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Abstract: Although some recent developments in nanotechnology made the prospects of a direct
mechanical manipulation of micro- or nano-objects quite realistic, there are still several concerns and
difficulties that affect such an endeavor. This is probably due to the large base of knowledge
that is necessary to approach the problem of handling a nano-object by means of a nano- or
micro-device. Therefore, any progress in this field is possible only by means of an integrated and
interdisciplinary approach, which takes into account different aspects of the phenomenon. During the
actual pioneering phase, there is a certain convenience in handling nano-objects that: (a) have peculiar
known characteristics; (b) are easily recognizable, and (c) are interesting to the scientific community.
This paper presents the interdisciplinary activities that were necessary to set up an experiment where
specifically synthesized SiO2 particles came in contact with the tips of specifically-designed and
-fabricated nanomanipulators. SiO2 mesoporous nanoparticles (KCC-1), having a peculiar dendritic
structure, have been selected as a suitable nano-object because of the possibility to easily modulate
their morphology. The expected contact force has been also calculated by means of Finite Element
Analysis (FEA) electro-mechanical simulations.

Keywords: nanomanipulation; nanoparticles; KCC-1; design; synthesis; fabrication; feasibility

1. Introduction

The rapid development of nanotechnologies has made it possible to create innovative
materials and devices applicable in many new technologies [1,2]. Considering devices at the
micro-scale, some new original multi-D.o.F. (Degree of Freedom) multi-hinge devices appeared in the
literature, such as, for example, multi-axis MEMS (Micro-Electro-Mechanical Systems) gyroscopes [3],
micro-mechanisms [4], and 3 D.o.F. micro-robots [5–8], which take advantage of the appearance of new
micro-hinges [9–11] and microgrippers [12–22].
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However, further miniaturization to the nano-scale is still possible, although there are still several
severe concerns [23,24], and therefore, the study of the action of grasping a nanoparticle by means of a
nano-gripper remains difficult under many points of view.

Since, at the nanometric scale, materials behave quite differently from the bulk, understanding
the size and shape dependence of physical properties in nanoparticles is a fundamental step towards
the design, fabrication, and assembly of materials and devices with predictable behavior. In particular,
the mechanical properties of nanoparticles may be of fundamental importance in controlling their
performances in specific applications. Mechanical characterization of nanoparticles presents several
challenges, it being difficult to prepare isolated nanoparticles on a substrate and to locate one individual
nanoparticle. It is even more challenging to apply the required low loads on the nanoparticles, to
measure the small deformations produced and to interpret the experimental data. Nano-indentation
and Atomic Force Microscopy (AFM) are two common tools used for the mechanical characterization
at the nanoscale level [25–28].

Actually, the contacts between nano-gripper jaws and nanoparticles, with possible mechanical
characterization of the nanoparticles, is still a rather unexplored field. Some techniques have been
applied by means of AFM [29–31] or nano-indenters [32].

This investigation presents the feasibility study of a nano-gripper to be used for the mechanical
characterization of isolated nanoparticles. Firstly, the synthesis procedure and the morphological
characterization by Scanning Electron Microscope (SEM) and Brunauer–Emmett–Teller (BET) method
of silica nanoparticles KCC-1 will be presented. Then, the design and fabrication of a nano-gripper will
be described, together with some crucial issues that make the process rather difficult and complicated.
The contact of the nano-gripper jaws and the KCC-1 nanoparticles is documented by means of SEM
imaging. Finally, a series of simulations based on finite element analysis will assess the force-to-voltage
relations that govern the comb drives, which provide actuation to the microsystem.

2. Synthesis and Characterization of the Nanoparticles

2.1. Properties and Applications

Silica nanoparticles KCC-1 have a unique spherical morphology described as fibrous, nanoflowers,
radial wrinkle, or dendritic structure, characterized by a high surface area with a large pore volume
and narrow pore size distribution.

Nanofibers are organized along the center-radial direction with gradually-decreasing material
density and gradually increasing pore size from particle interior to surface. That peculiar morphology
and the high surface area are responsible for the exceptional performances when applied in many
fields ranging from catalysis to biomedical applications. In addition, the silica KCC-1 exhibits thermal
and hydrothermal stability and relatively low cytotoxicity. KCC-1, as the catalyst support, increases the
dispersion of metals, giving superior activity and stability [33]. In the biomedical field, the structural
KCC-1 features drive the adsorption and release of large guest molecules and macromolecules (protein,
DNA) [34]. KCC-1 has been exploited also in the field of sensoring as a multifunction organic/inorganic
hybrid material, by the immobilization of the Rhodamine-based receptor (RB-Si), exhibiting high
efficiency for Hg2+ detection [35].

