NI . Once their values in the nodes are
known, the interpolations which derive are:

x̃ =
n

∑
I=1

NIxI ,

ϕ̃ =
n

∑
I=1

NI ϕI , (21)

η̃ =
n

∑
I=1

NIηI ,

where the ~ (tilde) sign denotes the value of the indicated function.
Inserting the nodal approximations in Equation (21) into the weak form of Equation (20),

and summing over the � subdomains leads to the finite element problem:

G(ϕ, η) =
�

∑
e=1

Ge =
�

∑
e=1

n

∑
I=1

n

∑
K=1

ηI (Ke
IK ϕK − Pe

I ) = 0, (22)

with the global matrix KIK and the vector PI formed by the elementary matrices and vectors:

Ke
IK =

∫
De

(∇NI · ∇NK) dΩe (23)

Pe
I =

∫
De

f0(x, y)NI dΩe +
∫

∂D

f1(x, y)NI ds. (24)

To compute shear stresses, we must solve the linear system in Equation (22). To this end,
the cross-section D properties, the second order moments of inertia, Ixx, Ixy, Iyy, and the centroid
coordinates xS and yS, as well as the derivatives of the shape functions N with respect to x and y,
must be known.

7. Stress Analysis

The presented methods can be specialized for the study of the above-mentioned class of
CSFH-based microdevices. A member of this class is characterized by the presence of an embedded
CSFH hinge, which is composed of a flexible curved element connecting a couple of conjugate profiles.
One possible configuration is depicted in Figure 7. Relative motion among the pseudo-rigid parts i
and j is possible because the thin cross-section of the curved element k behaves as a flexible rod.
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Figure 7. Flexural hinge geometry (see also Refs. [15,64]).

The technological limitations or the application complexity do not guarantee that the flexible
curved beam k is subject only to pure bending. On the contrary, the tension field is rather complex
and also includes shear component on the cross section. In fact, if a curved beam is considered,
in-plane shear stress (as in Figure 2b) is always present, while out-of-plane, or transverse, shear stress
(Figure 2c) is likely to be present for several reasons. One of them, already pointed out in Section 1,
is that the shearing force on the beam is quite likely eccentric with respect to the shear center,
thus implying a twisting couple. Considering that beams are thin-walled, we know this implies
remarkable shear stress.

Since the aim of this paper is restricted to the analysis of stress concentration, it is reasonable to
simplify the general case of curved beam by a straight axis beam with in-plane shear at one end. For this
reason, the stress distribution over a cross section of the beam is investigated, and increase in the
overall tension maximum value is monitored to avoid unpleasant damages or fractures at unexpectedly
low loads.

In the following paragraphs, the elementary beam theory is applied to the case of a circular
cross-section shaft with a circular shaped notch undergoing pure torsion. Stresses are computed by
using the analytical solution of the equations shown in Section 5. Then, two more methods, both having
numerical nature, are used to compare their results with the analytical solutions: finite differences and
finite elements.

7.1. Analytical Solution

For the geometry in Figure 6, it has been shown that Prandtl’s stress function

Φ(x, y) =
−hr2x
x2 + y2 − 1

2

(
x2 + y2

)
+ hx +

1
2

r2 ,

and the warping function

g(x, y) =
(

1 − r2

x2 + y2

)
h y ,

have to satisfy Equations (11) and (13):

τxz = Gθ

(
∂g
∂x

− y
)
= Gθ

∂Φ
∂y

,

τyz = Gθ

(
∂g
∂y

+ x
)
= −Gθ

∂Φ
∂x

.
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The stress function and the partial derivatives can be rewritten in terms of polar coordinates,
by introducing ρ2 = x2 + y2:

Φ = xh

[
1 −
(

r
ρ

)2
]
− 1

2

(
ρ2 − r2

)
,

∂Φ
∂x

= h

[
1 +
(

r
ρ

)2
]
− x ,

∂Φ
∂y

= y

[
2xh
(

r
ρ

)2
− 1

]
.

Some physical parameters have to be imposed to evaluate the vector τ = [τxz, τyz]T : the radii of
the beam and of the notch h and r, as well as the twist of the centroidal fiber θ and the shear modulus
G. Some plausible values are considered, although they do not resemble the exact geometry of the
real device. This does not affect the accuracy of the results, since this calculations are not intended
to give an exact solution, for which more accurate experimental studies are needed, in the first place.
However, it is thought that, by assigning proper values to the parameters, the following computations
give a close enough picture of the real stress field at a section of the hinge.

From the literature [32], we set 1μm as fixed value for r, radius of the notch. Stresses were then
studied for h linearly varying from 1μm to 20μm with steps of 1μm.

We then imposed:

• beam radius, h = 1 ÷ 20μm
• notch radius, r = 1μm
• G = 70 GPa
• torsion relative angle ωo = 5◦ = 0.0873 rad
• beam length z = 300μm
• twist of the centroidal fiber θ = dωo

dz = 291 rad
m

The results were implemented and plotted using Matlab©. The stresses were initially computed
deriving partially Φ in a 10,000 nodes sample grid in x and y over the domain D; the grid was then
refined with 40,000 and, finally, 160,000 nodes.

Figure 8a,b represents the shear vector fields in the cross section and around the notch for the two
cases h = 10r and h = 20r, respectively, in different scaled grids.

Figure 9a-c shows the shear stress field obtained by composing τxz and τyz, for different values of
h
r ratio, 20, 10 and 1, respectively.

However, for the sake of the present investigation, the area around the notch is more interesting
than the bulk of the cross-section, and so a detailed computation was performed within the same
coordinate system and number of nodes over a sample grid narrowed to a 3r × 3r square. Results,
for h = 20r, are shown in Figure 10a. Similar conclusions can be obtained by considering the case for
which h = r, as depicted in Figure 10b.

90



Actuators 2018, 7, 57

(a) (b)

Figure 8. Shear stress vector field with the analytical approach in a: (a) 20 μm × 20 μm grid; and (b)
3 μm × 3 μm grid.

(a) (b) (c)

Figure 9. Shear stress module (Pa) in the cross section calculated through a 400 × 400 nodes grid with
the analytical approach where: h

r = 20 (a); h
r = 10 (b); and h

r = 20 (c).

(a) (b)

Figure 10. Shear stress module (Pa) around the notch for: h
r = 20 (a); and h

r = 1 (b).

Stress is concentrated around the circular arc midpoint, being the point where the maximum
stress is attained.
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7.2. Numerical Solution via Finite Difference Discretization

The computation by means of finite differences has been implemented using the free version of
the software FlexPDE (Version 6.36).

The resulting stress field, obtained over a 587 nodes grid, is shown in Figure 11a–c, together with
the plots of its two components τxz and τyz, and the stress function Φ.

(a) (b) (c)

Figure 11. Shear stress (108 Pa) map for: h = 20r (a); h = 10r (b); and h = r (c).

7.3. Numerical Solution via Finite Element Analysis

Finally, straight axis beams with circular section and circular notch were modeled by means of
standard 3D modeling and FEA package ANSYS©.

Three different geometries were considered, thus three different solid models were built.
Taking r = 1 μm, three cross sections with h = 20r, h = 10r and h = r, respectively, were used
to extrude the solid model of the beam. Using the same physical parameters in the previous methods,
and imposing again 5◦ relative rotation among the end sections, the values of tension modules were
obtained at the nodes.

The adopted meshes, for the three h to r ratios, are represented in Figures 12a, 13a and 14a.
The maximum shear stress fields are also reported in Figure 12b,c, for the case h = r, while the

two groups in Figures 13b,c and 14b,c concern the two cases h = 10r and h = 20r, respectively.

(a) (b) (c)

Figure 12. Summary of the results obtained by applying FEA to the case r = h: (a) mesh; (b) shear
stress; and (c) shear stress in the section.
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(a) (b) (c)

Figure 13. FEA applied to the case h = 10r: (a) mesh; and (b,c) shear stress.

(a) (b) (c)

Figure 14. FEA applied to the case h = 20r: (a) mesh; and (b,c) shear stress.

7.4. Discussion about the Achieved Results

The obtained results have shown that the maximum shear stress holds in the center of the notch
arc. Such point is called core point in Table 1. On the other hand, two other points have been considered,
namely, the the upper and lower edge points of the notch, which correspond to the scallops spikes.
In such points, called edge points in Table 1, the stress (denoted with τedge) is virtually null. This is
consistent with the fact that such point belongs to a stagnation zone of the tension field.

Table 1. Comparison of Results.

Position τ (MPa)

h Point x y Analytical Flex PDE
FEA

mid* min, max*

r Core r 0 19.9 20.3 20.37 24.66
Edge r

2 ±
√

3
2 r 0 <6.0× 10−3 6.8× 10−3 6.8× 10−3

10r Core r 0 356 390 391.93 485.78
Edge r

20 ±
√

399
20 r 0 <20 1.49 1.49

20r Core r 0 727 928 802.01 991.85
Edge r

40 ±
√

1599
40 r 0 <150 7.08 6.25

mid: referred to mid section; min, max: minimum and maximum values.

Of course, symmetry implies identical solution for the top and the bottom edge points. Shear stress
has been computed in these points using three methods. The analytical solution yields null values
(i.e., zero, to the best of the numerical approximation of the floating point accuracy), while the other
two methods give values much smaller (practically null values) than the those calculated in the core.
This difference with the analytical method is certainly due to the discretization approximation of the
numerical approaches.
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The proposed analytical method gave us the opportunity to calculate stress in many different
points and sections. For example, τedge and τmax could be calculated as a function of the ratio ρ of the
notch radius r to the circular section radius h. The results obtained have shown that the maximum
stress decreases as ρ = r

h increases. This is consistent with the physics of the phenomenon since, as h
reduces in size, the discontinuity in the field becomes less severe. Considering the edge points, τedge
also shows a similar decreasing trend as h decreases. As mentioned above, its magnitude remains
significantly lower than the τmax stress achieved at the notch core. Figure 15 shows the dependency of
τmax and τedge upon the r

h ratio.

Figure 15. Stress (Pa) at the edge and at the core of the notch, as a function of ρ = r
h r.

The diagram reported in Figure 15 concerns the tension absolute values that hold in the notch
core and edge as a function of ρ. However, this result would convey rather little insight if it was not
reduced to a physical model equivalent to the scalloped notch. For this purpose, there are still two
particular problems to be solved:

• the definition of an equivalence criterion for relating the adopted simplified geometry
(see Figure 6) to the original geometry (see Figures 2 and 4); and

• the introduction of a reliable index of the severity of stress concentration.

7.4.1. Adopted Equivalence Criterion

One advantage of the adopted cross section is that it is very simply described by means of
analytical and geometrical tools. For example, referring back again to Figure 6, it is clear that the
scalloped notch is represented by the circular segment having r, d and a as radius, depth and chord,
respectively. One characteristic of scalloping is the dimensionless ratio δ of the notch depth d to the
chord a. The two dimensionless parameters ρ and δ can be easily related using two simple, well-known
geometrical equations for the circular segment, namely,

d = r −
√

r2 − a2

4

a =
r
√

4h2 − r2

h
(25)
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7.4.2. Stress Concentration Factor

The stress concentration factor Kt, for the considered beam, can be calculated as the ratio of the
maximum stress on the notch core τmax by the stress calculated on a point positioned on the other side
of the beam section (with reference to Figure 6, this points is on the x axis, opposite to the origin O).

The adopted equivalence criterion and the introduction of Kt give rise to an interesting
interpretation of the iterative application of the analytical method.

Figure 16 reports the values of the stress concentration factor Kt as a function of the parameter
η = ρ−1 = h

r , which spans, in the real domain, from 1
2 (which correspond to a beam with null cross

sectional area) to ∞. There are no reasons for η to go beyond the order of magnitude of tens and so 40
has been regarded as the maximum. The trend shows a sudden increase of Kt for small increments
of η. For values of η greater than about 5, Kt tends asymptotically to 2. However, according to the
equivalence criterion, the scalloping geometry is better characterized by the ratio δ = d

a .

Figure 16. Stress Concentration Factor vs. η = h
r .

By using Equations (25), it is possible to evaluate the ratio δ of the scalloping dept d to chord a as
a function of η (see Figure 17).

Figure 17. Ratio δ of the scalloping dept d to chord a as a function of η.
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Finally, the relation between η and δ can be used to obtain the explicit dependency of Kt upon δ,
as reported in Figure 18. In fact, the dependency of Kt on η and of the latter on δ, can be combined
together to get, via function composition, Kt (δ).

Figure 18. Stress Concentration Factor vs. δ.

When δ = 0, which corresponds to a smooth wall, no stress concentration occurs (Kt = 1).
However, for positive values of δ, the trend depicted in Figure 18 shows that the notch depth d has
a great impact on stress concentration. The maximum value of Kt is 2 and it corresponds to a notch
which has its center on a vertical wall (with h >> r).

Thanks to the above-presented analysis, it is possible to state that the stress concentration factor
tends asymptotically to the theoretical value 2 as the scalloping depth increases with respect to the
scalloped chord, where the limit value is already known in the literature (see, for example, Ref. [65]).

Consequently, it can be also stated, as a general principle, that, for a DRIE micromachined beam
with apparent and not treated scalloping, the strength can decrease to the half value of the strength of
the same beam with no notches.

8. Conclusions

The wide range of applications has made MEMS more complicated. Therefore, their mechanical
structure and internal stress state also become more complex. In many of those applications, MEMS are
called to interact with the environment and so they need high aspect ratios, which can be achieved
by manufacturing them via DRIE process. Unfortunately, the etched profiles cannot always get rid of
the scalloping problem, which induces a dangerous increase of concentrated stress in the structure.
Since this stress concentration gives rise to evident loss of structural strength for silicon, it is important
to take into account the effects of scalloping on stress concentration in this kind of structures.

In this paper, three different methods are proposed for stress concentration characterization of
silicon DRIE micromachined structures. All of them use a straight axis beam with a circular section and
a circular notch. The first approach is based on the theory of linear elasticity and evaluates the shear
stresses for pure torsion (stress concentration being due to shear state only). The other two methods
use numerical approach: finite difference and finite element analysis. Although the three methods are
very different in nature, the obtained values are fairly comparable. Furthermore, using the analytical
method makes it easier to obtain diagrams that show the stress concentration factor with respect to the
notch radius. The asymptotic value of the stress concentration factor, as a function of the notch relative
radius, is in accordance with the literature. This leads to the conclusion that, in DRIE manufactured
notched beams, strength is virtually half of the one with no notches.
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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.

Keywords: MEMS microgrippers; micromanipulation; red blood cells; electrothermal actuation;
PolyMUMPsTM; SOIMUMPsTM; structure thickness; air gap thickness; polysilicon; single crystal silicon
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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

106



Actuators 2018, 7, 38

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
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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

ΔLh − ΔLc − ΔL 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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Abstract: A visual-servo automatic micromanipulating system was developed and tested for gripping
the moving microparticle suspended in liquid well. An innovative design of microgripper integrated
with flexible arms was utilized to constrain particles in a moving work space. A novel focus function
by non-normalized wavelet entropy was proposed and utilized to estimate the depth for the alignment
of microgripper tips and moving particle in the same focus plane. An enhanced tracking algorithm,
which is based on Polar Coordinate System Similarity, incorporated with template matching, edge
detection method, and circular Hough Transform, was implemented. Experimental tests of the
manipulation processes from moving gripper to tracking, gripping, transporting, and releasing
30–50 μm Polystyrene particle in 25 ◦C water were carried out.

Keywords: microgripper; visual servo; moving particle; autofocus; tracking; gripping

1. Introduction

The manipulation of micro objects in liquid environment has become a great challenge in
biotechnical engineering [1]. Micromanipulation of artificial particle or biological cell is a crucial
technology for acquiring the geometrical, mechanical, electrical and/or chemical properties of micro
objects. In addition, micromanipulation technique can be employed for analyzing the interactions
between artificial particle and biological object. Micromanipulation in general requires accurate
and precise position and/or force operations in holding, picking, placing, pulling, pushing, cutting,
and indenting biotechnical micro objects. Regarding biotechnical manipulation, various approaches
have been implemented: optic and electric micromanipulation, magnetic micromanipulation,
microelectromechanical systems (MEMS) and mechanical micromanipulation [2]. Early research on
utilizing micro end effector for biotechnical manipulation was contributed by Carrozza et al. [3],
Ok et al. [4], and Arai et al. [5]. For manipulating moving bioparticle or cell, a non-damage holding
technique is generally required before proceeding with further micro operation. In the conventional
micromanipulation, a pipette is utilized carefully to hold the micro objects in liquid. In a more
recent approach, acoustic pressure field is proposed to preposition micro particles in liquid prior
to manipulation by utilizing MEMS gripper [6]. To work with biological samples, such as living
cells, it must be possible to immerse the end effector tips into liquids. The micromanipulation
technology with device dimensions and material properties compatible to biological cell finds
important applications in the biomedical manipulation [7,8]. In considering the different requirements
of manipulating micro particles in liquid environment, several mechanical microgrippers have
been developed for these applications [1,3,6–18]. Regarding the manipulation of micro particles in
liquid environment, the research on gripping stationary artificial particle [1,3,6,7,10–12,15] and living
cell [3,6,9,13,14,16] has been reported. For the in vivo operations at smaller size scales, untethered
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microgrippers that can be navigated to grasp living cell or tissue have been reviewed recently [19,20].
When the micro living cell is moving in liquid, the manipulation technique to hold the cell without
causing damage needs further development.

