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Article

Design and Modeling of MEMS Microgrippers for Laser-Based
Additive Manufacturing
Giorgio De Pasquale

Smart Structures and Systems Lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino,
Corso Duca degli Abruzzi 24, 10129 Torino, Italy; giorgio.depasquale@polito.it

Abstract: The geometrical constraints and dimensional tolerances lead to specific design issues of
MEMS manipulators for biological applications. The target properties become even more important
in the case of in vitro manipulation of cells. Several design solutions have been proposed in the
literature, however, some issues related to the thermal heating of microgripper tips and to the electric
voltage effects still remain unsolved. This paper reports the design for additive manufacturing
(DFAM) of micro-electro mechanical systems (MEMS) microgrippers. The design limitations imposed
by the micro-stereolithography fabrication process are considered. The design solution proposed in
this study is based on compliant structures and external actuation; this layout provides the potential
elimination of the main issues related to cells micro-manipulators represented by the excessive
thermal heating and the voltage exposure of samples. The simulation through finite elements method
(FEM) models of the structure in terms of force–displacement relation and stress distribution supports
the design evolution proposed.

Keywords: MEMS; microgripper; biomedicine; additive manufacturing; 3D printing; microstruc-
tures; DFAM

1. Introduction

Embedded or external actuators are available for MEMS microgrippers. One of the
most frequently used actuation strategies is based on piezoelectric materials integrated into
the device and used to generate localized force under the application of electric voltage [1–3].
In other cases, the electric voltage is directly applied between two plates of a capacitor
to generate the actuation electrostatic force [4–8]. Finally, the thermal expansion can be
used to generate a relative displacement between the gripper arms [6,9–13]: the current
passing through electrically conductive elements and the associated Joule effect are used to
expand the device selectively. Other actuation strategies are based on shape memory alloys
(SMA) [14–16], which have a normally faster response, on electromagnetic induction [17]
where a micro-coil is used to drive the conductive element, or on hybrid actuation [18,19].
Micro-assembled grippers have also been proposed [20]. Finally, hydraulic or pneumatic
actuators controlled by external circuits, pumps, and valves are also suitable for generating
the driving force [21].

The most diffused typologies of microgrippers are not suitable for the manipulation
of biological samples, such as biological cells, because of their actuation strategy. The
actuation mechanism must operate inside electrolytic aqueous media because of the ionic
environment of cells [22,23]. This constraint may limit the use of the high voltages needed
for piezo-actuated microgrippers, considering that electrolysis at 1.5–2 volts starts inducing
bubble formation in water [24]. Biological cells and tissues are sensitive to magnetic and
electric fields, which are responsible for chemical and physical modifications of their struc-
ture. Then, the use of electrostatic and electromagnetic actuation is generally complicated
by the need for additional shielding or other design tricks. Micro-components based on
SMAs actuators are also limited by the reduced reliability under multiple cyclic loads,
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which is the normal working condition of microgrippers [25–28]. The thermal actuation
has natural limitations due to the maximum allowed temperature for manipulation of
human cells, which is around 37 ◦C in many applications such as intracytoplasmic injec-
tion or pro-nuclei DNA injection. This temperature unfortunately is much lower than
the actuation values required by electro-thermal gripper (e.g., around 100 ◦C for the bare
extended arms) [13,19,29–31]. Furthermore, the biocompatibility of materials is another
mandatory requirement that introduced additional restrictions also in the selection of the
actuation method.

The design of MEMS addressing the additive manufacturing (AM) fabrication process
always needs a specific and specialist approach. In fact, the production result strictly relates
to the knowledge of the process typologies, properties, accuracy, tolerances, and material
availability. The most important improvement provided by the AM is the possibility to
build the real device directly from the digital geometry file or model. Additionally, this oper-
ation supports high freedom of shapes and geometries [32–37], and the materials available
for AM are constantly increasing in number (among the polymers, the use of polyamide,
acrylates, polylactic acid or “PLA”, acrylonitrile butadiene styrene or “ABS”, epoxy resins
and polycarbonate is almost consolidated [38]). In the field of MEMS, the application of
AM processes is demonstrated in many fields, such as mechanics [39], medicine [40,41],
bionics [42–44], wearable electronics [45,46], printed bionics/biomechanics [47], lab-on-
chip [48], self-powered sensors, and others.