The silica KCC-1 exhibits excellent physical and chemical properties, very important for practical
applications. The features of dendritic nanofibers mainly determine some of these properties. Indeed,
by regulating the length, thickness, and density of fibers, particle size and pore size can be adjusted.
The evaluation of the particle resistance to mechanical stress or manipulation appears very important,
in order to preserve the KCC-1 properties across time. As an example, in the catalytic processes, it is
important to avoid the breaking of the nanofibers, leading to catalyst deactivation. As a consequence,
the dependence of mechanical stability from the density and thickness of the external fiber layer should
be studied. Some authors reported an indirect mechanical stability evaluation by High-Resolution
Transmission Electron Microscopy (HRTEM), where comparing particles before and after compression
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stress up to 216 MPa pressure showed that the fibrous morphology of KCC-1 remained unaffected [36].
To the best of our knowledge, the mechanical resistance toward compression or manipulation of KCC-1
has not yet been sufficiently tested.

2.2. Synthesis and Experimental Methods

Silica mesoporous nanoparticles with a lamellar structure, KCC-1, were prepared by a protocol
obtained by literature procedures [37,38] with a few modifications. In detail, 30.0 mL of cyclohexane,
1.5 mL of 1-penthanol, and 2.50 g of TEOS (Tetraethyl Orthosilicate) were mixed in a flask, obtaining
an organic mixture. In a second flask, 1.00 g of CPB (Cetylpyridinium Bromide) was dissolved in water
heating under stirring until complete dissolution. Then, 0.60 g of urea were added to the CPB solution
at room temperature, obtaining an aqueous solution. Finally, the organic mixture was dropwise added
to the aqueous solution under stirring. After vigorous stirring for 1 h at room temperature, the mixture
was heated in a Teflon-lined hydrothermal reactor at 120 ◦ C for 4 h. Then, the solid product was
separated by centrifugation, washed with ethanol, dried in air at 120 ◦ C, and finally calcined at 550 ◦ C
for 4 h in air.

N2 adsorption–desorption isotherms were obtained at − 196 ◦ C using a Micromeritics Gemini
V apparatus. The surface area was calculated by the Brunauer–Emmett–Teller (BET) method in the
equilibrium pressure interval 0.03 < P/P ◦ < 0.3. The pore size distribution was obtained from the
adsorption branch using the Barrett–Joyner–Halenda (BJH) method, and the total pore volume was
calculated from the maximum adsorption point at P/P ◦ = 0.99. Prior to the N2 adsorption, the sample
was heated in flowing He at 200 ◦ C for 1 h.

Observations in electron microscopy were performed with two different instruments.
Low magnification images were acquired by means of SEM HITACHI S2500 with a secondary electrons
detector, acceleration voltage = 25 kV, and work distance = 9 mm. Samples were sputtered by
carbon before introduction in the vacuum chamber. High resolution images were acquired by means
of a FEG-SEM (Field Emission Gun-Scanning Electron Microscope), SUPRATM 35, Carl Zeiss SMT
(Oberkochen, Germany), using an in-lens electron detector operating at 10.00 kV and a working
distance = 5 mm. Samples were sputtered with gold before observation.

2.3. Morphological Characterization

Figure 1a represents a bunch of particles, while Figure 1b depicts more details of the particle
surface at a greater magnification.

(a) (b)

Figure 1. SEM images of KCC-1 particles after dispersion in ethanol: (a) low magnification and (b) high
magnification, where the wrinkled surface is clearly visible.

The low magnification SEM image of the synthesized silica KCC-1 nanoparticles showed a
spherical morphology with particles sizes of about 600–700 nm (Figure 1a). The high magnification
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FEG-SEM image, Figure 1b, highlights the well-developed wrinkle morphology and high porosity
characteristics of KCC-1.

The BET N2 adsorption and desorption isotherms (Figure 2) showed hysteresis the characteristics
of a mesoporous material, with a high surface area of 520 m2 g − 1 and a total pore volume of 1.7 cm3 g − 1.

Figure 2. N2 adsorption and desorption isotherms of KCC-1.

3. Design and Fabrication of the Nanomanipulator

3.1. Design

A nano-gripper has been designed by using the fundamental concepts of compliant mechanisms
and nanotechnology. Based on a previously-developed design [23,39], a four-bar linkage was used as
the Pseudo-Rigid Body Model (PRBM), and from this, a compliant structure was obtained, as depicted
in Figure 3. The idea consists of designing an ordinary mechanism by using classical kinematic
synthesis (see for example [40]) and then using the rigid-body replacement method as described in
a recent investigation [41]. By using this method, it is possible to design a large variety of gripping
devices. For example, the one illustrated in Figure 3 belongs to the normally closed type. The advantage
of using a four-bar linkage as a PRBM consists of the fact that the designer has full control of the
position of the instantaneous rotation center of the coupler link (namely, the link that is attached to the
one nano-gripper jaw). As is known, this result can be easily achieved by adjusting the positions of the
two revolute pairs that are adjacent to the frame link, with respect to the position of the two mobile
revolute joints.