Microscopic autofocus operation is an important technique utilized in the detection, tracking, and
grasping of micro objects [21–24]. In gripping objects, it is actually one of the most essential techniques
to ensure the successful operation. In the literature, the performance of focus functions has been widely
investigated and compared [25–31]. Based on the comparison results of focusing different types of
images, in general, recommended effective focus functions include energy Laplace [25], normalized
variance [30], wavelet-based measure [31], and autocorrelation for fluorescence microscopy [29].
Regarding the technique for tracking particle, it can be traced back to the Particle Tracking Velocimetry
(PTV). In the literature, there are several tracking algorithms for PTV ([32], and references therein).
In implementing the digital PTV, temporal tracking scheme of matching the same particles in the
consecutive time step is the core technique of each PTV algorithm. A tracking algorithm, which
is insensitive to experimental parameters and applied to flows subjected to drift and diffusion,
is considered in this paper. Although the performance of focusing functions has been widely tested
in the aforementioned literature, it is noted that the focusing operation has not been tested by
integrating them with visual tracking and grasping operation. Particularly, the automatic alignment
of microgripper tips with moving micro particle in the same focus plane is the most essential test to
ensure successful gripping operation.

In this paper, innovative design of microgripper, novel focus function, and enhanced tracking
algorithm are proposed for gripping micro particle moving in liquid. After the Introduction, Section 2
describes the system design and installation of the micro manipulation system. An innovative design
of microgripper integrated with flexible arms is utilized to constrain particles in a moving work space.
Section 3 is dedicated to the innovative autofocus function which is utilized to estimate the depth for
the alignment of microgripper tips and moving particle in the same focus plane. Section 4 gives an
enhanced two-frame scheme for tracking particle under drift and diffusion flow. Section 5 provides
experimental test and record of gripping microparticle. Operational processes from moving gripper
to tracking, gripping, transporting, and releasing micro particle were carried out in experimental
tests. In Section 6, we summarize the present innovative approach of utilizing microgripper to grip
moving particle.

2. System Design and Installation

A micromanipulation system installed to realize grasping micro particle with autofocusing and
automatic tracking operations is shown in Figure 1. The micromanipulation system consists of Micro
Gripper System, Moving Manipulator System, Object Stage, and Autofocusing Stage. The detail design
of the four subsystems is described in the following sections.

2.1. Micro Gripper System and Moving Manipulator System

Micro Gripper System was installed on the Moving Manipulator System. The Moving Manipulator
System, MMS-77 from Shimadzu (Kyoto, Japan), is an X-Y-Z stage with 0.1 μm resolution, 30 mm
stroke for X and Y axes, and 15 mm stroke for Z axis. The maximum moving speed is 3 mm/s.
The Micro Gripper System consists of Gripper and Actuator Mechanism as well as Gripper Controller.
The Gripper and Actuator Mechanism include micro gripper and actuating mechanism, as shown in
Figure 2. The micro gripper is fabricated by utilizing Excimer Laser, Exitech 2000 (Oxford, UK), with
mask projection through 10× size reduction by an optical lens. The micro gripper is driven through a
connecting rod by piezoelectric actuator, P-820.10. The design with pushing rod is to minimize the
geometrical interference between the piezoelectric actuator and liquid well in gripping operation.
By employing the present design, the Micro Gripper System is able to grip a micro particle with
diameter around 20–90 μm by the input of 0–100 V from the Gripper Controller, PI (Physik Instrumente)
E-503.00 (Munich, Germany).
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Figure 1. Micromanipulation system (overlapped by a photo of microgripper with bending flexible
arms in liquid well).
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Figure 2. Detail components and assembly of Gripper and Actuator Mechanism.

The innovative micro gripper is made of PU (Polyurethane) film which is 200 μm in thickness. The
Young’s modulus of PU is 76.4 MPa. The present gripper mechanism is similar to that of the SMA (Shape
Memory Alloy) drive PU microgripper employed for gripping micro particle [33]. The mechanism of
micro gripper is symmetric with respect to the gripper axis. The kinematic motion of one gripper tip
can be modeled through a four-bar orthogonal double slider linkage with one slider along gripper
axis as input. Regarding the gripping force, it depends on the geometrical and material property
of micro object, gripper–object contact condition, as well as the holding and gripping displacement.
When gripping a soft object with Young’s modulus less than that of the PU, the gripping force can
be analyzed and calibrated in advance through controlling the input displacement. In the present
innovative design, as shown in the bottom right corner of Figure 1, the design is to incorporate a
pair of flexible arms which are fabricated and integrated on the outer right and left sides of gripper
frame. The flexible arms are designed to provide important functions: visual contact probe, constraint
of particle movement, and reference for focus plane. When the manipulator moves downward in Z
direction, the flexible arms will first approach to touch the inner bottom of liquid container. Then,
the continue motion of Moving Manipulator System will cause bending of the flexible arms. The
bending flexible arms form a rectangular notch to constrain the fluid flow and trap moving particles.
In addition, the reflected edge of bending flexible arms can be monitored through the vertical visual
CCD (Charge Coupled Device) system to provide a reference focus plane for positioning the gripper
tips and avoiding collision with bottom surface.
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2.2. Object Platform

Object Platform is a platform to support particles and fluid container. The platform was installed
on another MMS-77 from Shimadzu (Kyoto, Japan). The specifications of MMS-77 to support container
are the same as those of MMS-77 employed for installing Micro Gripper System.

2.3. Autofocusing Stage

Autofocusing Stage includes illumination system, CCD visual system, Z-axis servo system, and
autofocusing controller. The autofocusing system is implemented through Olympus IX71 (Tokyo, Japan)
inverted microscope. With 4× object lens, the view range is 1592 × 1194 × 25 μm3. The stage is driven
by stepping motor with 1.8 degree/step through a gear train of 4.54 ratio. The moving resolution
of focusing stage in Z axis by stepping motor is 0.28 μm/degree. The detail components of the
image-based Autofocusing Stage are shown in the block diagram of Figure 3. A functional block of the
Procedure of autofocusing operation is implemented by PC (Personal computer). The image signal
of moving Z position is sensed by CCD through microscope and image capture card. The focusing
control through PC can be operated in open-loop or closed-loop mode. The closed-loop control is to
realize the autofocusing operation with feedback image signal of moving Z position.

Procedure of 
autofocusing 

operation

Digital input channels: 16
Analog output channels: 2
Resolution:12bits

1.8 
(degree/step) 1/4.54 0.28 

(μm/degree)

Image1. automatic gain control
2. max. 12 bits/pixel
3. support NTSC standard

Step motor Gear ratio

Disturbance

Image capture card

AD-DA card

Command

Microscope focus 

1. CCD (30 frames/s) 
2. Microscope (4X)

Z Position

CCD and Microscope

PC

Figure 3. Block diagram of focusing control in open or closed loop through PC.

The synergetic operation of the four subsystems for automatic operation of focusing, tracking
and grasping micro particle is implemented by utilizing C/C++ on a PC with Intel® Core™ 2 CPU.
The Clock rate of CPU is 2.13 GHz. The human–machine control interface was implemented by
employing Microsoft Foundation Classes. The communication between computer and the subsystems
is through image capture card, Morphis (MOR/2VD/84) from Matrox (Quebec, Canada), AD/DA
cards, PCI-1727U and PCI-1710HG from Advantech (Kaohsiung, Taiwan), and communication interface
by RS-232.

3. Autofocusing Operations

A visual servo system with autofocusing operations is an important setup on gripping moving
particle. The present image-based autofocusing operation is the first to focus the moving particle and
gripper tips, respectively, by evaluating the autofocusing function at different in-focusing positions.
Then, the in-focusing positions are utilized to estimate the depth for aligning the gripper tips with
moving micro particle in the same focus plane.

Regarding the image-based autofocusing operation, the focus scheme involves searching strategy
and evaluating focus measure to locate the focus position. The searching strategy usually includes
Global search, Binary search, and Rule-based search [25,34,35]. The selection consideration of searching
strategy depends on the searching range, speed, accuracy, and robustness. In the digital searching
process, a discrete focus measure which obtains the maximum value in the focusing range is deemed
as the best focused image. A discrete focus measure to be formulated is expected to have the properties
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of the unbiased distribution, clear single apex, high sensitivity, good anti-noise capability, and
rapid computation.

In the past, many discrete focus functions have been proposed in the literature. By summing
up the different classification of focus functions proposed by Groen et al. [27], Sun et al. [30],
and Xie et al. [31], the discrete focus functions in general can be categorized as Derivative-based
measure [36–40], Statistics-based measure [27,39,41,42], Histogram-based measure [28], Gray level
magnitude-based measure [26,27,29], and Wavelet-based measure [31,43]. In the present focusing and
gripping applications, a new focus measure was proposed and the focusing performance was tested
and compared with the widely-used measures.

3.1. Wavelet-Entropy Focusing Function

In an image, the diversity of pixel grey level of a focused image is usually greater than that of a
defocused one. From the viewpoint of information science, a focusing process can be considered as
changes of distribution content of an image. Since an entropy function is a measure of diversity
as information content, it may be selected and utilized as a focusing function. Firestone et al.
(1991) [28] proposed a histogram-measure Shannon entropy, which is formulated by utilizing the
probability of grey level occurred in an image, as a focusing function. The focusing performance of
histogram-measure entropy had been tested and compared with other focusing functions. From various
comparative studies, the performance of histogram-measure entropy is poor [30,31]. For defining a
focus function, it may not be appropriate to formulate entropy through grey level in space domain.

Beyond the information viewpoint on focusing process, a focusing process can be considered as
changes of spatial energy content of an image. Application of wavelet energy analysis for defining
focus function was proposed by Xie et al. (2007) [31]. The formulation of focus function was to utilize
spatial image energy through wavelet coefficients since the orthogonal discrete wavelet transform
preserves the contents of image energy. When focusing the image, the energy of high frequency will
increase while the energy of low frequency will decrease. In the comparison of four focus measures
by Histogram Entropy, Energy Laplace, Normalized Variance, and Wavelet Algorithm, testing results
revealed that Mw, which was formulated as a ratio between high frequency energy and low frequency
energy, provided the best performance.

The present focusing operation involved two different scales of objects, gripper tips and micro
particles, which is different from the aforementioned focusing images under tests. Considering this,
a new measure to integrate both information and energy contents in an image may be better utilized
for the present applications. First, the Shannon entropy function, which can measure the contents
of average information of objects, may be eligible. In the entropy formulation, the discrete Shannon
entropy is defined as [28]

E1D(X) = −
n

∑
i=1

pi ln(pi) (1)

where X is a random variable with n outcomes {xi: i = 1, . . . , n} and pi is the probability of outcome xi.
Next, the probability distribution of signal energy relative to the total signal energy can be expressed:

pi = |xi|2/‖X‖2 (2)

where xi is a series of wavelet coefficients and ‖X‖2 is the l2-norm of X = {xi: i = 1, . . . , n}. The functional
in Equation (1) utilizing pi of Equation (2) in Shannon entropy is non-additive. A one-dimensional
additive Shannon entropy may be given as

E1D(X) = −
n

∑
i=1

x2
i ln(x2

i ), xi 
= 0 (3)
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Here, it is noted that the effect of ‖X‖2 is only to shift a function along vertical axis and scale
the magnitude of function. Thus, the additive Shannon entropy preserves the function property of
Shannon entropy. However, the additive Shannon entropy gives negative value while the Shannon
entropy gives positive value.

By following the entropy formulation of Equation (3) and introducing the wavelet energy,
the spatial wavelet entropy for a specific wavelet domain may be defined as

El
(x,y)∈D = −

M

∑
x=1

N

∑
y=1

∣∣∣Cl
x,y

∣∣∣2 log(
∣∣∣Cl

x,y

∣∣∣2), Cl
x,y 
= 0 (4)

where D is a wavelet domain on an image and Cl
x,y are wavelet coefficients at level l. The image entropy

can be expressed as a summation of the entropies contributed by different regions in the wavelet
decomposition. By utilizing the mother-wavelet filter of high pass (H) and low pass (L) to an image,
the resultant image is divided into four sub-images: LL, HL, LH, snd HH. For level-1 decomposition,
the total entropy can be expressed as

E1
(x,y)∈D = E1

(x,y)∈HH + E1
(x,y)∈HL + E1

(x,y)∈LH + E1
(x,y)∈LL (5)

Since the second moment of wavelet coefficients in the low frequency component will be slightly
decreased in the focusing process, this component does not contribute useful focusing information.
Consequently, the component of LL in Equation (5) can be ignored and an autofocusing function in the
level-1 decomposition, including total high frequency components, is proposed:

ETHF1 = E1
(x,y)∈HH + E1

(x,y)∈HL + E1
(x,y)∈LH (6)

For higher level wavelet decomposition, an autofocusing function in the level-2 decomposition
can be considered. In considering the issue of real-time computation, only three terms in wavelet
decomposition are retained. The contribution of focusing information in the level-2 decomposition
is to retain the higher and lower frequency components than those components in the level-1
for obtaining higher contrast between the high frequency and low frequency contents. From
Equation (6), an autofocusing function to include significant partial high frequency components
in level 2 is proposed:

EPHF2 = E2
(x,y)∈HLHL + E2

(x,y)∈LHLH + E2
(x,y)∈HHHH (7)

The present wavelet-entropy focusing functions are proposed in Equations (6) and (7).
The performance of ETHF1 and EPHF2 in the gripping applications needs to be tested.

3.2. Experimental Test and Comparison with Other Focusing Functions

The performance of the proposed autofocusing function on the moving particle was compared
with both common focusing functions and wavelet-based focusing functions. In the experimental tests,
the particles were made of Polystyrene with density 1.05 g/mL and size 30–50 μm. The microparticles
were suspended in water over a long duration. In the experimental tests, the microgripper tips were
positioned in the same focus plane as that of microparticles in advance. In utilizing the Autofocusing
stage for focusing tests, the block diagram shown in Figure 4 was operated in open loop. The functional
block of the Procedure of autofocusing operation in PC was to implement various focusing functions
in capturing particle images at different Z positions. The size of particles image was 640 × 480 pixels.
The image was captured on every one cyclic rotation of step motor. A total of 29 images were collected.
In the sequence of 29 images, Images 1 to 12 were captured in focusing process while Images 13 to 29
were captured in defocusing process. The 29 images in sequence are listed as shown in Figure 4, where
the best focusing image is found at image 12.
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Figure 4. A sequence of eight images from total 29 images are displayed to illustrate the test of
autofocusing functions. Images (1)–(12) are captured in the focusing process while Images (13)–(29) are
captured in the defocusing process. Note that the best focusing image is at Image (12).

For the evaluation of noise effect on focusing functions, the relative strength of the added noise is
measured by employing SN ratio in dB

SNR = 10 log10

1
M×N

M
∑

i=1

N
∑

j=1
(IM)ij

2

1
M×N

M
∑

i=1

N
∑

j=1
((IM)ij − (IMZ)ij)

2
(8)

where M × N is the size of original image, IM is the grey level of the original image, and IMZ is the
grey level of the original image with added noise. In the evaluation of noise effect, a Gaussian white
noise with variance 0.0008 was added to each image. The SNR of 29 test images was calculated to give
26 ± 0.2 dB.

3.2.1. Comparison with Common Focusing Functions

The focusing performances of the proposed ETHF1 and EPHF2 are compared with the common
focusing functions: Normalized variance function, Entropy function, Energy Laplace function,
Tenenbaum Gradient function, and Sum Modulus Difference (SMD) function. In the wavelet-based
algorithms, the mother wavelet was Haar function, i.e., db2 or Daubechies 2. In comparing
performance, the evaluated results of autofocusing functions were normalized, as shown in Figure 5.
Figure 5 reveals that all focusing functions give the maximum functional values at the same Z position.
The Z position at 12 is a correct in-focus position. However, the autofocusing functions ETHF1 and
EPHF2 give sharper curves than those of other autofocusing functions. In addition, the performance of
the double decomposition EPHF2 is somewhat better than that of single decomposition ETHF1.