The reported considerations indicate that, whatever the actuation method is, there are
several design constraints to satisfy and performance targets to achieve in the development
of microgrippers. The goal of this work is to start from a literature survey about the kine-
matic and actuation solutions adopted for microgrippers. Then, by using the potentiality of
laser-based AM processes, to introduce an evolution of the design for manipulation of cells,
accompanied by structural modeling based on the finite elements method (FEM).

2. Microgrippers Design Criteria

From the literature analysis, the main design features of microgrippers for cell ma-
nipulation are limited to the following: (a) actuation principle, (b) kinematic principle,
(c) fingertips shape, (d) force feedback, (e) releasing strategy.

The actuation principle is usually determined by selecting internal or external ac-
tuators. In the first case, the most diffused strategy consists in building some specific
parts of the gripper with piezoelectric materials to generate a localized force under the
application of electric voltage [49–51]. The electrostatic force can be used as an actuation
by applying a voltage difference on a capacitor with movable armature [4]. The thermal
actuation, widely used for both biological and non-biological manipulation, is based on
the thermal expansion of the gripper arms due to the Joule effect in the presence of electric
currents [11]. A faster response of the arms can be achieved with SMA [16]: they are
able to restore almost immediately the memorized shape when a threshold temperature
is passed. The electromagnetic actuation is based on micro-coils and it is able to generate
weak confined magnetic fields [17]. Hydraulic and pneumatic actuation can be used to
manipulate bio-cells with micro-pipes integrated in small circuits including micro-pumps
and valves [52]. However, there are strong limitations in using internal actuators for the
manipulation of biological particles. The piezoelectric actuators are affected by strongly
nonlinear output, high supply voltage, small motion range and reliability issues such
as creep, mechanical fatigue, hysteresis, and biocompatibility. The consequence of these
limitations is that the use of embedded force feedback control is almost mandatory. The
electrostatic actuators are disadvantaged by the small capacitor dimensions that limit the
actuation force. Then, complicated shapes of the gripper are needed to increase the force,
for instance by using comb drive electrodes. However, the motion range is small because
it is confined inside the small armatures gap and the actuation voltage may easily induce
water electrolysis and gaseous products or bubble formation. The thermal actuation is
commonly used in the design of microgrippers for bio-manipulation, but it induces the



Micro 2022, 2 227

heating of the region around the actuator. Some precautions must be taken to prevent the
heating of arm tips and the contacting cells; for instance, long gripper arms are proposed to
reduce the thermal conduction from the actuator to the tips. Regarding SMA materials, the
main problem is their low fatigue resistance that causes a very limited lifetime under cyclic
loads. Furthermore, SMA materials have small strain capability, strong nonlinearity and
hysteresis, and their fabrication process is usually very complicated in the microscale. The
limitations of electro-magnetic actuators are related to their small dimension that implies
fast heating of the coil due to the Joule effect and low currents; then, the resulting magnetic
field is generally weak and subjected to high leakages, giving small power per unit volume.
Hydraulic and pneumatic actuators are limited to pipe based devices; usually, they are not
suitable for precision operations involving more than one cell and the hydraulic solution
only works in wet environments [53].

More promising opportunities for bio-cells manipulators are offered by external ac-
tuators, which preserve the thermal insulation of the gripper and avoid contamination or
biocompatibility problems. The most suitable solutions are electric motors (DC motors and
stepper motors) and piezoelectric motors [53]. The first category may experience undesired
heat generation, relatively low motion precision, and large size for micro manipulation;
furthermore, stepper motors are not able to provide smooth motion. The piezoelectric
motors are the most promising solution for this application, due to their small size and high
accuracy [2]; they also have very high responsiveness and wide speed range (from a few
micrometers/second to few millimeters/second). The thermal heating is also negligible.
The only problems are related to the interface between the motor and the microgripper,
where interference and frictions must be considered. Other less investigated strategies
for the internal and external actuation includes ultrasonic motors, picomotors, stick-slip
and inchworm actuators. The advantages and limitations of the fundamental internal and
external actuation strategies are summarized in Table 1.

Table 1. Actuation strategies used in microgrippers for cell manipulation and relative advantages
and limitations.

Actuation Strategy Advantages Limitations

Internal
actuation

Piezoelectric Thermal stability, high accuracy, high
responsiveness.

Nonlinearity, high supply voltage, small
motion range, creep, fatigue, hysteresis, low

biocompatibility.