(a) (b)

Figure 3. The adopted concept device (a) compared with its actual fabrication (b).
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3.2. Fabrication

Standard MEMS micromachining fabrication techniques are usually required in order to obtain
this kind of microscaled and nanoscaled electro-mechanical device [42]. In this work, we relied,
in particular, on surface micromachining: according to this method, a complex system can be fabricated
as a superimposition, on a chosen substrate, of various thin/thick films of different materials, whose
geometries can be defined through lithography ad wet/dry etching techniques [43].

Standard silicon-on-insulator stacks were not used. The fabrication procedure, with glass as the
substrate, was carried out as follows:

• The smallest geometric dimension of the system was the width of the comb-drive fingers (600 nm);
in order to reach it, a sub-micrometric lithographic resolution is required: the geometries definition
was carried out using Electron Beam Lithography (EBL) on an e-resist polymeric film [44].

• Highly versatile materials, suitable for low-cost and low-energy fabricated systems, such as
hydrogenated amorphous silicon (a-Si:H) and Indium Tin Oxide (ITO), were investigated for the
device mainframe: the main goal was to achieve a system that can be biologically compatible and,
at the same time, monolithically integrable even on flexible and polymeric substrates [45–51]. Dry
etching methods, such as sputter-etching and Reactive Ion Etching (RIE), for the structural layer
patterning were adopted, using a metal as a masking layer, such as chromium or aluminum.

• An intermediate sacrificial layer between the substrate and the structural layer must be considered:
its selective removal after completing the mainframe patterning phase assures the achievement of
a structure partially suspended from the substrate. The wet etching procedure offers both isotropic
and selective removal of a determined material; furthermore, “etch holes: in the mainframe were
specifically designed as under-etching promoters for the rigid suspended body of the system.

Figure 4 shows 30 ◦ tilted SEM images (a) of a gripping device sample between the process of
structure patterning and the releasing phase, with an enlargement (b) of the jaw-tips. The displayed
device has n-doped a-Si:H (hydrogenated amorphous silicon), deposited by Plasma-Enhanced
Chemical Vapor Deposition (PECVD), as the structural layer.

Figure 4. SEM images of a nanomanipulator in its patterning phase: (a) overall view of the device and
(b) magnified details of the gripper tips.

4. Tip-to-Particle Contact Tests

At the end of each fabrication process, the device geometry is transferred to the chip by means
of electron beam lithography. The geometry is copied on nine different positions, and therefore, nine
device samples are available. As explained in the previous Section 3.2, the device is still attached to
the bottom layer and appears as in Figure 5. This circumstance is quite convenient for preliminary
studies, because the presence of a bottom layer makes the deposition of particles in contact with
the device easier.
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Figure 5. SEM image of the nano-gripper tip in contact with two particles (a) together with its detailed
inset (b).

KCC-1 nanoparticles have been deposited on the chip surface by the following steps: (a) dispersing
the particles in ethanol by means of ultrasound; (b) placing a drop of KCC-1 dispersion by micropipette
in correspondence with the device; (c) pouring drops of solutions in correspondence with the devices;
(d) waiting for the ethanol to evaporate at room temperature. The adopted KCC-1 particles dispersion
has been optimized in a trial and error bases up to the concentration of 0.01 g L − 1.

Only a limited number of different concentrations of KCC-1 particles in solutions have been
tested, because of the difficulties in achieving a large number of good samples. Figure 6 shows how a
single particle fits approximately one third of the available tips window, which corresponds to a ratio
of 2 µ m (jaws-tip window) to 600 nm (particle approximated diameter).

(a) (b)

Figure 6. Contact between the right-hand side jaw and one particle at 7k (a) and 13k (b) magnification.

5. Feasibility Study Based on FEA Simulation

To simulate the possible interactions between the jaw and the environment and to evaluate the
kinetostatic performance of the nanogripper, finite element simulations have been performed with the
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ANSYS c© Ver. 18 (Canonsburg, PA, USA) software [52]. The nonlinearity due to large deflections and
the isotropic material formulation were considered in the analysis (polycrystalline silicon with Young's
modulus equal to 164 GPa and Poisson's ratio equal to 0.22 [53]). Figure 7 shows the mesh composed
of 21,935 nodes and 17,343 elements, refined in the flexible beams and in the comb-drive fingers.

Figure 7. Generated mesh of the structure and simulation setup: fixed supports (see labels A), force at
the tip for the case φ = 0 (label B), and actuation force at the generic comb-drive finger (label C).

The simulation setup is also illustrated in Figure 7. Two fixed supports were introduced at the
flexures end-sections (labeled A), where the structure was anchored to the frame.

An external force was applied to the tip considering four different directions. With reference
to Figure 7, the application point is highlighted by the label B, while the four different directions
correspond to the angles φ = 0, φ = π/2, φ = π, and φ = 3π/2. For each direction, four magnitudes
have been considered: F = 0 µN, F = 0.01 µN, F = 0.05 µN, and F = 0.1 µN.