3.2.2. Comparison of Wavelet-Based Focusing Functions

The autofocusing performance by wavelet-entropy function ETHF1 and EPHF2 was compared
with the wavelet-based autofocusing functions by Mw, M1, M2 and M3. Here, the autofocusing
functions M1, M2 and M3 correspond to W1, W2, and W3 in [30], respectively. In the comparisons
of performance, the evaluated results of autofocusing functions were normalized, as displayed in
Figure 6. Figure 6 reveals that all focusing functions give the maximum functional values at the same
correct Z position. Among the wavelet-based focusing functions, the present double decomposition
EPHF2 gives the best performance.
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The aforementioned comparison results reveal that the wavelet-entropy function EPHF2 gives the
best performance in focusing both microparticles and gripper tips. Therefore, the EPHF2 is selected
and employed for the depth estimation to align microgripper tips and moving particle in the same
focus plane.
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Figure 5. Comparisons of focus measures by wavelet-entropy ETHF1, EPHF2 and other common focus
functions (SNR of test image = 26 ± 0.2 dB).
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Figure 6. Comparisons of focus measures by wavelet-entropy ETHF1, EPHF2 and other wavelet-based
functions (SNR of test image = 26 ± 0.2 dB).

3.3. Peak Position Identification and Depth Estimation in Visual Servo

3.3.1. Peak Position Identification

In the image-based microscopic autofocus, Global searching strategy was selected for identifying
the peak position of focus measure. The image was captured on every one cyclic rotation of step
motor. A total of 20 images were collected. The result of EPHF2 at different Z positions is shown in
Figure 7. Figure 7 shows that there are several local maxima in the focusing function. The highest
peak at position 16 refers to the image of the in-focus position of micro particles. The next highest
peak at position 3 refers to the image of the in-focus position of gripper tips. To obtain the correct
identification of the two local maxima in different Z positions, a template of gripper tips, which was
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not changed in the process of Global searching, was utilized to distinguish two focusing positions by
evaluating the matching score between images. Figure 8 displays the matching score in the process of
Global searching. In Figure 8, it is observed that the highest score at position 3 is obviously the in-focus
position of gripper tips. The lowest score at position 16 is the in-focus position of microparticles.
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Figure 7. Focus measure of EPHF2 in focusing gripper tips and particles.
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Figure 8. Score of template matching by employing the template of gripper tips.

3.3.2. Depth Estimation

After identifying the in-focus positions of gripper tips and microparticles, the depth between
these two positions in Z axis can be evaluated by:

Depth =
∣∣∣Pparticle − Pgripper

∣∣∣× Mobject_len (9)

where Pparticle and Pgripper are the Z positions of particles and gripper tip, respectively, and Mobject_len is
the moving distance of object lens by stepping motor in one revolution. Here, Mobject_len = 22.20 μm/rev.
is calculated by the multiplication of gain of step motor, gear ratio, and microscope focus from Figure 3.
Pparticle = 16 rev. and Pgripper = 3 rev. are obtained from Figure 8. Consequently, the depth between two
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focusing plane is calculated to give Depth = 288.6 μm. In the servo loop, the depth is calculated in real
time for positioning the gripper tips to the same image plane of particles.

The visual servo of autofocusing operation is given by Figure 3. In Figure 3, the functional block
of the Procedure of autofocusing operation in PC is to implement the autofocusing operation given in
Figure 9. Here, it is noted that the position of gripper tips in Z axis will be moved to the same focusing
image plane as that of particles before carrying out the next process of tracking particle.
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Figure 9. Flowchart of autofocusing operation to align microgripper tips and moving particles in the
same focus plane (coarse adjustment).

4. Particle Tracking Process

In utilizing the image-based digital PTV for tracking particle, the first step is to identify and
label particles. The next step is to estimate the centroid coordinates of particles. In the last step,
the positions of each particle between two consecutive time step images are matched. In considering
the requirements of real-time and robust tracking operation, a two-frame scheme by Polar Coordinate
System Similarity (PCSS) [44], which is insensitive to experimental parameters and applicable to flows
subjected to strong rotation, is first selected and considered for the present applications.

4.1. PCSS Algorithm

The essence of PCSS for finding the matched particles in tracking operation is employing a
similarity measure to estimate the changes of both distance and angle of surrounding particles relative
to the other particles at two consecutive image frames. The PCSS algorithm is implemented by the
following steps:

Step 1. Set an interrogation pattern I centered on the object particle i with radius of R. In the pattern I,
the other particles are im, where m = 1, . . . , M.

Step 2. Establish a polar coordinate system with the identified centroid of the particle i as the pole.
The relative positions of im to i is obtained by their polar radii rim and angles θim.

Step 3. Repeat Steps 1 and 2 for another interrogation pattern J centered on the object particle j with
radius of R. In the pattern J, the other particles are jn, where n = 1, . . . , N, and the relative
positions of jn to j is obtained by their polar radii rjn and angles θjn.

Step 4. Define a similarity coefficient between patterns I and J as

Sij =
N

∑
n=1

M

∑
m=1

H(εr −
∣∣rim − rjn

∣∣, εθ −
∣∣θim − θjn

∣∣) (10)
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H(x, y) =

{
1, x > 0, y > 0
0, otherwise

(11)

where H(x, y) is a step function. εr and εθ are thresholds of the polar radius and angle,
respectively.

Step 5. Calculate the Sij for all candidate particles in the patterns I and J, and find the matched
candidate particle i which gives the maximum value of Sij.

The application of PCSS in tracking particles requires the condition of small velocity change in
flow field [32]. However, in considering the present application of tracking micron particle, the particle
may fluctuate in Brownian motion which causes low value of Sij in tracking algorithm. Therefore,
an enhanced PCSS is proposed to incorporate template matching in the tracking algorithm when the
value of Sij is not well above a threshold value ρ.

4.2. Template Matching

The representing particle position in fluctuating movement is obtained through template matching
technique. By utilizing zero-mean normalized cross-correlation, the correlation between a template
image w(i, j) of size K × L and an input image f (x, y) of size M × N can be expressed as

γ(x, y) =

L−1
∑

i=0

K−1
∑

j=0
(w(i, j)− w)( fc(x + i, y + j)− f c(x, y))

{
L−1
∑

i=0

K−1
∑

j=0
(w(i, j)− w)2L−1

∑
i=0

K−1
∑

j=0
( fc(x + i, y + j)− f c(x, y))

2
}1/2 (12)

where w and f c are the mean of w and fc, respectively, and the fc is a subimage of the same size of
template. The best match between the template and image is given by the maximum correlation:

γ(x′, y′) = max
x,y

{γ(x, y)x = 1 ∼ M, y = 1 ∼ N} (13)

The enhanced PCSS algorithm combines PCSS, edge detection, and template matching in tracking
particle movement. In addition, the centroid of particle is estimated by utilizing circular Hough
transformation [45]. Regarding the template matching, image pyramids can be employed to enhance
the computational efficiency of the correlation-based template detection. The practical operation
of the enhanced PCSS algorithm for tracking particle is given by the flowchart shown in Figure 10.
In Figure 10, the threshold values are assigned as ρ = 0.7, εr ≤ 5 pixel, and εθ ≤ 5

◦
.
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Figure 10. Enhanced PCSS for tracking micro particle on X-Y plane.

5. Gripping Microparticle Tests

A visual-servo automatic micromanipulating system was developed for gripping the moving
microparticle suspended in liquid well. The performance of immersing the PU gripper tips into water
to grip moving Polystyrene particle was tested. In the experimental test, the microgripper was operated
with autofocusing and visual tracking functions in gripping operations. The experimental calibration
gave ximage_calibration = 2.494 μm/pixel and yimage_calibration = 2.491 μm/pixel for the calibrated x, y
distance per unit pixel, respectively. The size of microparticle was 30–50 μm. The microparticle was
suspended in the water well. The water temperature was 25 ◦C. To emulate the effect of manipulating
performance under flow field, the Object Platform to support the water well was moving with speed
0.6 mm/s which was orthogonal to the gripper axis. The moving speed was set through control panel.

5.1. Working Space in Gripping Operation

In the operation of gripping particle, the working space will be established. For the horizontal
planner area, it is constrained by the sides of two flexible arms and the line passed through the centroid
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position of gripper tips’ template, as shown in Figure 11. The vertical height is constrained by the
200 μm thickness of microgripper.

100μm

130 pixels 250 pixels

Template
(gripper tips)

Flexible arms

Figure 11. Horizontal planner area to constrain moving particles.

5.2. Fine Adjustment of Tracking in Z axis

Regarding the microparticle suspended in water, the focusing position of individual microparticle
can change even though the coarse adjustment in the Z-axis focusing operation is completed. Therefore,
fine adjustment of focus position is required for the accurate tracking of the specific particle moving in
Z axis. For the fine tracking operation, at first, a planner neighborhood region of the identified particle
is established:

area_length = 2
(

Rmax + Vxtsampling

)
(14a)

area_width = 2
(

Rmax + Vytsampling

)
(14b)

where Rmax is the maximum diameter of particle, tsampling is the sampling time, and Vx and Vy are the
estimated particle speed moving in the X and Y direction, respectively. The center of the region is
located at the centroid position of the identified particle, which is estimated by the tracking algorithm.
Then, a refocusing search is initiated and the focusing measure of EPHF2 is recorded at each time step.
The fine focusing operation will not stop until the peak value of EPHF2 in the next time step is little
degraded. The degraded focusing measure can be detected by setting a threshold value δ:

∣∣∣∣∣
EPHF2(ti)peak − EPHF2(ti+1)peak

EPHF2(ti)peak

∣∣∣∣∣ ≤ δ. (15)

In the experimental tests, Rmax = 20 pixel, Vx = Vy = 240 pixel/s, tsampling = 0.1 s, and δ = 0.2.

5.3. Pre-Positioning and Approaching Operations

Before carrying out the operation of gripping identified particle, the microgripper will pre-position
itself and then approach to the particle by visual servo. In the first pre-positioning step, the
microgripper will track the particle in the horizontal X-Y plane. It will not stop until the centroid of
gripper tips’ template is located in a region which is close to the identified microparticle. For avoiding
collision between gripper tips and particle, a non-colliding safe distance is set to 1.0 Rmax. The planner
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region to pre-position the gripper is depicted in Figure 12. The gripper will stop when the following
conditions are satisfied:

move_x(tj) = −(gripper_x(tj)− particle_x(tj))× ximage_calibration (16a)

∣∣mov_x(tj)
∣∣ ≤ 0.3Rmax × ximage_calibration (16b)

and
mov_y(tj) = ((particle_y(tj)− gripper_y(tj)))× yimage_calibration (16c)∣∣∣mov_y(tj)− 2Rmax × yimage_calibration

∣∣∣ ≤ 0.5Rmax × yimage_calibration (16d)

where particle_x(tj), particle_y(tj) are the X, Y coordinates of particle position, respectively,
gripper_x(tj), gripper_y(tj) are the X, Y centroid coordinates of gripper tips’ template, respectively,
and mov_x(tj), mov_y(tj) are the calculated distances of moving gripper tips to the particle in X,
Y directions, respectively. In the second approaching step, the centroid of gripper tips’ template
will move to approach the particle. By employing visual servo, the input command for the planner
movement of microgripper in X and Y directions can be calculated from Equations (16a) and (16c),
respectively. If the particle is not accurately tracked by the gripper, the second approaching step can be
interrupted by sending operator’s command.
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Figure 12. Planner area to locate the gripper by the center of gripper tips’ template in pre-positioning operation.

5.4. Gripping and Releasing Operations

For gripping microparticle, the gripper tip is continuously moving to approach the microparticle.
It will not move until the position of particle is located near the centroid of gripper tips’ template. Then,
a gripping command is initiated to close and grip the particle. After gripping particle, the gripper will
move upward in −Z direction and then hold the particle to 400 μm away in both X and Y directions.
Finally, the gripper tips will move to approach the bottom of well and then the gripper will open for
releasing microparticle. To avoid adhesion of the particle to the gripper, the microgripper will move
fast along −Y for flushing the particle away.

In the gripping microparticle tests, the operational procedures were: (1) initiating the movement
of gripper and capturing gripper tips’ template; (2) coarse adjustment; (3) identifying particle by
mouse click; (4) fine adjustment; (5) tracking microparticle on X-Y plane; (6) pre-positioning gripper;
(7) gripper approaching particle; (8) gripping, transporting, and releasing particle; and (9) homing of
gripper. In the initial operation, the microgripper was moved to the position of water surface and the
template of gripper tips was captured. During the operational process, the Stop Grasping Command

134



Actuators 2018, 7, 27

was waited for operator to input if the identified particle was not well tracked by the fine adjustment
of focus. The detail operational flowchart is shown in Figure 13. In the performance tests, the images
of tracking and gripping identified particle in the 3-D space were captured. The six captured images
are displayed in Figure 14. Figure 14(1) shows the initial image in the beginning of global searching
for coarse adjustment. Figure 14(2) shows the image of finishing autofocus adjustment. Figure 14(3)
displays the image of clicking mouse on the identified particle. Figure 14(4) displays an image in
the process of approaching particle before gripping operation. Figure 14(5) displays an image in the
process of gripping particle. Figure 14(6) displays an image in the process of releasing particle after the
completion of gripping and transporting particle. For the experimental tests, the time expense from
the beginning of the global search for coarse adjustment to the actual gripping of the particle was less
than 50 s. The successful gripping rate of the present apparatus was 8/10 when the object platform
was moving in 0.6 mm/s. The failure was mainly due to the adhesion of micro particles after fine
adjustment which caused the inaccurate estimation of particle’s coordinates. As a result, the proposed
apparatus can perform better when the particle concentration is somewhat low.
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Figure 13. The processes of tracking and gripping particle moving in 3-D space.
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(1) (2)

(3) (4)

(5) (6)  

Figure 14. Results of tracking and gripping particle in 3-D space: (1) beginning of global searching
for coarse adjustment; (2) finishing autofocus adjustment; (3) identifying particle by clicking mouse;
(4) approaching particle; (5) gripping particle; and (6) releasing particle after completion of gripping
and transporting particle.

6. Conclusions

An innovative visual-servo automatic micromanipulating system has been developed for gripping
the moving microparticle suspended in liquid well. By using an innovative piezoelectric actuated PU
micro gripper with flexible arms, a microparticle can be tracked and gripped in a moving work space.
A new wavelet-based focus function EPHF2, which revealed the best performance among the surveyed
focus functions, was proposed and utilized to estimate the depth for the alignment of microgripper tips
and moving particle in the same focus plane. An enhanced PCSS algorithm incorporated with template
matching, edge detection method, and circular Hough Transform was implemented for tracking
particles under fluctuating and drifting flow. In the performance tests, the images of experimental
results in the processes of tracking, gripping, transporting, and releasing 30–50 μm Polystyrene particle
in 25 ◦C water were captured and displayed. For the experimental tests, the time expense from the
beginning of the global search for coarse adjustment to the actual gripping of the particle was less
than 50 s. The successful gripping rate of the present apparatus was 8/10 when the object platform
was moving in 0.6 mm/s. The failure was mainly due to the adhesion of micro particles after fine
adjustment which caused the inaccurate estimation of particle’s coordinates. As a result, the proposed
apparatus can perform better when the particle concentration is somewhat low.
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Abstract: The demand of miniaturized, accurate and robust micro-tools for minimally invasive
surgery or in general for micro-manipulation, has grown tremendously in recent years. To meet this
need, a new-concept comb-driven microgripper was designed and fabricated. Two microgripper
prototypes differing for both the number of links and the number of conjugate surface flexure
hinges are presented. Their design takes advantage of an innovative concept based on the
pseudo-rigid body model, while the study of microgripper mechanical potentialities in different
configurations is supported by finite elements’ simulations. These microgrippers, realized by the
deep reactive-ion etching technology, are intended as micro-tools for tissue or cell manipulation and
for minimally invasive surgery; therefore, their biocompatibility in terms of protein fouling was
assessed. Serum albumin dissolved in phosphate buffer was selected to mimic the physiological
environment and its adsorption on microgrippers was measured. The presented microgrippers
demonstrated having great potential as biomedical tools, showing a modest propensity to adsorb
proteins, independently from the protein concentration and time of incubation.