Electrostatic
capacitive

Consolidated micromachining manufacturing
process, direct motion feedback.

Complicated geometry, small motion range,
electrolysis, and bubble formation.

Thermal Consolidated micromachining manufacturing
process. High temperature, slow response.

SMA actuators Faster response then thermal actuation, large
motion range.

Fatigue, small motion range, nonlinearity,
hysteresis, hard manufacturing process,

high cost.

Electromagnetic Preservation of cell integrity. Coil heating, magnetic field weakness,
field leakage.

Hydraulic and
pneumatic Reliability, preservation of cell integrity. Limited applicability.

External
actuation

DC motors Thermal insulation, high speed, high accuracy. Heat generation, dimensions, hysteresis,
interface connection, feedback control needed.

Step motors Thermal insulation, very large motion range. Heat generation, low precision, dimensions,
unsmooth motion, interface connection, noise.

Piezoelectric
motors

Large force, high accuracy, high
responsiveness, thermal insulation, small size,

no wear and tear, low power consumption.
Interface connection.
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Regarding the kinematic solutions reported in the literature, the number of variants is
very high and often strongly linked to the specific field of application of the gripper and the
actuation used. This large variety of kinematic strategies has been analyzed and reduced to
a few main groups, based on the structural design principle. The result of the analysis is
reported in the graphical summary of Figure 1. Differently from the other categories, the
compliant structures exploit the material elasticity to transfer the force from the actuator to
the cell. The force is also amplified through the geometrical characteristics and the structural
deformation mode [53,54]. The solution at the basis of compliant structures is attractive for
the design for AM. In fact, in this case the local structure stiffness is controllable in high
detail by shaping the geometry with a few constraints. Additionally, the design for additive
can provide large and shaped gripping surfaces to reduce the local pressure on the cell.
Another advantage of compliant structures is the possibility to slightly adapt the shape
of the fingertip to the conformation of the cell: thanks to the high deformability of the
structure, it is possible to embrace the cell and to distribute almost uniformly the gripping
force on its surface.
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Regarding the fingertips, from the literature survey it emerged that this detail requires
careful design to provide the right conformation to the grip site. In the case of low design
complexity, the gripping site is limited to two opposite points on the counter fingertips.
Clearly, this solution leads to a high local force that, in the case of manipulation of biological
cells, can compromise the sample’s integrity. Another option, that is preferred over the
first one, is represented by rigid fingertips in relative translation or rotation (i.e., the case
reported in Figure 1). This solution is more effective when a proper shape of the fingertip is
provided. The literature revealed that the most diffused fingertip shapes are flat, notched,
and cylindrical, as represented in Figure 2 [55]. Other non-standard fingertip shapes were
also proposed.

The force feedback measurement is often crucial for bio-manipulation, due to the small
mechanical resistance of the cells [49,56–58]. The most used method is the displacement con-
trol through optical detection, which is contactless and very accurate. Other methods were
explored, for instance by using integrated piezoresistive transducers or micro-capacitive
sensors; however, these approaches are usually limited by the low biocompatibility of
materials and the risk of water electrolysis.
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The sample release from the gripper is another design issue in the case of cell manipu-
lation, because the effect of the gravity is much smaller than the adhesion force and the
capillary force acting between the contacting surfaces. The releasing strategies used in the
literature are passive or active. In the first case, the gripper surface is used to provide the
cell detachment through the shape, material, or coatings. In the second case, external forces,
pressures, or vibrations are used [59]. A list of releasing strategies is reported in Table 2.

Table 2. Releasing strategies used in microgrippers for cell manipulation.

Releasing Strategy Description

Passive release

Rough surfaces The contact area is reduced by roughness, and the electrostatic adhesion force
also reduces.

Hydrophobic coating The coating reduces the superficial tension.

Conductive coating Conductive coatings/materials reduce the electrostatic forces through the
small potential difference with the gripped object.

Vacuum environment The vacuum reduces the superficial tension.

Fluid environment The fluid eliminates the superficial tension and reduces the electrostatic forces.

Ionized air The ionized air reduces the electrostatic forces.

Active release

Vibrations The acceleration imposed produces the object release due to inertial force.

Air pressure A pressurized airflow is used to overcome the adhesion force.

Heating The temperature reduces the capillary forces.

Electrostatic control The electrostatic force is controlled by shorting the gripper electrodes or by
inverting the polarity.