To model the actuator action, a force was applied to each one of the 19 fingers, with the
line of action perpendicular to the finger free-end section (labeled C) and magnitude equal to
FC = ε0εrhV2/g [54]. In the previous relation, 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 (600 nm), g is the radial distance
between the movable and fixed finger (600 nm), and V is the applied voltage. For each force at the tip,
the simulations ran from a value of the applied tension equal to 1 V to the maximum tension value
corresponding to the stroke of the rotary comb-drive (5 deg). In any case, the maximum voltage did
not exceed 25 V.

The simulation results, corresponding to the tip force directions of φ = 0, φ = π, φ = π/2, and
φ = 3π/2 are reported in Figures 8–11, respectively. The results include displacements and rotations
of the tip, rotations of the floating part of the comb-drive, and maximum values of the maximum
principal stress.

Generally, it can be noted that in the case of F = 0, the tip displacement, with negative components
along the x- and y-axes, increases its magnitude as the actuation force (applied tension) increases.
However, the application of the tip force significantly affects the kinetostatic behavior of the system.



Appl. Sci. 2018, 8, 2645 8 of 15

In fact, considering the case φ = 0, the force is opposite the displacement x-component.
With reference to Figure 8, it can be noted that as the magnitude of F increases:

� the tip displacement magnitude increases (Figure 8a); only for the lowest value of the force
(F = 0.01 µN) and for high tension values (>20 V), the tip displacement magnitude is close to the
case F = 0;

� the tip rotation (magnitude) increases (Figure 8b);
� the applied tension required to achieve the maximum rotation of the comb-drive increases (from

22 V for F = 0 to 25 V for F = 0.10 µN; Figure 8c);
� the tip displacement shifts increasingly along the positive direction of the x-axis (Figure 8d);
� the maximum principal stress increases for all the applied tension values only for the highest

value of the force magnitude (F = 0.10 µN). The force magnitudes F = 0.05 µN and F = 0.01 µN
give the predominant contribution to the MPSuntil the applied tension does not exceed about
20 V and 9 V, respectively (Figure 8e).
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Figure 8. Simulation results for the force direction φ = 0 and applied tension from 1 V–25 V:
tip displacement magnitude (a), tip rotation (b), comb-drive rotation (c), tip displacement in the
x-y plane (d), and maximum value of the maximum principal stress (e).

In the case φ = π/2, the force F is opposite the displacement y-component (Figure 9). As the
magnitude of F increases:

� the tip displacement magnitude increases (Figure 9a); however, with respect to the case φ = 0
(Figure 8a), it is also affected by high values of the applied tension;

� the tip rotation increases (Figure 9b);
� the applied tension required to achieve the maximum rotation of the comb-drive increases

(from 22 V for F = 0 to 25 V for F = 0.10 µN, Figure 9c);
� the tip displacement shifts increasingly along the negative direction of the x-axis (Figure 9d);
� the maximum principal stress generally increases, but depends on the applied tension values

(Figure 9e).
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Figure 9. Simulation results for the force direction φ = π/2 and applied tension from 1 V–25 V:
tip displacement magnitude (a), tip rotation (b), comb-drive rotation (c), tip displacement in the x-y
plane (d), and maximum value of the maximum principal stress (e).

In the case φ = π, the force F has the same direction of the displacement x-component (Figure 10).
As the magnitude of F increases:

� the tip displacement magnitude increases (Figure 10a);
� the tip rotation increases (Figure 10b);
� the applied tension required to achieve the maximum rotation of the comb-drive decreases

(from 22 V for F = 0 to 19 V for F = 0.10 µN, Figure 10c);
� the tip displacement shifts increasingly along the negative direction of the x�axis (Figure 10d);
� the maximum principal stress increases (for F = 0.10 µN and for F = 0.05 µN). The force

magnitude F = 0.01 µN gives the predominant contribution to the MPS until the applied tension
does not exceed about 8 V (Figure 10e).
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Figure 10. Simulation results for the force direction φ = π and applied tension from 1 V–22 V:
tip displacement magnitude (a), tip rotation (b), comb-drive rotation (c), tip displacement in the
x-y plane (d), and maximum value of the maximum principal stress (e).

In the case φ = 3π/2, the force F has the same direction of the displacement y-component
(Figure 11). As the magnitude of F increases:

� the tip displacement magnitude increases (Figure 11a);
� the tip rotation (magnitude) increases (Figure 11b);
� the applied tension required to achieve the maximum rotation of the comb-drive decreases

(from 22 V for F = 0 to 15 V for F = 0.10 µN, Figure 11c);
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� the tip displacement shifts increasingly along the positive direction of the x-axis (Figure 11d);
� the maximum principal stress increases (Figure 11e).
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Figure 11. Simulation results for the force direction φ = 3π/2 and applied tension from 1 V–22 V:
tip displacement magnitude (a), tip rotation (b), comb-drive rotation (c), tip displacement in the x-y
plane (d), and maximum value of the maximum principal stress (e).