Keywords: microgripper; biocompatibility; mini-invasive surgery; protein fouling; cell manipulation

1. Introduction

The demand for micro-manipulation in biomedical applications increased during the last decades.
Hundreds of different micro-systems have indeed been reported in the literature [1,2], with different
operational strategies [3] and being mainly dedicated to medical or biological applications. Among
others, an untethered mobile microgripper controlled by an external electromagnetic coil system has
been reported [4], where the manipulation of different microgels was successfully demonstrated with a
pick-and-place robotic heterogeneous 3D assembly technique. A few more examples of microgrippers
are present in the literature, piezoelectric [5,6] or thermally [7,8] or even magnetically actuated [8–10].
All these systems, however, present quite large dimensions and are not fully tested for working in a
physiological environment, as required for biomedical applications.

The development of new microsystems and, in particular, silicon microgrippers for handling cells
or tissues at the microscale was therefore pursued in this paper. Since such manipulators have to handle
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micro-objects, their size should be comparable to the size of the objects being manipulated. A real
advantage of micro manipulation can be indeed achieved only if the manipulator is approximately as
small as the sample to be manipulated. Starting from a first series of silicon micro-systems obtained
by using a classical process based on Reactive-Ion Etching [11,12], a redesign was introduced here
in order to fabricate more accurate, new-concept comb-driven microgripper prototypes using Deep
Reactive-Ion Etching (DRIE) technology [13]. In this way, a widening in the microsystem design
versatility and therefore in the range of potential applications was obtained.

Although the interest for biocompatibility has been widespread in the literature for years, this topic
is less explored in relation to microsystems employed as micromanipulators in the biomedical field.
In fact, there are few examples about a real use of microsystems for surgical purposes or for in situ
biological tissues grasping [2]. Notably, none of these examples consider the possible side-effects
such as protein fouling on microscale tools, which could adversely affect the outcome of surgical
operations or biopsies. Among examples showing a use of microtools close to the real application,
Gultepe et al. [14] report the ex vivo and in vivo tissue excision by microgrippers, which, however,
were injected, visualized and recovered with standard equipment. Moreover, some examples of ex
vivo micromanipulation in the physiological environment are reported in the literature—for example,
the micro-scale compression of hydrogel microcapsules [15] or the micromanipulation of a micro
blood vessel and a cyanobacteria cell [16]. The study of Micro Electro-Mechanical Systems (MEMS)
microgripper for the deformability characterization of human red blood cells is also reported [17]
as well as the study of MEMS tweezers for the viscoelastic characterization of soft materials, like
tissues [18]. Besides silicon-based microgrippers, SU-8 microgrippers are reported for single cell
manipulation in physiological solution [19]. All of these examples, however, do not consider the
complexity of the in vivo environment, such as the presence of a relevant amount of circulating proteins.

In this context, the evaluation of protein adsorption on microdevices devoted to mini-invasive
surgery or micromanipulation of cells and tissues could add value for predicting the in vivo
performances of such devices. The adsorption of proteins such as albumin on different bulk materials
like silicon or aluminum has indeed been reported in the literature (see, for example, [20–22]).
Therefore, the study of protein fouling on microgripper surfaces could help in understanding if
the delicate mechanism of microgrippers could be affected by the protein deposits that could be
formed in physiological conditions. The issue of protein fouling is indeed well known in the
field of silicon-based materials, and several authors reported on different methods to avoid protein
fouling, as recently revised by Zhang et al. [23]. Among these methods, the functionalization with
polyethyleneglycol and its derivatives are widely reported as well as the fabrication of surfaces with
nano- or microtopographical features with anti-fouling properties [23].

This paper presents the design and fabrication process of silicon-based micro grippers.
The design of microgrippers adopts an innovative concept based on the so-called pseudo–rigid
body model (PRBM) [24], while their realization was achieved by the DRIE process.
Furthermore, the biocompatibility of microgrippers was assessed in term of protein fouling. To this
purpose, the most abundant protein present in blood (i.e., serum albumin) has been selected for the
incubation with the developed devices in order to observe the microgripper behavior in a simplified
environment similar to the in vivo conditions. For an easy visualization via confocal microscopy,
fluorescently-labeled serum albumin was selected and tested at different protein concentrations and
different time of incubation.

2. Material and Methods

2.1. Design of Microgrippers

Two different types of microgrippers were designed and tested in this study, both realized
by means of bulk microelectromechanical systems (MEMS) technology using silicon on insulator
wafer substrates and deep reactive ion etching [13]. The design of the first prototype was developed
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using a scheme with two degrees of freedom and was inspired by the simplest rotating jaw system,
as schematically reported in Figure 1. The PRBM, reported in Figure 1a), corresponds to the compliant
structure illustrated in Figure 1b), where two flexure hinges have been introduced in place of the
ordinary revolute pairs in A and D. In the figure, the reference system x − y has also been introduced
to monitor the motion of the jaw tip point. By using revolute joint-to-flexure substitution, any PRBM
(Figure 1a) can be of inspiration to obtain an original compliant structure (Figure 1b). In the case under
study, the left- and right-hand side jaws correspond to the rigid links AB and DC (of the ordinary
linkage), which rotate around the fixed points A and D, respectively. When a tissue is grasped by
the jaws (BC in Figure 1), the overall scheme looks like a four-bar ABCD linkage whose coupler BC
represents an elastic medium.

Figure 1. Pseudo-rigid body model (a) and original structure (b) of the microgripper with two degrees
of freedom.

There are several ways of designing a new compliant mechanism, with lumped compliance,
starting from a functional representation. The motion of the compliant mechanism can be more
or less approximated to the motion of the original ordinary mechanism, depending on the choice
of the position of each flexure. In the present investigation, among the several possible ways to
transform a functional into a compliant mechanism, two Conjugate Surface Flexure Hinges (CSFH)
were the preferred choice to replace the two ordinary revolute joints in A and D. As a consequence,
two pseudo–rigid substructures (jaws) were developed in place of the links AB and DC, and a new
structure was first developed (see Figure 1b) and then fabricated (see Figure 2). This solution offers
the advantage of a large relative rotation (up to ±20◦ using silicon), high accuracy and a reduction
of the stress. The advantages of the CSFH rely on the fact that the center of the relative rotations
are coincident with the center of the circular beam elastic weights. The microgripper represented
in Figure 2 can be operated by finely controlling the torque exerted by the comb-drives, which are
attached to the two jaws AB and DC. An accurate estimation of tissue stiffness can then be easily
obtained [18].

Considering the viscous behavior of the tissues, however, these microgripper designs, because of
their simple structure and of the tissue compliance, can reach some critical configurations.
This situation is shown in Figure 3a, where the link BC, representing the visco-elastic tissue, is not
rigid anymore and could give rise to the critical configuration depicted in Figure 3b, where the points
A, B and C are aligned. From this pose, any arbitrary rotation of link AB can not define a unique
rotation because the link DC could be either rotated clockwise or counterclockwise. In this case, a more
complicated control strategy should be applied and therefore a more complicated Application Specific
Integrated Circuit (ASIC) is required.
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As an alternative, a second generation of microgrippers was designed, based on a parallel structure
in place of the simple structure with two joint-2 jaws, using a pair of symmetric four-bar linkages,
as reported in Figure 4a. This microdevice handles the sample tissue with no intrinsic configuration,
all critical configurations being avoided in the neighborhood of the working configuration.

The functional design of the two symmetric four-bar linkages ABCD is illustrated in Figure 4b,
where the coupler BC sustains the motion of the coupler point M. A prototype of such microdevice
(Figure 5) was fabricated and tested. For clarity, the SEM image presented in Figure 5 also shows lines
representing the pair of four-bar linkage ABCD and the coupler point M.

Figure 2. Scanning Electron Microscope (SEM) image of the first microgripper prototype, developed
with the simple structure two joint-2 jaws and with two degrees of freedom (white solid lines AB and
DC correspond to rigid links, which rotate around the fixed points A and D, respectively).

Figure 3. Pseudo-rigid body model of the microgripper with two degrees of freedom in an ordinary
(a) and a critical (b) configuration.

Although this new structure is more complicated than the previous one, having a total of eight
CSFHs, both jaws are guided as a rigid link by a loop-closed mechanism and therefore the microsystem
has a parallel structure. Furthermore, the rotation center of each jaw is not a fixed point and can
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be positioned by arranging the mechanism initial configuration. As a consequence, the control
strategy for this second microgripper prototype could be simplified with respect to the first prototype
described above.

The two microgrippers, illustrated in Figures 2 and 5, indeed have different characteristics and
therefore both can be selected depending on whether the application requires a simple layout with
limited elastic energy storage in the maximum compressed configuration or a more robust layout with
an absence of critical configuration. For these two application cases, the single arm or the four bar
linkage type would be the preferred structure, respectively.

Figure 4. Planar layout (a) and functional scheme, PRBM model (b), of the second generation
microgrippers with a pair of four-bar linkages ABCD, each one having four CSFHs and tip M attached
to the coupler link BC. Point P represents the instantaneous rotation center for the coupler BC.
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Figure 5. SEM image of a microgripper belonging to the second generation (white solid lines represent
two symmetric four-bar linkages, while point M is the coupler point).

2.2. Fabrication of Microgrippers

Fabrication is performed on a 6-inch Semiconductor Equipment and Materials International
(SEMI) standard silicon on insulator (SOI) wafers (SOI wafers supplied by SiMat, http://si-mat.com/).
The wafer has a 500 μm handle layer that will serve as a support layer for the rigid frames of the device.
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On top of it, a 40 μm thick silicon layer is bonded and will provide the device layer, where all moving
parts are patterned. A 2 μm oxide layer is in between the two silicon layers, to be used as an etch stop
when patterning the silicon and as a support before the complete release of the devices. Each side of
the wafer will be patterned, etching the silicon down to the buried oxide layer using the Bosh DRIE
process. The fabrication begins with the deposition of a multilayer mask to provide masking for DRIE
etching on both sides. First, a 150 nm silicon oxide is deposited, followed by 200 nm Aluminum film
sputtering and subsequent 100 nm Titanium sputtering. This layer stack is patterned using standard
photolithography. An i-line stepper is used for the front side exposure, while a broadband mask aligner
is used for the backside. The stack is then etched in IC standard plasma reactors. Once the masks
are patterned, the silicon is etched with DRIE using Bosch patented process in an Alcatel SMS200
etcher (ALCATEL SMS, SPTS Technologies Ltd. Ringland Way, Newport, NP UK). The first etching is
performed on the front side, 40 μm deep, and then the second etch is performed on the wafer backside,
500 μm deep. Now, the mechanical structure is fully patterned but still supported by the silicon oxide
buried layer: this layer is removed by wet etching in hydrofluoric acid based solution to free the
devices. In this step, all residual DRIE mask layers are etched as well. Last, an aluminum layer is
formed by physical vapor deposition on the front side, in order to allow for electrical connections
devoted to the electrostatic actuation. The details of the fabrication sequence as well as its development
are reported in Bagolini et al. [13].

2.3. Protein Fouling Assessment

Protein fouling, i.e., the adsorption and aggregation of proteins on surfaces, was measured
by incubating a fluorescent protein on microgrippers. Firstly, microgrippers were gently washed
in ultrapure water and cleaned with an argon plasma (1 min, 6.8 W, 2 mbar) to remove organic
contaminants. Microgrippers were next incubated with the desired concentration of protein (Albumin
from Bovine Serum Tetramethylrhodamine conjugated, BSA-TAMRA, ThermoFisher Scientific,
Waltham, MA USA) dissolved in a physiological buffer (DPBS, Sigma, St. Louis, MO USA) spanning
different times of incubation. At the end of incubation, microgrippers were gently washed with
ultrapure water to remove the excess of protein, dried in air and imaged at the confocal microscope
Leica SP5-II (Leica Instruments, Wetzlar, Germany), using an Argon (514 nm) laser line for excitation.
All samples were observed utilizing a 20× magnification objective and analyzed with the ImageJ
software (version 1.51, Bethesda, MD USA, http://imagej.nih.gov/ij) [25]. Both images and emission
spectra (from 520 nm to 650 nm with a step of 5 nm) were acquired.

3. Results and Discussion

The microgrippers presented here were carefully designed and studied for their mechanical
potentialities, also simulating their response in different configurations. Two prototypes of
microgrippers were realized and investigated. They differ in terms of both number of links and
number of CSFHs. The first microgripper is composed of two links and two CSFHs, while the latter is
more complex, having a pair of four-bar linkages and eight CSFHs. This last solution allows a more
efficient mechanical action, avoiding the critical configurations that can be reached by the first type
of microgrippers. Both prototypes were fabricated and tested for their biocompatibility in terms of
protein fouling, as a first step to evaluate their possible use as biomedical devices.

3.1. Finite Elements Simulation

Finite Elements Analysis (FEA) simulations were performed to evaluate the static response
through electrostatic actuation of the microgrippers by using the commercial Finite Elements Analysis
package ANSYS [26]. The rotary comb-drive action was modeled as a series of forces f acting
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perpendicularly to the free-end section of the movable fingers, each force having magnitude equal to
that described in [27]:

f =
εhV2

g
, (1)

where ε is the dielectric constant of the air, V is the applied electric potential difference, g is the
radial gap between the fingers, and h is the finger thickness. The common center of the arcs defining
the fingers was positioned on the centroid of the flexible element, which is also a limit position
for the center of rotation of the flexible element [28]. The design parameters of the comb-drive
actuator are listed in Table 1, together with the geometric parameters of the constant-curvature
flexure. Multi-step analyses were performed, by increasing the applied voltage with steps of 5 V, from
5 V to the tension corresponding to the maximum angular stroke of the comb-drive, i.e., 4.5 and 5° for
the one-link and for the four-bars, respectively. Nonlinearity due to large deflections was considered in
the analysis setup, and the anisotropic formulation of elasticity for silicon was considered as described
in Hopcroft et al. [29]. The generated meshes were properly refined in the flexible elements and in the
fingers of the comb-drives. A detail of one of the generated meshes, corresponding to the four-bars
microgripper, is shown in Figure 6.

Table 1. Geometric parameters of comb-drive and flexures.

Geometric Parameter
Values

1-Link 4-Bar

Number of fingers 66 64
Finger angle 6◦ 7◦

Finger initial overlap 1.5◦ 2◦
Angular stroke 4.5◦ 5◦

Finger thickness 40 μm
Finger width 4 μm
Finger gap 3 μm

Flexure width 5 μm
Flexure thickness 5 μm

Flexure radius 62.5 μm
Flexure angle 241◦

D
C

Figure 6. Detail of the refined mesh in two flexures, corresponding to the four-bars microgripper.
Letters C and D refer to the same letters and structures presented in Figure 5.
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3.1.1. FEA Simulation of One-Link Microgripper

Microgripper behaviour was simulated through the finite elements analysis, as described
in Section 3.1, in order to study their mechanic and kinematic properties for the future use as
biomedical microdevices.

For the first prototype, i.e., the one-link microgripper (Figure 2), the generated mesh was
composed of 14,401 nodes and 10,563 elements. The maximum angular stroke (4.0°) was reported
at the force f = 28 μN, corresponding to an applied voltage of 60 V. Figure 7 reports, with respect
to the applied electric potential difference, the values of the force exerted by each comb drive and
the maximum values of the maximum principal stress (MPS) distribution, determined by means of
Equation (1) and FEA, respectively. The maximum value of the MPS is equal to 116 MPa, i.e., below the
yield strength of a single-crystal silicon [30]. The path followed by the microgripper tip is depicted in
Figure 8. The displacement corresponding to the last simulation step is equal to 103.5 μm along the
x-axis and to 17.7 μm along the y-axis.

Figure 7. One-link microgripper: force magnitudes exerted by each comb drive and maximum values
of the Maximum Principal Stress (MPS) as a function of the applied electric potential difference.

Figure 8. Tip path followed by the one-link microgripper along the x- and y-axes (see Figure 1b).
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3.1.2. FEA Simulation of Four-Bar Microgrippers

In the case of the second prototype, i.e., the four-bar microgripper (Figure 5), the generated mesh
was composed of 23,345 nodes and 34,990 elements. The maximum angular stroke (4.9°) occurred
for f = 317 μN, corresponding to 205 V. Figure 9 reports the values of the exerted force and the MPS
distribution. Interestingly, the maximum MPS value is equal to 240 MPa, i.e., below the yield strength
of a single-crystal silicon, as already observed for the one-bar microgripper.