Adhesion to the substrate The object adheres to an external substrate by means of higher adhesion forces,
by gluing it, or by engaging it on the substrate.

Additional tools Additional tools are used to detach the object.

3. Laser-Based AM Processes

The microfabrication of an MEMS gripper is effectively supported by the AM processes
based on the photopolymerization of liquid resins through a laser source. The application
of these processes was limited in the past by the limitations of the in-plane resolution
caused by the optical properties of the polymers used. In fact, the light refraction and
diffraction are directly responsible for the quality of the so-called “transition region”,
where the exposed and unexposed liquid volumes come into contact. The thickness of
this region is inversely proportional to the dimensional accuracy of the final parts. By
considering the micrometer scale, the liquid volume processed is relatively small and the
light deviation is then proportionally reduced. Then, MEMS components with dimensions
below 50 µm are easily achievable with high precision, as already demonstrated by previous
works [34,60–62]. Instead, the dimensional accuracy is much higher by using the two-
photon polymerization (TPP) process, where the pulse light generated by a laser transparent
photopolymer is able to expose the resin exactly at the beam focal point, with a precision
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in the order of a few nanometers [63]. The design of MEMS for micro-stereolithography
is characterized by high flexibility of shape freedom even for complicated geometries.
The aspect ratio is generally high due to the printing strategy of layer superposition.
The light diffraction may induce non-uniform thickness and the contact surface with
the machine stage may induce geometrical distortion or variable curing conditions. On
the other hand, the AM strategy allows the production of small volumes or even single
pieces and easy operations of fine adjustment on the original design and geometries. This
flexibility generally allows the correction of production issues and fast achievement of
stabilized process.

3.1. Micro-Stereolithography (µ-SLA)

In 1984, Charles W. Hull patented the system called “stereolithography apparatus”
(SLA) [64] and the associated STL file format used to divide in slices the geometrical
3D models. For many years, this standard was the most diffused and cheap support to
develop 3D printed parts with polymers in the macroscale [65]. The same principle, the
selective exposure of a liquid photosensitive material through a laser source to induce
polymerization and solidification (also called photocuring), has been extended to the
micro-scale [64,66–70].

The micro-stereolithography, depending on the exposure strategy, is divided into scan-
ning and light projection methods [66]. In the scanning laser stereolithography (SLSLA),
as reported in Figure 3a, the laser beam produces the local polymerization of the liquid
resin point-by-point on its surface. The laser pattern is defined by the digital processing of
the original geometry, which is preliminarily sliced to identify the exposure areas corre-
sponding to each layer. The thickness of each layer is in the range of 10–100 µm. The layers’
superposition is achievable thanks to a building platform that moves downwards [65]. In
the projection stereolithography (PSLA) process (Figure 3b), the entire surface of the liquid
photosensitive resin is exposed to the light source simultaneously. Digital micromirror
devices (DMD) composed of a matrix of reflecting and orientable surfaces, individually
controllable, provide the shaping of light. The DMD chip may contain several million
micro-mirrors, combined together to define the entire image [65].
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3.2. Mask–Image–Projection Stereolithography (MIP-SLA)

This process variant of the traditional stereolithography is represented in Figure 3c.
The localized laser exposure is again responsible for the liquid resin selective polymer-
ization but, different from the projection stereolithography, a green part is preliminarily
fabricated. This green part is then used as a light mask to describe complex profiles with
difficult exposure patterns. The process demonstrated reliable results in the fabrication of
BaTiO3 piezoelectric composite ceramics defined by a honeycomb structure with 450 µm
wall thickness [71].

3.3. Continuous Liquid Interphase Printing (CLIP)

This process is also similar to the projection stereolithography (PSLA), as reported in
Figure 3d. However, the liquid resin is here contained inside a tank with a transparent
bottom side, which allows the transit of ultraviolet light from the source situated below
the tank. The printed object rises during the polymerization allowing other resin to flow
below the exposed layer. An optically transparent membrane, permeable to oxygen, is
situated below the resin [72]. The photo-polymerization is quenched by the oxygen and
the membrane creates a persistent liquid interface that prevents the adhesion of the part
with the pool [73].

Table 3 reports the feature size and materials associated to the AM processes described,
according to the previous experiences documented in the field of MEMS fabrication.

Table 3. Dimensional accuracy and suitable materials of AM processes for polymer MEMS microgrip-
per fabrication.