The results of the simulations performed show that the possible interactions between the gripper
jaw and the environment, modeled as a set of forces applied at the tip, affect the tip pose and, through
the deformation of the gripper compliant structure, the rotation of the comb-drive actuator. As a
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consequence, the required voltage to reach the end of the stroke position depends on the tip force
magnitude and direction. For all the considered load conditions, the maximum principal stress value
is below 150 MPa, less than the yield strength of silicon, i.e., 7 GPa [55].

6. Conclusions

This paper has shown that the ambitious project of direct contact manipulation of nanoparticles
is quite reasonable and that the key to success for this endeavor is the interdisciplinary approach.
Thanks to different competencies, the research group was able to assess the feasibility of a nano-gripper
for grasping KCC-1 particles. Both the nano-gripper and the particles have been independently
synthesized and fabricated by the group. Furthermore, thanks to electronic microscopy, some images
have been obtained to assess the feasibility of the microsystem. Finally, FEA simulation was also used
to assess actuation in operating conditions.

Author Contributions: Conceptualization, Methodology & Investigation, all the Authors; Validation, I.L., S.N.,
G.d.C. and E.G.; Formal Analysis, I.L., S.T., E.M., A.V., A.B. and M.V.; Resources, S.T., G.d.C. and E.G.; Data
Curation, E.M., A.V., A.B. and M.V.; Writing—Original Draft Preparation, M.V.; Writing—Review & Editing,
N.P.B.; Visualization, S.N.; Supervision, S.T., G.d.C. and E.G.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful to Andrea Marcucci for providing high resolution FEG-SEM image.

Con�icts of Interest: The authors declare no conflict of interest.

References

1. Gad-el Hak, M.E. (Ed.) The MEMS Handbook, 2nd ed.; Mechanical and Aerospace Engineering Series,
3 Volume Set; CRC Press, Tayor and Francis Group: Boca Raton, FL, USA, 2005.

2. Bhushan, B.E. (Ed.) Springer Handbook of Nanotechnology; Springer: Berlin, Germany, 2017.
3. Marano, D.; Cammarata, A.; Fichera, G.; Sinatra, R.; Prati, D. Modeling of a three-axes MEMS gyroscope with

feedforward PI quadrature compensation. In Advances on Mechanics, Design Engineering and Manufacturing;
Lecture Notes in Mechanical Engineering; Springer: Cham, Switzerland, 2017; pp. 71–80.

4. Belfiore, N.P.; Simeone, P. Inverse kinetostatic analysis of compliant four-bar linkages. Mech. Mach. Theory
2013, 69, 350–372. [CrossRef]

5. Balucani, M.; Belfiore, N.P.; Crescenzi, R.; Genua, M.; Verotti, M. Developing and modeling a plane 3
DOF compliant micromanipulator by means of a dedicated MBS code. In Proceedings of the 2011 NSTI
Nanotechnology Conference and Expo, NSTI-Nanotech 2011, Boston, MA, USA, 13–16 June 2011; Volume 2,
pp. 659–662.

6. Balucani, M.; Belfiore, N.P.; Crescenzi, R.; Verotti, M. The development of a MEMS/NEMS-based 3 D.O.F.
compliant micro robot. Int. J. Mech. Control 2011, 12, 3–10.

7. Belfiore, N.P.; Balucani, M.; Crescenzi, R.; Verotti, M. Performance analysis of compliant mems parallel robots
through pseudo-rigid-body model synthesis. In Proceedings of the ASME 2012 11th Biennial Conference on
Engineering Systems Design and Analysis, Nantes, France, 2–4 July 2012; Volume 3, pp. 329–334.

8. Belfiore, N.P.; Emamimeibodi, M.; Verotti, M.; Crescenzi, R.; Balucani, M.; Nenzi, P. Kinetostatic optimization
of a MEMS-based compliant 3 DOF plane parallel platform. In Proceedings of the ICCC 2013—IEEE 9th
International Conference on Computational Cybernetics, Tihany, Hungary, 8–10 July 2013; pp. 261–266.

9. Verotti, M.; Crescenzi, R.; Balucani, M.; Belfiore, N.P. MEMS-based conjugate surfaces flexure hinge. J. Mech.
Des. Trans. ASME 2015, 137, 012301. [CrossRef]

10. Belfiore, N.P.; Broggiato, G.; Verotti, M.; Balucani, M.; Crescenzi, R.; Bagolini, A.; Bellutti, P.; Boscardin, M.
Simulation and construction of a mems CSFH based microgripper. Int. J. Mech. Control 2015, 16, 21–30.