The path followed by the microgripper tip is depicted in Figure 10. The displacement
corresponding to the last simulation step is equal to 66.2 μm along the x-axis and to 47.4 μm along
the y-axis. The simulation of the tip path is particularly important in the case of the four-bar linkage.
Considering Figure 4b, the angle γ of inclination of the tangent of the path of the tip point M, in the
undeformed configuration, could be easily measured, as evident from the PRBM four-bar linkage.
As is already known, angle γ is coincident with the inclination angle of the velocity �vM of point M.
Therefore, once the center P is identified of instantaneous rotation of the coupler (as made evident in
Figure 4b), �vM, and thus the path tangent in M, must be orthogonal to the line PM. While geometry
of the PRBM yields a value of γ = 32◦, Figure 10 shows that the simulated path is tangent to an
inclination varying from 32◦ (at the undeformed initial configuration) to 35◦ (at the limit position),
with a negligible discrepancy both at the beginning and at the extreme position of the path. The two
analyses performed for the simulation of microgripper behaviour, i.e., PRBM and FEA, are therefore
in good agreement and lead to the conclusion that the method based on the analysis of the PRBM
can be successfully employed to design new gripper layouts. This allows designers to conceive new
microgrippers that could successfully be employed as biomedical tools for tissue manipulation or for
minimally invasive surgery.

Figure 9. Four-bar microgripper: force magnitudes exerted by each comb drive and maximum values
of the MPS as a function of the applied electric potential difference.
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Figure 10. Tip path followed by the four-bar microgripper along the x- and y-axes (see the Reference
system represented in Figure 4a).

3.2. Protein Fouling at the Microgripper Surfaces

Once the good suitability of microgrippers from the mechanic and kinematic point of view
is assessed, their compatibility with the use in microsurgery was also investigated. To test the
protein propensity to aspecifically aggregate on microgripper surfaces, possibly impeding their correct
movements, a test based on protein incubation was selected. The main problem when external objects
such as surgical instruments contact body organs or tissues is indeed the adsorption of proteins on
such objects [31]. Proteins can easily be adsorbed on external objects, acting as nucleation centers
for other materials such as platelets, cells, and bacteria, finally originating a phenomenon known
as fouling. The intensity of this phenomenon depends on several parameters, such as the time of
contact and the type of surface material. Objects in the microscale range, and in particular their
moving parts, could be easily coated by several layers of proteins with the final result of hindering
the correct movement of these microdevices. Therefore, the assessment of biocompatibility in terms
of protein fouling seems essential for the future use of microgrippers for biomedical applications.
Among proteins, serum albumin is the most abundant in human blood, accounting for more than 50%
of total proteins [32,33]. The presence of albumin in the extravascular compartment is also significant.

Here, a solution of albumin dissolved in physiological buffer (i.e., DPBS) was selected to
mimic the physiological conditions of salts and biomolecules as a simplified but still representative
environment. When microgrippers are applied as microtools for picking up tissues for biopsies or as
micromanipulators of cultured cells for research purposes, they are in a physiological environment
for a non-negligible period of time. During this period, several biological reactions could occur,
for example platelet adhesion and activation leading to blood clotting could occur when microgrippers
are in contact with blood, or, in the simplest case, proteins could be deposited on the microgripper
surface, possibly clogging its delicate mechanisms of motion.

To evaluate the possible effects of protein fouling on microgrippers, the adsorption of different
concentrations of a fluorescently-labelled albumin, i.e., BSA-TAMRA, was monitored in time via
confocal microscopy. Both sides of microgrippers were observed, since they differ for the external
material layer, i.e., silicon or aluminum. The presence of BSA was therefore quantified on both
sides in terms of fluorescence intensity per surface area for all the experimental conditions tested.
Moreover, both microgripper prototypes were treated and considered in the same way, since the
fabrication process was the same as well as microgripper surfaces, i.e., the parts that are in contact
with the physiological environment. Considering protein adsorption, the presence of albumin after
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30 min incubation was modest on the aluminum side of microgrippers (see Figure 11, panels A and B),
while resulting as more evident on the silicon side, as shown in panels C and D of the same figure.

Figure 11. Images of BSA-TAMRA (red regions) adsorbed on the aluminum side of microgrippers
(A and B) or on the silicon side of microgrippers (C and D), presented with different magnifications.
BSA was incubated for 30 min at 0.2 mg/mL, at room temperature. Microgrippers are highlighted
in gray.

The same behaviour was observed also after 5 h of BSA incubation, i.e., albumin adsorption
was more evident on the silicon side than on the aluminum side (Figure 12, panels B and D).
Moreover, the signal acquired on both surfaces was checked for its specificity by measuring the
fluorescence spectra on different areas of the images. A clear fluorescence peak corresponding to
the maximum emission wavelength of TAMRA (i.e., 580 nm) was always detected from the data
corresponding to the red areas (circles in panels A and C of Figure 12), confirming the adsorption
of albumin. This conclusion was reinforced by the spectral data taken on the gray areas of the
microgrippers (squares in panels A and C of Figure 12), which did not present any specific peak in the
fluorescence spectra.

Furthermore, when the emission spectra measured on the two sides of microgrippers were
superimposed (Figure 13), exactly the same shape was observed, indicating once more the presence of
BSA on both microgrippers’ sides.
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Figure 12. Fluorescence spectra and images of BSA-TAMRA adsorbed on the aluminum side (A and B)
and on the silicon side (C and D) of microgrippers. In addition, 10 mg/mL of BSA-TAMRA were
incubated at room temperature for 5 h separately on both microgrippers’ sides. Spectra were acquired
where the fluorescence signal was higher (i.e., on the red areas, B and D) and outside these areas but
on microgrippers (gray structures, b and d), giving, respectively, the red circles’ curves and the black
squares’ curves of A and C.

Figure 13. Fluorescence emission spectra measured either on the aluminum side (open circles) or on
the silicon side (solid circles) of microgrippers. Spectra were taken on microgrippers treated for 64 h
with 0.2 mg/mL BSA-TAMRA at room temperature. Fluorescence intensities are normalized to the
maximum wavelength, i.e., 580 nm.
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BSA adsorption was also measured as a function of time and concentration (Figure 14).
Increasing concentrations of BSA-TAMRA did not significantly alter protein adsorption, which resulted
similarly when 0.2 or 10 mg/mL BSA-TAMRA were incubated on both sides of the microgrippers.
The adsorption kinetic, however, was faster on the silicon side (panel B, Figure 14) with respect to
the aluminum side (panel A, Figure 14). The amount of BSA was indeed higher on silicon even after
30 min incubation, quickly increasing after 5 h incubation. On the contrary, a long-term incubation of
64 h did not result in a broader protein coating, the two microgripper sides being similar in terms of
BSA adsorption. The permanence of microgrippers in contact with biological fluids can reasonably
be considered in the range from minutes to a few hours: here, a long incubation time (i.e., 64 h)
was included in order to stress the conditions leading to protein fouling and fully characterize the
biocompatible behavior of microgrippers in view of their future usage in medicine or research.

Figure 14. BSA-TAMRA adsorption on the aluminum side (A) and the silicon side (B) of microgrippers.
Adsorption is shown as fluorescence intensity per area unit. Two different concentrations of BSA
were incubated, i.e., 0.2 mg/mL (squares) and 10 mg /mL (circles), for 30 min, 5 h or 64 h at
room temperature.
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Interestingly, a complete protein adsorption has never been observed, neither after the long-term
incubation nor at higher BSA concentration. The BSA coating was indeed inhomogeneous also on the
silicon side after short incubation time, as witnessed in images of Figures 11 and 12. In other words,
microgrippers present a modest propensity to adsorb proteins on both sides. Moreover, this adsorption
seems independent of the protein concentration or time of incubation. This property is crucial for
microgripper medical applications, such as in mini-invasive surgery, where the clogging mediated by
proteins is a non-negligible risk.

4. Conclusions

The complete development of two microgripper prototypes for biomedical applications,
fabricated with the MEMS technology and equipped with CSFH, is discussed in detail. In particular,
the full process is presented, including the design, the simulation, fabrication, and, finally,
the biocompatibility assessment.

The version of the device prototypes presented here has an overall size of about 2 mm × 2 mm,
which still seems quite huge in comparison with the objects to be manipulated, such as cells.
These dimensions, however, could be easily miniaturized to 1 mm × 1 mm, with the real opportunity
of developing a professional inspecting instrument for laboratory measurements, surgical endoscopic
operations, or diagnosis of cell or tissue deterioration. Furthermore, by adjusting some process
parameters, the overall size can be further reduced to 0.5 mm, including ASIC chips, opening up
the possibility to employing these minimally-invasive microgrippers for in vivo applications. All of
the described stages gave very positive results, which lead to the conclusion that the two presented
microgripper designs have great potential and feasibility for biomedical applications. Experiments to
test, for example, the gripping force or displacement at the microgripper tip in the presence of proteins
and in the physiological environment are planned to reinforce the conclusions of this study also in
working conditions. Experiments like these could define the limit amount of proteins tolerated for
microgripper movements or the need for an antifouling treatment before their final use in biomedical
applications.

In this context, the good biocompatibility observed in terms of protein fouling plays a crucial
role in paving the way to a functional use of microgrippers in mini-surgery or for cell and tissue
manipulation for both clinical and research purposes.
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CSFH Conjugate Surface Flexure Hinge
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FEA Finite Elements Analysis
MEMS Micro Electro-Mechanical Systems
MPS Maximum Principal Stress
PRBM Pseudo-Rigid Body Model
SEM Scanning Electron Microscope
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Abstract: A micro-machined hybrid contactless suspension, in which a conductive proof mass
is inductively levitated within an electrostatic field, is studied. This hybrid suspension has the
unique capability to control the stiffness, in particular along the vertical direction, over a wide range,
which is limited by a pull-in instability. A prototype of the suspension was micro-fabricated, and the
decrease of the vertical component of the stiffness by a factor of 25% was successfully demonstrated.
In order to study the pull-in phenomenon of this suspension, an analytical model was developed.
Assuming quasi-static behavior of the levitated proof mass, the static and dynamic pull-in of the
suspension was comprehensively studied, also yielding a definition for the pull-in parameters of the
hybrid suspension.

Keywords: contactless suspension; magnetic levitation; pull-in; MEMS; stability; dynamics

1. Introduction

Micro-machined Contactless Suspensions (μ-CS), employing the phenomena of electromagnetic
levitation, eliminate mechanical attachments between stationary and moving parts in
Micro-Electro-Mechanical Systems (MEMS). As a result, they provide one solution of a fundamental
issue in the micro-world of MEMS related to the domination of friction over inertial forces [1–3].
Through this concept, a new generation of micro-sensors and actuators based on levitation has
been demonstrated.

Depending on the source of the force field, μ-CS can be simply classified as electrostatic,
magnetic and hybrid [4]. For instance, electrostatic suspensions (μ-ECS) were successfully used
in micro-inertial sensors [5–9]. Magnetic suspensions (μ-MCS) can also be further classified
as inductive, diamagnetic and superconducting suspensions and have found applications in
micro-bearings [10–13], micro-gyroscopes [14–16], micro-accelerometers [17,18], bistable switches [19],
nano-force sensors [20,21], manipulation of droplets [22] and solid micro-particles [23,24].
Hybrid suspensions (μ-HCS) combine different force fields, for instance magneto- and electro-static,
variable magnetic and electro-static or magneto-static and variable magnetic fields, which represent
the main difference between μ-HCS and both μ-ECS and μ-MCS.

In particular, the capabilities of μ-HCS were demonstrated in applications as micro-motors [25],
micro-accelerators [26] and micro-gyroscopes [27,28]. A wide range of different operational modes,
such as linear and angular positioning, bistable linear and angular actuation and the adjustment
of the stiffness components of μ-HCS, were demonstrated and experimentally studied in the
prototype reported in [29]. In particular, the stiffness components were adjusted by changing the
equilibrium position of the inductively-levitated, disk-shaped proof mass along the vertical axis.
Recently, a novel μ-HCS, in which the electrostatic forces acting on the bottom and top surfaces
of the inductively-levitated proof mass maintain the equilibrium position of the proof mass and,
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simultaneously, decrease the vertical component of the stiffness by means of increasing the strength of
the electrostatic field, was proposed in [30] and presented in [31]. Thus, μ-HCS establishes a promising
direction for further improvement of a range of different micro-sensors and actuators.

Electrostatic actuation is a key principle available to apply force to a passively-levitated
micro-object (proof mass) for the adjustment of its static and dynamic characteristics. However, due to
the strongly inherent non-linear dependence of the electrostatic forces that act on such a levitating
micro-object on its displacement, the stable levitation of a micro-object is restricted by pull-in
phenomena [32]. Moreover, due to the fact that the spring constant created by a magnetic suspension
of a μ-HCS also has a nonlinear dependence on displacement, the resulting pull-in phenomenon in
μ-HCS cannot be described and characterized by the classic pull-in effect occurring in a spring-mass
system with only electrostatic actuation [33].

In this work, pull-in phenomena based on the combination of an inductive suspension and
electrostatic actuation are analytically and numerically studied in more detail. The qualitative
technique developed in [34] to model micro-machined inductive contactless suspensions, where
the eddy current within the levitated micro-object is approximated by a magnetic dipole, is used.
We note that this method has been recently further generalized in [35,36], where the eddy current
is more accurately approximated by a system of dipoles. Once established, a reduced analytical
model of the μ-HCS, which describes the behavior of a levitated micro-object in the vertical direction,
is developed.

2. Hybrid Suspension

In this section, the fabrication process, as well as the operating principle of the suspension device,
including the necessary service electronics for signal processing and preliminary experimental results,
are discussed.

2.1. Fabrication

The suspension consists of three structures fabricated independently at the wafer scale, namely
a coil structure and the upper and lower electrode structures. These were aligned and assembled into
a sandwich by flip-chip bonding into one device with the dimensions: 9.2 × 9.2 × 1.74 mm, as shown
in Figure 1. The coil structure consists of two coaxial 3D wire bonded micro-coils similar to those
reported in our previous work [11], namely a stabilization and levitation coil, fabricated on a Pyrex
substrate using SU-8 2150; see Figure 1b. For this particular device, a height of the coils is 600 μm, and
the number of windings is 20 and 12 for the levitation and stabilization coil, respectively, which allow
us to stably levitate an aluminum disk-shaped proof mass with a diameter of 3.2 mm and thickness of
30 μm at a levitation height of 150 μm. The bottom electrode structure was fabricated on an SOI wafer
having a device layer of 40 μm, a buried oxide of 2 μm and a handling layer of 600 μm. The resistivity
of the silicon layer is in the range of 1 Ω cm to 30 Ω cm. Furthermore, the device layer has a 500 nm
oxide layer for passivation, on top of which electrodes are patterned by UV lithography of evaporated
Cr/Au layers (20/150 nm), as shown in the left part of Figure 1c. The SU-8 pillars cover the electrodes
in order to insulate the proof mass and electrodes and reduce the contact area between the proof mass
and the surface, where the proof mass is initially lying flat. The scaled up image at the left of Figure 1c
shows the SU-8 pillar having a diameter of 50 μm and a height of 10 μm. After etching the handle
layer up to the buried oxide by DRIE, the bottom electrode structure was aligned and bonded onto the
coil structure, as shown in Figure 1d.

The top electrode structure was fabricated on a Pyrex substrate. The electrodes patterned by UV
lithography of evaporated Cr/Au layers (20/150 nm) as shown in the right part of Figure 1c have the
same design as those on the bottom structure. To create a gap between the top and bottom structures,
four SU-8 posts of 130 μm in height were fabricated on the top electrode structure. Then, the top
structure was aligned and bonded to the bottom one, as shown in Figure 1a.
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Figure 1. The hybrid suspension: (a) the prototype glued to a PCB. The scaled up image at the bottom
right corner shows the alignment and the SU-8 post for spacing (the top electrode structure is not
connected); (b) the exploded view; (c) the electrodes patterned at the bottom (right) and top (left);
electrode structures: 1, generating negative stiffness; 2, sensing displacement; 3, feedback electrodes;
(d) a view of the aligning electrode and coil structures from the rear (Pyrex glass) of the device.

In order to avoid using an SOI wafer, and thus also to decrease the amount of parallel capacitance
arising in the patterned electrodes due to the conductivity of Si, an alternative fabrication route for
the bottom electrode structure was explored based on an intrinsically-doped Si wafer of 500 μm in
thickness with a 1-μm oxide layer for passivation, as shown in Figure 2. On one side of the Si wafer,
an SU-8 layer of 30 μm to 40 μm in thickness was fabricated by using the epoxy resist SU-8 3025. Then,
the electrodes were patterned on this SU-8 layer by UV lithography as shown in Figure 2a. Instead
of evaporation, the seed layers Cr/Au (20/150 nm) were sputtered on top of the SU-8 layer. Finally,
etching the Si wafer through to the SU-8 layer by DRIE, a cavity for the micro-coils was fabricated as
shown in Figure 2b.

(a) (b)

Figure 2. The bottom electrode structure fabricated by using a Si wafer with an SU-8 layer of 30 μm in
thickness: (a) the front side of the structure; (b) the rear of the structure.