11. Crescenzi, R.; Balucani, M.; Belfiore, N.P. Operational characterization of CSFH MEMS technology based
hinges. J. Micromech. Microeng. 2018, 28, 055012. [CrossRef]

12. Yamahata, C.; Collard, D.; Legrand, B.; Takekawa, T.; Kumemura, M.; Hashiguchi, G.; Fujita, H. Silicon
nanotweezers with subnanometer resolution for the micromanipulation of biomolecules. J. Microelectromech.
Syst. 2008, 17, 623–631. [CrossRef]

http://dx.doi.org/10.1016/j.mechmachtheory.2013.06.008
http://dx.doi.org/10.1115/1.4028791
http://dx.doi.org/10.1088/1361-6439/aaaf31
http://dx.doi.org/10.1109/JMEMS.2008.922080


Appl. Sci. 2018, 8, 2645 14 of 15

13. Sardan, O.; Petersen, D.H.; Molhave, K.; Sigmund, O.; Boggild, P. Topology optimized electrothermal
polysilicon microgrippers. Microelectron. Eng. 2008, 85, 1096–1099. [CrossRef]

14. Zubir, M.N.M.; Shirinzadeh, B.; Tian, Y. A new design of piezoelectric driven compliant-based microgripper
for micromanipulation. Mech. Mach. Theory 2009, 44, 2248–2264. [CrossRef]

15. Chu, J.; Zhang, R.; Chen, Z. A novel SU-8 electrothermal microgripper based on the type synthesis of the
kinematic chain method and the stiffness matrix method. J. Micromech. Microeng. 2011, 21, 054030. [CrossRef]

16. Wang, D.; Yang, Q.; Dong, H. A Monolithic Compliant Piezoelectric-Driven Microgripper: Design, Modeling,
and Testing. IEEE/ASME Trans. Mechatron. 2013, 18, 138–147. [CrossRef]

17. Di Giamberardino, P.; Bagolini, A.; Bellutti, P.; Rudas, I.; Verotti, M.; Botta, F.; Belfiore, N. New MEMS
tweezers for the viscoelastic characterization of soft materials at the microscale. Micromachines 2017, 9, 15.
[CrossRef] [PubMed]

18. Bagolini, A.; Ronchin, S.; Bellutti, P.; Chistè, M.; Verotti, M.; Belfiore, N.P. Fabrication of Novel MEMS
Microgrippers by Deep Reactive Ion Etching With Metal Hard Mask. J. Microelectromech. Syst. 2017, 26,
926–934. [CrossRef]

19. Dochshanov, A.; Verotti, M.; Belfiore, N. A Comprehensive Survey on Microgrippers Design: Operational
Strategy. J. Mech. Des. Trans. ASME 2017, 139, 070801. [CrossRef]

20. Verotti, M.; Dochshanov, A.; Belfiore, N.P. A Comprehensive Survey on Microgrippers Design: Mechanical
Structure. J. Mech. Des. Trans. ASME 2017, 139, 060801. [CrossRef]

21. Verotti, M.; Dochshanov, A.; Belfiore, N.P. Compliance Synthesis of CSFH MEMS-Based Microgrippers.
J. Mech. Des. Trans. ASME 2017, 139, 022301. [CrossRef]

22. Potrich, C.; Lunelli, L.; Bagolini, A.; Bellutti, P.; Pederzolli, C.; Verotti, M.; Belfiore, N.P. Innovative silicon
microgrippers for biomedical applications: Design, mechanical simulation and evaluation of protein fouling.
Actuators 2018, 7, 12. [CrossRef]

23. Veroli, A.; Buzzin, A.; Crescenzi, R.; Frezza, F.; de Cesare, G.; D'Andrea, V.; Mura, F.; Verotti, M.;
Dochshanov, A.; Belfiore, N.P. Development of a NEMS-technology based nano gripper. Mech. Mach. Sci.
2018, 49, 601–611.

24. Veroli, A.; Buzzin, A.; Frezza, F.; de Cesare, G.; Hamidullah, M.; Giovine, E.; Verotti, M.; Belfiore, N.
An Approach to the Extreme Miniaturization of Rotary Comb Drives. Actuators 2018, 7, 70. [CrossRef]

25. Yin, J.; Retsch, M.; Lee, J.H.; Thomas, E.L.; Boyce, M.C. Mechanics of nanoindentation on a monolayer of
colloidal hollow nanoparticles. Langmuir 2011, 27, 10492–10500. [CrossRef]

26. Wampler, H.P.; Ivanisevic, A. Nanoindentation of gold nanoparticles functionalized with proteins. Micron
2009, 40, 444–448. [CrossRef]

27. Zou, M.; Yang, D. Nanoindentation of silica nanoparticles attached to a silicon substrate. In Proceedings of
the STLE/ASME International Joint Tribology Conference, San Antonio, TX, USA, 23–25 October 2006.

28. Cao, X.; Pan, G.; Huang, P.; Guo, D.; Xie, G. Silica-Coated Core-Shell Structured Polystyrene Nanospheres
and Their Size-Dependent Mechanical Properties. Langmuir 2017, 33, 8225–8232. [CrossRef] [PubMed]

29. West, P.; Starostina, N. Quantitative and qualitative nanopowder nanoparticle characterization with AFM.
In Proceedings of the 2006 International Conference on Powder Metallurgy and Particulate Materials,
San Diego, CA, USA, 18–21 June 2006; pp. 217–228.