2.2. Operating Principle

The proof mass is levitated between the electrode structures. A potential U is applied to the
top and bottom electrodes (denoted by the number “1”) and generates an electrostatic field (see
Figure 1c), which causes a decrease of stiffness [30]. The series of electrodes numbered “2” are
patterned to realize a differential capacitance for sensing the linear displacement of the proof mass
along the vertical axis. Electrodes numbered with “3” generate the electrostatic feedback-force
needed to operate in a force-rebalance mode. Thus, the prototype can be considered as a levitated
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micro-accelerometer operating in the vertical direction and providing an adjustable positional stiffness
within closed-loop control.

2.3. Preliminary Experimental Results

In order to provide a proof-of-concept and to demonstrate the successful levitation of the proof
mass within the electrostatic field generated by electrodes “1”, a preliminary experimental study has
been performed (see Figure 3).
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Figure 3. The prototype under experimental test: (a) the device is fixed on a PCB (front side);
(b) the interfacial electronics (rear side); (c) top, bottom and coil structures are connected to the
PCB (scaled image); (d) measurements of force against displacement.

To measure the vertical displacement of the proof mass, a circuit for signal processing
and conditioning was developed and fabricated. Using the four pairs of electrodes labeled “2”
(see Figure 1c), the capacitive sensing for the vertical displacement of the proof mass, based on a
capacitance half-bridge and synchronous amplitude demodulation, was implemented. Each electrode
of the pairs “2” was excited by an AC voltage having an amplitude of 3 V at a frequency of 100 kHz.
After traversing a charge amplifier based on OPA2107AU, the output signal was demodulated by
applying a synchronous AM signal. Using switches (ADG441) controlled by a comparator (AD8561),
which in turn is synchronized with the excitation voltage and an amplifier (OPA2107AU), a mixer was
traversed by the signal. The output from the mixer, passing through an instrumentation amplifier,
yielded a differential signal and provided information about the linear displacement.

Coils were fed with a square wave AC current provided by a current amplifier (LCF A093R).
The amplitude and frequency of the current in the coils was controlled by a function generator
(Arbstudio 1104D) via a computer. A PCB for connecting the top electrodes was fabricated in such
way as to leave clear the front of the levitation chip’s electrodes, so that a laser beam could reach the
proof mass without obstruction, as shown in Figure 3c. This provided us with an additional means
to control the linear displacement of the levitated proof mass using a laser distance sensor (LK-G32
with a resolution of 10 nm) and a way to characterize the performance of the capacitive sensing circuit.
By applying an electrostatic force generated by the electrodes “3” to the bottom surface of the proof
mass, a plot of force against displacement was recorded. From the analysis of the plot, the effective
suspension stiffness was estimated.

Assuming that the resulting electrostatic force was applied to the center of the proof mass
and accounting for the area of electrode “3” of 4.3 × 10−7 m2, the electrostatic force generated by
the four electrodes was calculated from F = ε0εr A/2 · (U/h)2, where ε0 = 8.85 × 10−12 F m−1 is the
vacuum permittivity, εr is the relative permittivity (for air εr ≈ 1) and h is the space between an
electrode’s plane and the equilibrium point of the proof mass.

The results of measurements corresponding to two cases, namely when there is no applied
electrical potential to electrodes “1”, and when electrodes “1” are energized, are shown in Figure 3d.
First, upon energizing electrodes “1”, the proof mass was stably levitated, and a decrease of the stiffness
from 0.043 to 0.03 N m−1 was observed (also see Table 1). Second, a negative stiffness generated by
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electrodes “1” can be calculated [37] from NS = −(ε0εr AEU2)/h3, where AE = 8.0 × 10−7 m2, to give
NS ≈ −0.01 N m−1. This agrees well with the difference of the two measurements. The results are
summarized in Table 1.

Table 1. Parameters of the prototype and experimental results.

Parameters of the Prototype

Diameter of the proof mass (mm) 3.2
Thickness of the proof mass (μm) 30
Levitation height (μm) 150
Spacing (μm) 50

Results of Measurements

Stiffness (U = 0) (N m−1) 0.043
Stiffness (U = 11 V) (N m−1) 0.03

3. Analytical Model

A schematic diagram for modeling the hybrid contactless suspension is shown in Figure 4a.
A typical two-coil stabilization and levitation scheme, arranged to provide stable levitation of a
disk-shaped proof mass, is considered. The proof mass is magnetically levitated within the static
electric field generated by the top and bottom electrodes. In the general case, it is assumed that the
potentials that are applied to the top and bottom electrodes are different and denoted as u1 and u2,
respectively, as shown in Figure 4a. The equilibrium point coincides with the origin O, which lies
on the Z′ axis of symmetry. The location of the origin is characterized by the following parameters:
h is the spacing between the bottom electrode’s plane and the origin, and hl is the levitation height
estimated as the distance between the plane formed by the upper turn of the coils and the origin.
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Figure 4. Schematic diagram for modeling the hybrid contactless suspension: (a) u1 and u2 are the
potentials applied to the top and bottom electrodes, respectively; h is the space between an electrode’s
plane and the equilibrium point of the proof mass; hl is the levitation height between the plane
formed by the upper turn of the coils and the equilibrium point of the proof mass; iel and ies are the
eddy currents corresponding to the maximum current density; (b) coordinate frames and generalized
coordinates to define the position of the disc-shaped proof mass around the origin: qv, ql , α and β are
the generalized coordinates corresponding to vertical, lateral and angular displacements, respectively.

The behavior of an inductively-levitated disk-shaped proof mass (proof mass) within the static
electric field generated by the system of electrodes is strongly non-linear, described by the set of
Maxwell equations. However, taking into account the fact that the induced eddy current density
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within the proof mass is distributed continuously, but not homogeneously, two circuits having
maximum values of eddy current density can be identified as the representative circuit for the
induced eddy current pattern. Furthermore, assuming quasi-static behavior of the levitated proof mass,
a simplification in the mathematical description of the hybrid suspension can be obtained. Applying the
qualitative technique proposed in [36], an analytical model of the suspension is formulated. Since the
design of the suspension is axially symmetric [36], the mechanical part can be represented by
the three generalized coordinates , namely qv, ql and θ representing vertical, lateral and angular
displacements of the levitated disc, respectively, as introduced in Figure 4b. Considering the capacitors
as planar and accounting for θ = α + β, the set describing the motion of the hybrid suspended proof
mass becomes

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂We

∂e1
+

∂Ψ
∂ė1

= u1;
∂We

∂e2
+

∂Ψ
∂ė2

= u2;

mq̈v + μvq̇v + mg − ∂(Wm − We)

∂qv
= Fv;

mq̈l + μl q̇l − ∂(Wm − We)

∂ql
= Fl ;

Jθ̈ + μθθ̇ − ∂(Wm − We)

∂θ
= Tθ ,

(1)

where m is the mass, J is the moment of inertia about the axis perpendicular to the disk plane and
passing through the center of mass, μl , μv and μθ are the damping coefficients corresponding to the
appropriate generalized coordinates, g is the gravity acceleration, Fl , Fv and Tθ are the generalized
forces and torque corresponding to the appropriate generalized coordinates, Wm and We are energies
stored in the magnetic and electric fields, respectively, Ψ is the dissipation function of the system and e1

and e2 are the charges on the top and bottom electrodes, respectively. Note that magnetic and electric
energies stored in the systems can be described in a way similar to those reported in [30,36].

A necessary, but not sufficient condition for stable levitation of the proof mass, near its equilibrium
point, is that the second derivatives of electromagnetic energy stored in the system, defined by the
following constants cij = −∂2(Wm − We)/∂qi∂qj, where i = v, l, θ and j = v, l, θ, must correspond to
a positive definite quadratic form [38]. Note that the necessary and sufficient conditions for stable
levitation in micro-machined inductive suspensions require, in addition, taking into accounting the
nonconservative positional force due to the resistivity of the proof mass and the dissipative force acting
on the levitated proof mass [36]. Thus, the nonlinear set of Equation (1) forms a generalized analytical
model of the hybrid contactless suspension and provides opportunities for modeling its dynamics
and stability.

The Accelerometer Equation of Motion

In the framework of the proposed application of the device as an accelerometer, as considered
in Section 2.2, the behavior of the proof mass along the vertical direction in the hybrid contactless
suspension is of special interest and studied in detail below. The static and dynamic responses of the
device along this direction are therefore investigated.

Neglecting the generalized coordinates ql and qθ and also assuming that the resistivity
of the conducting proof mass and its linear and angular velocities is small, no damping
exists and u1 = u2 = U, then the exact quasi-static nonlinear model, which describes the behavior of
the proof mass along the vertical axis, is [30,39]:

m
d2qv

dt2 + mg +
I2

L
dM
dqv

M − A
4

U2

(h − qv)2 +
A
4

U2

(h + qv)2 = Fv, (2)

where I is the amplitude of a harmonic current i in the coils, L is the self-inductance of the proof
mass, M is the mutual inductance between the proof mass and coils and U is the applied voltage to
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the electrodes. Each electrode set has the same area of Ae, A = ε0 Ae, where ε0 is the permeability of
free space.

In the general case, the mutual inductance M is a complex non-analytical function. This represents
the main difficulty for the analytical study of the suspension model (2). However, we can account
for some particularities of the micro-machined device, in that the linear sizes of the coils and proof
mass are much larger than the levitation height, hl , and the distribution of the density of the induced
eddy current is not homogenous. The induced eddy current is distributed along the levitated proof
mass in such a way that two circuits corresponding to maximum values of the eddy current density
can be identified, as shown in Figure 4a. The eddy current circuit ies is defined geometrically as a
circle having the same diameter as the proof mass. The second circuit iel is also a circle, but with
the diameter of the levitation coil [36]. Actually, the second circuit can be considered as the current
image of the levitation coil. Due to the mentioned particularities of the device, the force interaction
along the vertical direction is reduced to an interaction between eddy current iel and the levitation coil
current [40]. Considering both the levitation coil and the eddy current circuit as filamentary circles,
the mutual inductance between the levitation coil and eddy current can be described by the Maxwell
formula ([41], page 6); thus:

k2 =
4r2

l
4r2

l + (hl + y)2
; M = μ0rl

[(
2
k
− k
)

K(k)− 2
k

E(k)
]

, (3)

where μ0 is the magnetic permeability of free space, rl is the radius of the levitation coil and K
and E are complete elliptic integrals of the first and second kinds [42]. Then, accounting for (3),
Model (2) becomes:

m
d2qv

dt2 + mg − I2a2

L

[(
2
k
− k
)

K(k)− 2
k

E(k)
]

2
k2

×
[

2 − k2

2(1 − k2)
E(k)− K(k)

]
·

ξ2(1 + qv
hl
)

hl(1 + ξ2(1 + qv
hl
)2)3/2

− AU2qv

(h − q2
v)

2 = Fv,
(4)

where a = rlμ0 and ξ = hl/(2rl). Model (4) is analytical, nonlinear and quasi-exact, but due to the
elliptic integrals, it can be studied only numerically. For further analysis, Model (4) is presented in
dimensionless form as follows:

d2λ

dτ2 + 1 − η

[(
2
k
− k
)

K(k)− 2
k

E(k)
]

2
k2

×
[

2 − k2

2(1 − k2)
E(k)− K(k)

]
· ξ2(1 + λ)κ

(1 + ξ2(1 + λ)2)3/2 −
βλ

(1 − λ2)2 = F̃,
(5)

where τ =
√

g/ht, λ = qv/h, η = I2a2/(mghL), β = AU2/(mgh2), κ = h/hl and F̃ = Fv/mg.
Moreover, upon ensuring a condition described further below, Equation (3) can be approximated

well by the logarithmic function [34]:

M = μ0rl

[
ln

4
ξ(1 + y/hl)

− 2
]

. (6)

Hence, accounting for the latter equation, the following reduced analytical model of a suspension
is proposed:

m
d2y
dt2 + mg − I2a2

L
1

hl + y

[
ln

4
ξ(1 + y/hl)

− 2
]
− AU2qv

(h2 − q2
v)

2 = Fv. (7)
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In dimensionless form, Equation (7) becomes:

d2λ

dτ2 + 1 − η
κ

1 + κλ

[
ln

4
ξ(1 + κλ)

− 2
]
− βλ

(1 − λ2)2 = F̃. (8)

As is shown in Appendix A below, the accuracy of approximation of modeling the electromagnetic
force is dependent on the parameter ξ. If ξ is less than 0.3, the electromagnetic force is approximated by
the logarithmic function (6) with an error less than 6%. When parameter ξ vanishes, the error between
the exact Equation (3) and the approximation (6) also vanishes. It is worth noting that, for all known
prototypes of μ-HCS published in the literature, parameter ξ is less than 0.25. This fact indicates
the applicability of the reduced model for further analytical study of μ-HCS, as has already been
successfully demonstrated for instance in [32]. Hence, Model (8) is the main framework for further
analysis of the static and dynamic pull-in.

4. Static Pull-In Instability

We now study the load-free behavior of the device upon changing the strength of the electric
field, characterized by the dimensionless parameter β (dimensionless squared voltage). For this reason,
Equation (8) is written as a set in terms of the phase coordinates [31]:

⎧⎪⎨
⎪⎩

dλ

dτ
= ω;

dω

dτ
= −1 + η

κ

1 + κλ

[
ln

4
ξ(1 + κλ)

− 2
]
+

βλ

(1 − λ2)2 .
(9)

From (9), the equilibrium state of the system can be defined as:

f (λ, β) = −1 + η
κ

1 + κλ
[D − ln(1 + κλ)] +

βλ

(1 − λ2)2 , (10)

where D = ln 4
ξ − 2 is the design parameter depending on ξ. At the equilibrium point λ = 0,

the function f must equal zero; this point requires that parameter η = 1/D. Hence, the static
equilibrium state of the system, which relates the vertical coordinate with the strength of the electric
field, is:

f (λ, β) = − κλ

1 + κλ
− ln(1 + κλ)

D(1 + κλ)
+

βλ

(1 − λ2)2 ≡ 0. (11)

Since the vertical displacement of the proof mass is limited by the positions of the top and
bottom electrodes, the variable λ is varied within a range of −1 ≤ λ ≤ 1. Furthermore, taking into
account that constant D and κ can be considered within the following ranges of 1 < D < 4.0 and
0 < κ ≤ 1, the bifurcation diagram, which relates the distribution of saddles (unstable equilibrium),
centers (stable equilibrium) and bifurcations with the dimensionless square voltage β is shown in
Figure 5a. Note that the presented prototype of the hybrid suspension in Section 2 has the following
values of dimensionless parameters, namely D = 2.0456, ξ = 0.07 and κ = 0.3333. Analysis of the
diagram shows that two bifurcation points can be recognized, denoted as A and B. Both bifurcation
points correspond to the pull-in instability. This means that, once the strength of the electric field
has achieved the value characterized by βA, the proof mass is pulled in and moves toward the top
electrodes. At point B, where the strength of the electric field is characterized by βB, the proof mass at
the position characterized by λB is also pulled in, but moves already toward the bottom electrodes.

The bifurcation point A is defined by the following parameters:

λA = 0; βA = κ(1 + 1/D). (12)
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Figure 5. Bifurcation diagram: (a) dashed red lines show the evolution of the bifurcation map
depending on constant D (κ = 1.0); solid lines depict the evolution of the bifurcation map depending
on spacing κ = h/hl (D = 2.0); (b) comparison of the quasi-exact and reduced models for D = 2.0,
κ = 1.0 and ξ = 0.07 (the relative error is less than 2%).

Parameters βB and λB characterizing bifurcation point B (static pull-in instability) are defined
numerically as the solution of the following set of equations:

⎧⎨
⎩

−3Dκ2λ4 − κ(4D + 1)λ3 − κ2Dλ2 + κλ − (2κλ3 + 3λ2 + 2κλ + 1) ln(1 + κλ) = 0;

β =

(
κλ +

ln(1 + κλ)

D

)
(1 − λ2)

λ(1 + κλ)
.

(13)

when κ is small, then the set (13) has an approximate solution:

λB ≈ −κ

4
D + 3/2

D + 1
; βB ≈ κ(1 + 1/D)

(
1 +

κ2

4
D + 3/2

D + 1

)
. (14)

In addition, a comparison between reduced Model (8) and the quasi-exact model (5) is performed
for the considered design of the hybrid suspension in this work, characterized by the following
dimensionless parameters D = 2 and ξ = 0.07. The result of this comparison is presented in Figure 5b.
Analysis of Figure 5b reveals that the relative error is not in excess of 2%.

The ranges of parameters λ = 0, 0 ≤ β < βA and −λB < λ < 0 and βA ≤ β < βB establish a
stable state of equilibrium (see Figure 5a). A region near the bifurcation point A is of special interest,
because it defines a state of zero stiffness of the suspension. As seen, a decrease of stiffness leads to
decreasing a range of linear displacement of the proof mass. Near bifurcation point A, the range of
displacement becomes:

h
Δβ

κ(1 + 1/D)
= h

κ(1 + 1/D)− β

κ(1 + 1/D)
≥ �y. (15)

Using Equation (15), the minimum possible value of linear stiffness still capable of upholding
stable levitation can be estimated. For instance, in the fabricated design of the suspension (see Table 1),
upon controlling the linear displacement of the proof mass Δy within a range of ±1 μm, the relative
minimization of the stiffness can be expected to be around 0.007. This means that the initial stiffness
generated by the inductive suspension can be reduced by two orders of magnitude. Note that the
design of the suspension corresponds to a bifurcation curve with κ = 0.3333, as shown in Figure 5a.
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5. Dynamic Pull-In Instability

An equation for the integral curves of set (9) can be obtained as follows:

dω

dλ
=

− κλ

1 + κλ
− ln(1 + κλ)

D(1 + κλ)
+

βλ

(1 − λ2)2

ω
. (16)

Integrating (16), the equation of energy is obtained as:

ω2 + 2λ − 2
ln(1 + κλ)

κ
+

ln2(1 + κλ)

Dκ
− β

1 − λ2 = G, (17)

where G is an arbitrary constant of the integration. From the analysis of (17), it is very important to
note the following observation, that in order to operate the device properly, it is required to remove
the energy of the electric field characterized by parameter β from the system, in order to satisfy the
initial conditions. Since G is an arbitrary constant, it can be chosen to be equal to −β. Then, the final
form of the integral equation becomes:

ω2 + 2λ − 2
ln(1 + κλ)

κ
+

ln2(1 + κλ)

Dκ
− βλ2

1 − λ2 = G′. (18)

From (18), the dynamic equilibrium state can be written as:

fd(λ, β) = 2λ − 2
ln(1 + κλ)

κ
+

ln2(1 + κλ)

Dκ
− βλ2

1 − λ2 ≡ 0. (19)

Using (19), the bifurcation diagram can be plotted as shown in Figure 6. Similar to the static
bifurcation diagram, it has two pull-in instability points (see Figure 6). One point has the same
coordinates as point A shown in (12) corresponding to the static pull-in instability, but Bd has different
coordinates compared to the static pull-in point B and can be found by numerically solving the
following set:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

2κλ2(1 − λ2)

1 + κλ
− 4λ +

[
κλ(1 − λ2)

1 + κλ
+ 2D − ln(1 + κλ)

]
2

κD
ln(1 + κλ) = 0;

β =

(
2λ − 2

ln(1 + κλ)

κ
+

ln2(1 + κλ)

Dκ

)
(1 − λ2)

λ2 .
(20)
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Similar to Section 4, we consider the case when κ is small, then the set (20) has an approximate
solution:

λBd ≈ −κ
D/3 + 1/2

D + 1
; βBd ≈ κ

D

(
1 − κ2 (D/3 + 1/2)2

(D + 1)2

)
. (21)

Note that, when the spacing κ tends to zero, the static and dynamic pull-in displacements tend to
their zero initial position, and pull-in voltages also tend to zero. Once κ = 0, all static and dynamic
pull-in points merge into one zero point.

6. Conclusions

In this article, a micro-machined hybrid suspension based on combining electromagnetic inductive
and electrostatic actuation, which provides, in particular, control over and decrease of the vertical
component of stiffness, was presented. We discussed the micromachined fabrication process of
the device establishing three micro-structures, namely coil, top electrode and bottom electrode
structure. In particular, two possible ways of fabrication of the bottom electrode structures based
on SOI and Si wafer were considered. Using the developed micro-machined process, a prototype of
the suspension was successfully fabricated. The preliminary experimental study of this prototype
was performed and successfully demonstrated the proof of concept of the device proposed in [30].
In particular, the disk-shaped aluminum proof mass was levitated between the top and bottom
structures generating the electrostatic field. A decrease of the vertical component of the stiffness by
25% was successfully observed.

A generalized analytical model of the suspension was also developed. In order to study the
behavior of the hybrid suspension along the vertical direction as a particular case of the developed
model, a quasi-exact nonlinear model was formulated. Then, using the design particularities of a
micro-machined version of the suspension, a reduced model was proposed. It is worth noting that
the applicability of the analytical technique used for modeling a hybrid suspension has been already
successfully demonstrated for instance in [32]. Using the reduced nonlinear model, the static and
dynamic responses of the suspension were analytically and comprehensively investigated, and the
static and dynamic pull-in parameters were identified. In particular, it was shown that within the
framework of the developed prototype, the initial stiffness generated by the inductive suspension
could be reduced by two orders of magnitude.
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166



Actuators 2018, 7, 11

Appendix A

The accuracy of approximation of modeling the electromagnetic force by means of the reduced
model (8) depending on the parameter ξ = hl/(2rl), as shown in Figure A1. Analysis of Figure A1
shows that, if the parameter ξ is less than 0.3, the electromagnetic force is approximated by the
logarithmic function (6) with an error less than 6%.
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Abstract: In the last decades, an effort has been made to improve the efficiency of high-level and
academic education players. Nowadays, students’ preferences and habits are continuously evolving
and so the educational institutions deal with important challenges, such as not losing attractiveness or
preventing early abandonment during the programs. In many countries, some important universities
are public, and so they receive national grants that are based on a variety of factors, on which the
teaching efficiency has a great impact. This contribution presents a method to improve students
commitment during traditional lessons and laboratory tests. The idea consists in planning some
activities according to the students’ learning preferences, which were studied by means of two
different approaches. The first one was based on Gardner’s multiple intelligence inventory, which
is useful to highlight some peculiar characteristics of the students on the specific educational field.
In the second method, direct interviews, voice recognition, and text mining were used to extract some
interesting characteristics of the group of students who participated in the projects. The methods
were applied in May 2018 to the students attending the course of Micro-Nano Sensors and Actuators
for the postgraduate academic program dedicated to Industrial Nanotechnologies Engineering of the
University of Rome La Sapienza. The present paper represents the first part of the investigation and
it is dedicated essentially to the adopted methods. The second part of the work is presented in the
companion paper dedicated to the presentation of the practical project that the students completed
before the exam.

Keywords: teaching; learning; mocromanipulation; microactuation; multiple ability inventories

1. Introduction

Teaching methods and procedures at the high level of education and in Academia have been
changing during the last years, whereas improving the efficiency of the educational process has become
a crucial target for institutions [1,2]. Related studies show that improving the teaching–learning process
has a certain impact on economic development [3], while the process itself is ineluctably affected by
the mutual influences between technology and society [4] and by socio-emotional issues [5].

Furthermore, in many European countries, recent laws apply rewarding criteria to those
institutions who support innovation in teaching and reduce the number of students abandoning
or prolonging their courses.
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In this paper, a recent experience of teaching–learning activities is presented, with the purpose of
suggesting a way to improve students involvement and achievements. The adopted methods were
applied in May 2018 to the students attending the course of Micro-Nano Sensors and Actuators for
the Master degree in Industrial Nanotechnologies Engineering of the University of Rome La Sapienza.
The present paper is dedicated essentially to the description of the teaching methods, whereas the
consequent students’ activities are presented in its companion paper [6].

An Approach Based on Multidimensional Ability Theoretical Framework

The basic idea for this investigation consisted in detecting the students’ learning preferences
and then tailoring some activities that could match the detected learning styles. This approach was
expected to have the maximum effect in terms of achievements and satisfaction. The detection of the
students’ preference profile was approached by means of two different methods. The first one was
inspired by the concept of Multidimensional Abilities, while the second one was based on text analysis.

Multidimensional Abilities have been investigated through well-known theoretical frameworks:

• Aptitude-Treatment Interaction [7];
• Conditions of Learning [8];
• Dual Coding Theory [9];
• Multiple Intelligences [10];
• Structure of Intellect [11]; and
• Triarchic Theory [12].

In this study, Gardner’s approach was preferred because it has been applied in the past and gave
some interesting results (see, for example, [13–16]). According to the original formulation of Multiple
Intelligence inventory, the following intelligences are considered:

• Intrapersonal;
• Bodily-Kinesthetic;
• Interpersonal;
• Logical-Mathematical;
• Spatial;
• Verbal-Linguistic; and
• Musical.

Nowadays, Gardner’s Multiple Intelligence is very popular and its principles have been described
in many reference books and websites. In the present investigation, this inventory was applied to the
specific context of learning in a technological education field, micromanipulation, in a high-level
academic course. Consequently, the investigation must be considered as restricted to a rather
superficial layer of one student’s individual personality. The results do not concern the individual’s
general characteristics, but rather involve the individual’s characteristics in the context of the specific
environment, namely, a course in Industrial Nanotechnologies Engineering. To better explain this
concept, let us review how the multiple intelligences have been applied in the context of learning in
the academic environment.

Intrapersonal intelligence was not measured as an individual’s general characteristic, but as
a student’s attitude of thinking and studying alone, without external interactions.

Bodily-Kinesthetic intelligence was associated with the use of practical activities that involve
manual handling of models or instruments in a lab. This attitude was also associated with the use of
physical support for studying and understanding.

Interpersonal intelligence was here related to some students attitude to gain benefit from social
activities, such as studying in the company of other people and participating or promoting small
social events.
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Logical-Mathematical intelligence was associated with the students’ preference for using logic
and mathematical formulation to understand new models and concepts.

Spatial intelligence was related to a student preference for using graphical tools, such as pictures,
diagrams, block charts, or spatial models.

Verbal-Linguistic intelligence was related to the students’ preference of learning by reading or
hearing some text.

Finally, Musical intelligence was measured as in standard tests but was not related to any
dimension for the sake of the present investigation.

2. Material and Methods

A questionnaire was submitted to a limited group of students to measure their singular preference
profiles based on Gardner’s inventory. The adopted test has the advantage that it has been used
before [16] on a reference group and on some groups of students enrolled in the courses of Engineering
at Sapienza University. Therefore, averages and standard variations on raw scores were already
available for the adopted dimensions. This circumstance was quite important because the number of
participating students was rather limited (n = 6).

2.1. Correlation Analysis among Dimensions

As for the previous investigations [14–16], standard statistical analysis was applied to the raw scores
obtained from the surveys. Then, standard z-scores were calculated by an elementary routine. z-scores are
a standardization of the raw data which maps scores in such a way that the standardized population has
a null mean and a unit standard deviation (see Figure 1).

Figure 1. Individuals standard z-scores for the adopted seven dimensions.

The adoption of the z-scores was useful because the calculation of the correlation matrix becomes
quite easy. Table 1 shows the classical correlation table for the seven dimensions under analysis. Since
only six individuals participated in the survey, the obtained results are not significant for possible
generalization and so the curious positive or negative correlations have a value restricted to the
analyzed group.
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Table 1. Correlation table for the group of participating students (n = 6).

Verbal Logical Musical Kinesthetic Spatial Interpersonal Intrapersonal

Verbal 1.00 −0.32 0.35 0.43 0.47 −0.06 −0.59
Logical 1.00 −0.57 −0.71 −0.57 0.01 0.03
Musical 1.00 0.39 −0.01 0.03 −0.63
Kinesthetic 1.00 0.81 0.64 −0.26
Spatial 1.00 0.47 0.15
Interpersonal 1.00 −0.14
Intrapersonal 1.00

Figure 2 shows the scatter diagrams which illustrate an example of both positive and negative
correlations among two pairs of dimensions. As mentioned above, it is not possible to draw a general
conclusion that any student who has a kinestetic preference must have necessarily a great spatial-visual
attitude and a small Logical-Mathematical preference. This is only a trend that appeared in a small class.

(a) (b)

Figure 2. Scatter diagram for two pairs of dimensions: (a) Spatial-Visual vs. Bodily-Kinesthetic positive
correlation; and (b) Spatial-Visual vs. Logical-Mathematical negative correlation.

2.2. Characteristics of the Class Group

The present investigation attempted to ascertain whether the small class was characterized by
peculiar characteristics. Of course, this analysis must be done by comparing the dimensions averages
of the class with those obtained in a control group. Fortunately, the same questionnaire had been
previously submitted to a much larger control group during an earlier investigation [16], and so these
results were used for the present analysis. For each of the seven dimensions, the pairs of averages were
compared by pointing out those with a minimum value for the significance levels. Hence, the null
hypothesis H0 was set as the assumption that the class and control groups were extracted from the
same population.

Weak (0.01 < α ≤ 0.1) or strong (0.001 ≤ α ≤ 0.01) probability levels were adopted together with
Student t-test and the degrees of freedom nA = 6 and nB = 56 corresponding to class and control
group populations, respectively. Some significant differences are reported in Table 2.

Table 2. Significant differences between raw score dimensions of the class and control group populations.

Verbal Logical Musical Kinestetic Spatial Interpersonal Intrapersonal

lower greater lower greater greater greater lower
p >0.1 0.025 >0.1 0.1 0.001 0.001 >0.1

no weak no weak strong strong no

• Verbal (or Linguistic) Intelligence: According to previous investigations, students enrolled in
high-level Engineering courses present verbal capabilities usually higher than their peers who
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do not frequent Academic Institutions. Our class students present the same characteristic as the
control group students, and therefore no significant difference was found for this dimension.

• Logical-Mathematical Intelligence: Our students showed a preference for logical and
mathematical formalism weakly greater than the students belonging to the control group. This is
quite reasonable for students enrolled in the last year of a master course in Nanotechnology.

• Musical Intelligence: No significant difference was detected for this dimension.
• Kinesthetic Intelligence: This dimension is characterized by a weakly significant difference in

the average scores for the two groups; actually, engineering students are quite handy and so our
students simply showed an attitude a little more pronounced than the control group.

• Spatial-Visual Intelligence: According to the significance analysis, it is quite sure that our students
prefer an approach based on practical observation of planar schemes and 3D objects manipulation
more than peers students enrolled in other courses; this dimension suggests the use of real objects
and the practical manipulation of real models as an effective teaching method for this class.

• Interpersonal Intelligence: The clear preference in the class of an approach based on interpersonal
intelligence is a straightforward suggestion to adopt interactive lessons with a considerable
amount of teamwork.

• Intrapersonal Intelligence: No significant difference with respect to the control group was detected
for this dimension.

3. Text Mining for the Identification of Patterns

Before the starting of the course, some interviews were arranged with the students. The transcripts
of the oral interviews were automatically obtained by means of available software with the simple aid
of a smartphone.

The following questions were submitted to the students before the beginning of the course.

1. Which is your personal motivation for you to study Nanotechnology?
2. What do you think about the activities in the lab?
3. What is your opinion about manual activities?
4. Do you think they can help your understanding of the lessons?

The following questions were submitted to the same students during of the course.

5. Did you change your opinion about the activities in the lab?
6. How much do you feel adequate for this experience in the lab?
7. What are your personal features that you think they are the most suitable for this experience?

These questions were used as cognitive stimulus to trigger the explication of concepts from the
interviewees. The questions had the function of making some concepts more visible than in the case of
a free speech. The advantage of this technique consists in the possibility of handling quantitatively
some parameters of interest.

Then, the answers were filtered to remove from text some insignificant part of the spoken language
and to obtain a polished text (conjunctions, prepositions, articles, and so on). The latter was then
analyzed using text mining classification and frequency analysis of words occurrences. The graphic
technique of words cloud was applied to extract key concepts and the most used words, and a graphic
composition of such collection is reported in Figure 3, where dimensions and colors are related to the
occurrence frequency. This wordcloud representation is very interesting to gain a picture of the tags
that were most raised during the conversations with students.
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Figure 3. Most frequently mentioned words during interviews.

The following are some examples of frequently spoken words during the interview (see also
Figure 3), and some reasonable interpretations.

• activity, experience, things, practice, hand, it-works, manual, and doing: These words are quite
central during the interview; they are related to the students direct involvement to the lab activities
and their willingness to learn by means of direct experience rather than by means of the classical
textbook study.

• view and hear are also related to senses and so to the experience.
• more than, when, after, before, change, and go: These words are clearly related to time,

development and progress and therefore they show the students willingness to improve, compete
and face challenges.

• engineering, mechanical, Physics, high school, and study: These are clearly related to the context
of the course.

• think, understand, meaning, fundamental, and important: These are related to cognitive and
learning process.

• my and I-did: These are probably related to the students positive self promotion, and to the
concept of making valuable their own experience.

• fantasy, finally and curiously, appears as a possible sign of passion for the topic and a windows
on creativity in design.