30. Cheng, H.W.; Chang, Y.C.; Tang, S.N.; Yuan, C.T.; Tang, J.; Tseng, F.G. Characterization of single 1.8-nm Au
nanoparticle attachments on AFM tips for single sub-4-nm object pickup. Nanoscale Res. Lett. 2013, 8, 482.
[CrossRef] [PubMed]

31. Mizsei, J.; Lantto, V. In situ STM and AFM characterization of Pd nanoparticle activated SnO2 sensor surface.
Proc. IEEE Sens. 2004, 2, 673–676.

32. Wang, X.; Wang, Y.; Chen, G.; Liu, J.; Lai, Z. Quantitative estimate of the characteristics of conductive
particles in ACA by using nano indenter. In Proceedings of the International Symposium on Polymeric
Electronics Packaging, Norrkoping, Sweden, 26–30 October 1997; pp. 101–106.

33. Dhiman, M.; Chalke, B.; Polshettiwar, V. Efficient Synthesis of Monodisperse Metal (Rh, Ru, Pd)
Nanoparticles Supported on Fibrous Nanosilica (KCC-1) for Catalysis. ACS Sustain. Chem. Eng. 2015, 3,
3224–3230. [CrossRef]

34. Huang, X.; Tao, Z.; Praskavich, J.C., Jr.; Goswami, A.; Al-Sharab, J.; Minko, T.; Polshettiwar, V.; Asefa, T.
Dendritic silica nanomaterials (KCC-1) with fibrous pore structure possess high DNA adsorption capacity
and effectively deliver genes in vitro. Langmuir 2014, 30, 10886–10898. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mee.2008.01.049
http://dx.doi.org/10.1016/j.mechmachtheory.2009.07.006
http://dx.doi.org/10.1088/0960-1317/21/5/054030
http://dx.doi.org/10.1109/TMECH.2011.2163200
http://dx.doi.org/10.3390/mi9010015
http://www.ncbi.nlm.nih.gov/pubmed/30393290
http://dx.doi.org/10.1109/JMEMS.2017.2696033
http://dx.doi.org/10.1115/1.4036352
http://dx.doi.org/10.1115/1.4036351
http://dx.doi.org/10.1115/1.4035053
http://dx.doi.org/10.3390/act7020012
http://dx.doi.org/10.3390/act7040070
http://dx.doi.org/10.1021/la2018117
http://dx.doi.org/10.1016/j.micron.2009.01.002
http://dx.doi.org/10.1021/acs.langmuir.7b01777
http://www.ncbi.nlm.nih.gov/pubmed/28745892
http://dx.doi.org/10.1186/1556-276X-8-482
http://www.ncbi.nlm.nih.gov/pubmed/24237663
http://dx.doi.org/10.1021/acssuschemeng.5b00812
http://dx.doi.org/10.1021/la501435a
http://www.ncbi.nlm.nih.gov/pubmed/25188675


Appl. Sci. 2018, 8, 2645 15 of 15

35. Sun, Z.; Guo, D.; Zhang, L.; Li, H.; Yang, B.; Yan, S. Multifunctional fibrous silica composite with high optical
sensing performance and effective removal ability toward Hg2+ ions. J. Mater. Chem. B 2015, 3, 3201–3210.
[CrossRef]

36. Polshettiwar, V.; Cha, D.; Zhang, X.; Basset, J.M. High-surface-area silica nanospheres (KCC-1) with a fibrous
morphology. Angew. Chem. Int. Ed. 2010, 49, 9652–9656. [CrossRef]

37. Bayal, N.; Singh, B.; Singh, R.; Polshettiwar, V. Size and Fiber Density Controlled Synthesis of Fibrous
Nanosilica Spheres (KCC-1). Sci. Rep. 2016, 6, 24888. [CrossRef]

38. Fihri, A.; Bouhrara, M.; Patil, U.; Cha, D.; Saih, Y.; Polshettiwar, V. Fibrous nano-silica supported ruthenium
(KCC-1/Ru): A sustainable catalyst for the hydrogenolysis of alkanes with good catalytic activity and
lifetime. ACS Catal. 2012, 2, 1425–1431. [CrossRef]

39. Buzzin, A.; Veroli, A.; De Cesare, G.; Belfiore, N.P. Nems-technology based nanogripper for mechanic
manipulation in space exploration missions. In Advances in the Astronautical Sciences: 4th IAA Conference on
University Satellite Missions and CubeSat Workshop, Roma, Italy, 4–7 December 2017; Univelt Inc.: San Diego,
CA, USA, 2018; Volume 163, pp. 61–67.