The same text mining technique was applied to the course syllabus and the most cited words are
presented in a graphical word cloud (Figure 4). A comparison of the two clouds suggests that the main
differences consist of terms that represent action and personal experience. Once again, the comparison
shows how this class students of were sensible to the manual and practical activities while learning
a topic which implies, intrinsically, some theoretical concepts. In fact, micro and nano actuation is
a topic which requires multiple (and rather opposite) abilities such as theoretical and practical skills.
This is a possible reason for the success of the practical projects reported in the second part of this
investigation [6].
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The graphics in Figures 3 and 4 were generated by means of Wordsalad c© free app [17].

Figure 4. Most frequently mentioned words in the course syllabus.

4. Results and Discussion

Considering the significance analysis described in the previous sections, our class presents three
significant differences with respect to the control group: Spatial-Visual, Interpersonal and Kinesthetic
Intelligences. The results obtained from the text analysis also showed an evident inclination of the
students to the activities and practical work and therefore they confirmed the results obtained by using
Gardner’s inventory. Therefore, considering that the Course basic material is based on classical text
books [18,19] and on some recent papers [20–31], i.e., written material, the peculiar above-mentioned
results gave rise to the idea of encouraging our students to work in team (Interpersonal) and make use
of handmade (Kinesthetic) models (Spatial-Visual).

Since this is not possible for nano or micro size devices, the idea of using properly up-scaled
models arose. By assembling the indications from the Multiple Intelligences method and from the text
analysis together, it was clear that some practical activities would have given a great boost to teaching
and therefore some projects were designed for the specific group of students.

These projects have the following characteristics.

• From the course program, a micro or nano device was selected as the case study.
• A series of activities is planned for the selected device, according to the common operational

capability required for the real micro or nano system under study.
• A macroscale model is obtained for the micro or nano device by using 3D printing

low-cost techniques.
• The operational features are translated from the micro- (or nano-) to the macroscale, possibly by

changing some principles of operation (this allows the students to understand some fundamental
concept of scaling in fabrication and actuation).

• During these activities tinkering is encouraged for the construction of the system at the macroscale.
• Finally, a system is created at the macroscale based on the micro- or nanosystem, and the

differences between the two systems are material for the exam.

Some of these projects are described in detail in the companion paper [6].
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Considering the excellent scores achieved by the students during the exams and their great
satisfaction, it is possible to conclude that the presented teaching–learning experience had quite a positive
impact on the course. More generally, results show that, thanks to the adopted methods, the quality of
teaching/learning can be improved also in the context of Nanotechnology and Micro Actuation.
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Abstract: This paper describes the activities that have been necessary to design, fabricate, control
and test some low-cost test stands independently developed by the students enrolled in the course
of Micro-Nano sensors and actuators for the postgraduate course in Industrial Nanotechnologies
Engineering of the University of Rome La Sapienza. The construction and use of these test stands are
an essential part of teaching and learning methods whose theoretical bases have been presented in
the companion paper (Part 1). Each test stand is composed of a compliant structure and a control
system, which consists of a programmable control micro-card equipped with sensors and actuators.
The compliant structure consists of a compliant mechanism whose geometry is achieved by scaling
some previously developed silicon micromanipuators and microactuators up to the macroscale by a
factor of 20. This macroscale model offered a kinesthetic tool to improve the understanding of the
original microsystems and their working principles. The original silicon micromechanisms have been
previously presented in the literature by the research group after design and deep reactive-ion etching
(DRIE) microfabrication. Scaling from micro to macro size was quite easy because the original DRIE
masks were bestowed to the students in the form of CAD files. The samples at the macroscale have
been fabricated by means of recently available low-cost 3D printers after some necessary modifications
of the mask geometry. The purpose of the whole work (Parts 1 and 2) was the improvement of the
efficiency of an educational process in the field of microsystem science. By combining the two
companion papers, concerning, respectively, the theoretical basis of the teaching methods and the
students’ achievements, it is possible to conclude that, in a given class, there may be some preferred
activities that are more efficient than others in terms of advancements and satisfaction.
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1. Introduction

This paper presents some activities that have been carried out during the class of Micro-Nano
sensors and actuators for the postgraduate academic program dedicated to Industrial Nanotechnologies
Engineering of the University of Rome La Sapienza. The first part of the investigation [1] presented
two didactical methods, the first one being based on Gardner’s multiple intelligence inventory and
the second one based on text analysis. Multiple intelligences have been used to reveal a characteristic
profile of each student and some significant characteristics of the whole group. Secondly, text analysis
has been applied to the transcript of some interviews with the students and also to the course
syllabus, as a reference text for comparison. The two methods showed that this particular class
had a strong inclination to the practical and interpersonal work. Based on those results, the teaching
staff decided to stress the importance of term projects because they allow students to get easily
familiar with the micro world through their preferred kinesthetic approach and motivational feelings.
The present paper describes the projects that have been carried out by the students their self during
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the semester. This preferences–based teaching–learning method has the advantage of increasing the
course attractiveness, participation and efficiency in terms of students achievements.

Since the students participate in the above-mentioned course during their last year of the Master
degree, the teaching material must be quite upgraded and also at the scientific literature level, because
micro and nano technology is rather rapidly changing. Other than studying some portions of classic
text books on micro and nano technology [2,3], more specific readings were suggested, related to the
previous experience achieved by the teaching staff and concerning compliant 3 D.O.F. microrobots [4–7],
micromechanisms [8], micro hinges [9–12] and microgrippers [13–18]. However, this material is
essentially written text.

As explained in the companion paper [1], the verbal approach is not the only way students
learn. For the class group involved in the present investigation, some kinesthetic activities have been
encouraged during laboratory meeting. The idea of increasing students–object tactile interactions
comes from the fact that course subject consists of micro and nano objects, which are even hardly
visible. Therefore, there are few ways of presenting them: showing the masks at a certain magnification,
producing SEM or optical images or short animations of the objects, or through verbal description.
In all these cases, there is scarce direct or manual interaction. Nevertheless, it has been shown that
kinesthetic exercises may activate human original corporeal–kinetic apprenticeship [19].

During lab activities, the students have been provided with a certain number of silicon prototypes
for observation and analysis. However, each sample consists in a device that is embedded within a
2 square millimeter, overall size, with some specific parts, such as the comb drive fingers, which have
two-micron width. This makes direct interaction practically impossible. Bringing the microsystem to
the macroscale is useful not only for simulation but also for teaching purposes. In fact, the students
become able to develop their own simplified systems that can be also operated at the macroscale by
means of inexpensive micro-cards. These activities can be also useful to stimulate a certain capability
of working in team. Finally, thanks to the development of new products and to some new methods
based on tinkering [20], the overall cost of these lab activities can be extremely limited, if compared to
the usual costs of equipment used in the common nanotechnology lab, while the students involvement
remains very high. The term projects described in the next section have been developed by the students
under the surveillance and advice of the teaching staff.

2. Material and Methods

2.1. Fabrication of the Mechanical Structure

The widespread success of additive manufacturing made 3D printers available at low costs. Many
students and practitioners have been able to assemble their own 3D printers by using limited resources
and this circumstance made these devices very popular among students. For this reason, the idea of
using a 3D printer for scaling up a microsystem, although not very original, has been accepted with a
certain enthusiasm by the students.

The students were first provided with the original mask CAD files that have been used to fabricate
the real microsystems. Then, they modified the 2D geometry to adjust the beams or the fingers
minimum width to the maximum resolution of the adopted printer. The 3D printer was also used to
fabricate the housing for the compliant mechanism, the motors, the micro-cards and all the necessary
mechanical parts, in such a way that the whole system would be correctly assembled on the frame.

2.2. Double Rotary Link Microgripper

The first project consisted in the fabrication and the experimental operation at the macroscale
of a simple double rotary link gripper. The students were provided with the original mask CAD
files for the DRIE (Deep Reactive Ion Etching) process (see Ref. [14] for details). The actual design
was developed by means of AutoCAD c© (Version 2015, Autodesk, San Rafael, CA, USA), and so the
starting point, for the students, was the mask depicted in Figure 1a. This design was scaled as well as
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modified to fit the limits of the 3D printer accuracy to avoid unfeasible widths of fingers, gaps and
curved beams. The truss structure embedded in the original links was also simplified, in order not to
make critical the process of 3D printing. Finally, the fingers of the mobile comb drives were eliminated
for the sake of simplicity.

(a) (b)

Figure 1. The original mask for a compliant rotary microgripper (a); and its prototype at the macroscale
(b) (first project).

The AutoCAD dwg file was translated into the classical stl file and then provided to the 3D printer,
which yielded the layout represented in Figure 1b.

The macroscale compliant mechanisms were subject to preliminary tests which gave encouraging
results in terms of mechanical properties (compliance and robustness). Then, the experimental layout
was set for operational tests. Since the comb drives were not feasible at the macroscale, their action
was simulated by means of cables attached to the end of the comb drive mobile wings and operated
by a motor. A simplified scheme is reported in Figure 2, where the two wings, the two cables and
the two motor arms are represented, respectively, by lines AB and DE, BC and EF, and CO and FO.
When the cables are under tension, the groups ABCO and DEFO can be considered as four-bar linkages,
which makes it very easy to perform the kinematic analysis of the system. In the case under study,
the forward run was achieved by applying a counterclockwise torque, while the return run was
obtained simply by releasing the above mentioned torque, by virtue of the elastic energy stored in the
flexure revolute joints A and D.

Figure 2. Actuation of the compliant mechanisms at the macroscale (first project).

The experimental layout was completed using the same 3D printer for building the mechanical
anchors and frames. The printing parameters were set by using Ultimaker Cura software c©
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(Version 3.2.1), and the G-code file was prepared. All components were re-printed several times
and then assembled to the base. Shaking torques transmitted to the base were estimated and a proper
frame was set on the motors to allow them to work adequately. Electronic circuits and control card
were mounted to the same base, as a reminder that the real microsystem would be arranged on a
single chip, by using ASIC (Application Specific Integrated Circuit). The arrangement is illustrated in
Figure 3.

Figure 3. A picture of the experimental layout (first project).

The actual circuit was developed using Fritzing c© (Version 0.9.3), and the wiring scheme
was realized by using a common breadboard, which includes also connection to Arduino UNO c©
(REV3). As is usual for this particular microcontroller, a simple Arduino IDE c© code (Version 1.8.5),
was developed, tested and uploaded on the microcard, in such a way that the whole system no longer
needed direct connection to the computer. Forces were transmitted to the compliant mechanisms
through nylon cables. In the first configuration, the closing motion was obtained by exerting a force on
the jaws levers, while the opening return motion is achieved by releasing these forces and letting the
flexure elasticity to drive back the jaws to their original position.

2.3. Bidirectional Double Four-Bar Linkage Microgripper

In the second project, a bidirectional microgripper, shown in Figure 4a, was scaled up to the
macroscale sample, represented in Figure 4b, by following the same method of design, printing
and actuation as described in the previous paragraph. The finger cross section was scaled from
2 μm × 40 μm to 0.6 mm × 1 cm, while the microgripper overall dimensions are
10.8 cm × 10.3 cm × 1 cm. The macroscale prototype was obtained in Polylactic Acid, while actuation
and control was obtained by Arduino microcontroller integrated with breadboard, circuits and two
rotary actuators. The comb drives were mechanically controlled by means of cables that are attached in
such a way that open and close maneuvers are allowed.
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(a) (b)

Figure 4. Comparison of the micro (see Ref. [14]) (a) and macro (b) grippers (second project).

The main problem with design consisted of the limited resolution of the 3D Delta printer. With the
available model, the resolution was limited to 0.4 mm, thus some sections of the gripper had to
be redesigned to cope with this limit. In fact, after linear scaling from the micro to the macro
scale, there were still some parts (fingers and curved beams) that were too small for that resolution.
Furthermore, it was also not possible to use the above-mentioned minimum size to not slow down the
printing process too much, and so the minimum thickness had to be increased to 0.6 mm for both finger
and gap between them. AutoCAD 2018 student version was used for mask scaling and redesigning
(estimated time, non-expert user, 30 h for one person).

Ultimaker Cura c© (version 3.2.1), was used for managing the printing process and changing some
printer properties and maximize the likelihood of success. The main adopted changes in the printer
properties were: layer height (0.1 mm), wall thickness (0.4 mm), printing temperature of the nozzle
(220 ◦C), build plate temperature (30 ◦C) and print speed (35 mm/s), while cooling was enabled and
the build plate adhesion type set to Skirt. After the printing stage, some surface grinding operations
were performed to polish the surfaces (estimated time, non-expert users, 20 h for one person).

Similar to the first project, the system at the macroscale was made independent of the computer by
using Arduino UNO c© capability of uploading IDE codes ready to work with the system. The actuation
scheme is represented in Figure 5. In this case, there are two motors which pull the comb drive wings
to open the jaws. With reference to Figure 5, cable FE pulls body CDE to rotate around flexure center
D, in such a way that the coupler CB drives the attached jaw toward the closure position.

The motors were controlled by means of a circuit that is similar to that described in the previous
paragraph, being composed of a breadboard, some simple electronic components and a microcontroller.
A picture of the experimental set is reported in Figure 6.
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Figure 5. Actuation of the compliant mechanisms at the macroscale (second project).

Figure 6. A picture of the experimental layout (second project).

3. Results and Discussion

The projects described in the previous section are useful mainly for educational purposes. In fact,
the final layout is very similar to a chip that could be used for the real microsystems. The experimental
scaling was also important for the student to understand that actuation is strongly related to size.
The macroscale grippers were actuated using classical electric motors, while the microgrippers were
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actuated by means of comb drives. Nevertheless, the projects, as a whole, were also interesting for
research purposes, because they were useful to point out all the necessary operations and components.

The attempt to build a system uniformly scaled from micro- to macroscale was used to appreciate
some basic and very well known concepts of actuation at the microscale. In fact, the students were
encouraged to build a comb drive at the macroscale similar to the one depicted in Figure 7a,b,
which they did, of course, with no success. Therefore, the real actuation at the microscale was
attempted by arming the wings of two symmetric magnetic circuits (see Figure 8a) with conductive
media and then providing magnetic fields to the base of the system to achieve motion (see Figure 8b).

(a) (b)

Figure 7. Unsuccessful comb drive at the macroscale: (a) bulk; and (b) covered by conductive paste.

(a) (b)

Figure 8. Magnetic actuation at the macroscale: (a) bulk stl file (left and right wings); and (b) motion
sequence of the armed wings.

These two simple experiments stimulated the discussion concerning the effects of scaling on
actuation. In particular, the students were encouraged to figure out the consequences of a uniform
reduction of the geometry by a factor of 10. As known, such reduction gives rise to a reduction of the
electrostatic force by 100 times, while the corresponding reduction of the curved beam rotary stiffness
is 1000. Considering that the electromagnetic force is reduced 10,000 times, it is clear how electrostatic
actuators perform much better than the electromagnetic at the microscale.

The benefit of these activities was not limited to the specific course, but it was also extended to
more general skills, such as working in a team, rapid prototyping, actuation, control and mechanical
design. In particular, the students had to solve specific problems that are of a certain interest today.

The first problem was the optimal setting of the 3D printing system parameters, by taking into
account some specific properties such as the nozzle section (0.4 mm) and the material (Polylactic
acid, PLA). Then, the operational parameters had to be considered, such as the printing temperature
(210–215 ◦C), and speed. Furthermore, different actuation strategies were analyzed and compared.
After exclusion of comb drives, for losing efficacy after dimensional scaling, the servomotors power
supply was originally arranged directly from one Arduino 5 V pin. This solution gave rise to several
problems, such as torque ripples, unstable position and overheating due to excessive current. Therefore,
the classical external power supply scheme with grounding GND pin has been arranged for both the
motors, while Arduino provided control. Finally, safety principles have been also implemented during
the activities, especially by means of personal protective equipment (PPE).
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4. Conclusions

This paper has shown a way to improve the teaching activities in the field of microsystems and
micro-manipulation. The investigation has proven how the complex teaching–learning process may
be improved by tuning lab activities to the specific students’ characteristics, expressed in terms of
multiple intelligence inventory, interest, and motivation. The investigation has also proven that the
use of low-cost, tinkering approach boosts the student involvement up to a level of interdisciplinary
knowledge which was good enough for them to build a system complete with mechanical structure,
transmission, actuation, and control. Students declared their satisfaction and excitement during
the project, while the final exams showed that their understanding of phenomena at the microscale
improved much after the tactile activities at the macroscale. The authors hope that the two papers will
be somehow useful to professors for employing new methods of interactive and dedicated teaching
for their laboratory courses.
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