40. Pennestrì, E.; Belfiore, N.P. On the numerical computation of Generalized Burmester Points. Meccanica 1995,
30, 147–153. [CrossRef]

41. Sanò, P.; Verotti, M.; Bosetti, P.; Belfiore, N.P. Kinematic Synthesis of a D-Drive MEMS Device with Rigid-Body
Replacement Method. ASME. J. Mech. Des. 2018, 140, 075001. [CrossRef]

42. Volland, B.E.; Heerlein, H.; Rangelow, I.W. Electrostatically driven microgripper. Microelectron. Eng. 2002,
61–62, 1015–1023. [CrossRef]

43. Caputo, D.; Ceccarelli, M.; De Cesare, G.; Nascetti, A.; Scipinotti, R. Lab-on-glass system for DNA analysis
using thin and thick film technologies. Mater. Res. Soc. Symp. Proc. 2009, 1191, 53–58. [CrossRef]

44. Veroli, A.; Mura, F.; Balucani, M.; Caminiti, R. Dose influence on the PMMA e-resist for the development of
high-aspect ratio and reproducible sub-micrometric structures by electron beam lithography. AIP Conf. Proc.
2016, 1749, 020010 .

45. De Cesare, G.; Gavesi, M.; Palma, F.; Riccò, B. A novel a-Si:H mechanical stress sensor. Thin Solid Films 2003,
427, 191–195. [CrossRef]

46. De Cesare, G.; Nascetti, A.; Caputo, D. Amorphous silicon p-i-n structure acting as light and temperature
sensor. Sensors 2015, 15, 12260–12272. [CrossRef]

47. Caputo, D.; De Cesare, G.; Nardini, M.; Nascetti, A.; Scipinotti, R. Monitoring of temperature distribution in
a thin film heater by an array of a-Si:H temperature sensors. IEEE Sens. J. 2012, 12, 1209–1213. [CrossRef]

48. Tucci, M.; Serenelli, L.; Salza, E.; De Iuliis, S.; Geerligs, L.J.; Caputo, D.; Ceccarelli, M.; de Cesare, G.
Back contacted a-Si:H/c-Si heterostructure solar cells. J. Non-Cryst. Solids 2008, 354, 2386–2391. [CrossRef]

49. Caputo, D.; De Cesare, G. New a-Si:H two-terminal switching device for active display. J. Non-Cryst. Solids
1996, 198–200, 1134–1136. [CrossRef]

50. De Cesare, G.; Caputo, D.; Tucci, M. Electrical properties of ITO/crystalline-silicon contact at different
deposition temperatures. IEEE Electron Device Lett. 2012, 33, 327–329. [CrossRef]

51. Asquini, R.; Buzzin, A.; Caputo, D.; De Cesare, G. Integrated Evanescent Waveguide Detector for Optical
Sensing. IEEE Trans. Compon. Packag. Manuf. Technol. 2018, 8, 1180–1186. [CrossRef]

52. ANSYS, Inc. Canonsburg, Pennsylvania, USA. Available online: https://www.ansys.com (accessed on
9 October 2018).

53. Cho, S.W.; Chasiotis, I. Elastic properties and representative volume element of polycrystalline silicon for
MEMS. Exp. Mech. 2007, 47, 37–49. [CrossRef]

54. Hou, M.T.K.; Huang, J.Y.; Jiang, S.S.; Yeh, J.A. In-plane rotary comb-drive actuator for a variable optical
attenuator. J. Micro/Nanolithogr. MEMS MOEMS 2008, 7, 043015.

55. Petersen, K.E. Silicon as a mechanical material. Proc. IEEE 1982, 70, 420–457. [CrossRef]

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C5TB00038F
http://dx.doi.org/10.1002/anie.201003451
http://dx.doi.org/10.1038/srep24888
http://dx.doi.org/10.1021/cs300179q
http://dx.doi.org/10.1007/BF00990453
http://dx.doi.org/10.1115/1.4039853
http://dx.doi.org/10.1016/S0167-9317(02)00461-6
http://dx.doi.org/10.1557/PROC-1191-OO06-01
http://dx.doi.org/10.1016/S0040-6090(02)01223-3
http://dx.doi.org/10.3390/s150612260
http://dx.doi.org/10.1109/JSEN.2011.2167506
http://dx.doi.org/10.1016/j.jnoncrysol.2007.09.023
http://dx.doi.org/10.1016/0022-3093(96)00063-4
http://dx.doi.org/10.1109/LED.2011.2180356
http://dx.doi.org/10.1109/TCPMT.2018.2818946
https://www.ansys.com
http://dx.doi.org/10.1007/s11340-006-0405-7
http://dx.doi.org/10.1109/PROC.1982.12331
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Synthesis and Characterization of the Nanoparticles
	Properties and Applications
	Synthesis and Experimental Methods
	Morphological Characterization

	Design and Fabrication of the Nanomanipulator
	Design
	Fabrication

	Tip-to-Particle Contact Tests
	Feasibility Study Based on FEA Simulation
	Conclusions
	References