Laser-Based Process for MEMS
Microgripper Fabrication Min. Feature (µm) Materials References

Micro-stereolithography (µ-SLA) 30–70 Photosensitive polymers, Formlabs
clear resin [74,75]

Mask–image–projection stereolithography
(MIP-SLA) 450 Photosensitive polymers [71]

Continuous liquid interphase printing (CLIP) 100 Photosensitive polymers [72,73]

4. Design and Modeling

The manipulation of living cells, as already mentioned, causes some constraints regard-
ing the preservation of the samples’ integrity with effects on the selection of the actuation
strategy and design solutions. The following design proposal is based on the assumption
of an external actuation strategy, which is supported by the advantages described in detail
in the previous sections. Then, the actuation is totally separated from the gripping arms. In
addition to the mentioned reasons preserving the samples’ integrity, the external actuation
leads to significant simplification of the device architecture and microfabrication. Further-
more, this separation allows the use of different typologies of actuators as the driving part
of the gripper without relevant drawback on the gripper coupling and on the health of cells.

The configuration of the gripper is defined through the evolution of the original shape,
by considering the microfabrication rules (growth direction, vertical drift, parts release
method, etc.) and dimensional accuracy typical of the micro-stereolithography (µ-SLA)
process. This process is preferred because of the established setup and the consequently
higher dimensional accuracy (in the order of a few tens of micrometers). Other processes
are also applicable for the fabrication of the proposed MEMS microgripper, however, they
are less consolidated and wider deviation on the final geometrical precision is expected.
Scaled variants of the proposed gripper are more suitable for these two last processes.
For instance, the MIP-SLA process leads to accuracy in the order of a few hundred of
micrometers and the CLIP process in the order of one-hundred microns.
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4.1. Design Optimization

The MEMS microgripper is progressively optimized as described in the design steps
of Figure 4. The kinematic strategy at the basis of this device is relatively simple and
highly effective. The external actuation applies an axial force on the upper arm of the
micro-gripper. The structural compliance allows tip opening to host the cell sample and the
device topology is optimized to reduce the stress levels and to minimize the ratio between
actuation displacement and tip opening. In the proposed configuration, the fingertip
shape is defined according to target cells with 35 µm diameter in this case. Different cell
typologies may vary strongly in diameter size, then the fingertip can be scaled accordingly,
independently from the rest of the microstructure. The maximum size of the gripper arms
is 1 mm and the maximum vertical thickness is 20 µm: these dimensions are considered as
constraints in the design optimization, in relation to the AM process limits. The gripper
has one fixed arm and one moving arm. The displacement is applied to the moving arm by
the external actuator, and the maximum values of the applied displacements are +20 µm
(pulling) and −10 µm (pushing).
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Table 4. Structural properties of the MEMS microgripper during the design optimization process as 
a result of FEM simulations with reference to the layouts from 1 to 4. 
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The MEMS microgripper static behavior is simulated through an FEM structural
model. In particular, the numerical model is used to calculate the structural stiffness and to
visualize the deformed elastic shape of the microgripper when the constructive parameters
are changed. The design parameters subjected to optimization are the dimension and
orientation of the struts of the compliant structure (length, width, and configuration). The
summary of the optimization steps is reported in Table 4.

Table 4. Structural properties of the MEMS microgripper during the design optimization process as a
result of FEM simulations with reference to the layouts from 1 to 4.

Layout Dimensions
(µm)

Width
Open-Close

States
(µm)

Actuated
Arm

Actuation
Displ.

Applied a

(µm)

Force
(µN)

Vertical Tips
Displ. (Fixed
Arm, Moving

Arm)

Opening
Distance
(Vert.) b

(µm)

Opening
Distance
(Horiz.) b

(µm)

Overall
Stiffness
(µN/µm)

Max
Stress
(Mpa)

1 1000 × 127 × 20 40–18 Lower −20 28 (106, 102) +4 −10 3.1 33.93

2 1000 × 390 × 20 100–20 Lower −20 25 (20, 19) +1 −10 2.6 32.94

3 1000 × 70 × 20 30–5 Upper 10 5.5 (4, 42) +38 +0.5 0.14 30.95

4 1000 × 140 × 20 30–5 Upper 10 4.2 (5, 41) +35 +6 0.11 32.55

a Positive = pulling actuation. Negative = pushing actuation. b With reference to the unloaded position.

The numerical simulation is built with the ANSYS 2020R2 software simulation tool.
The structural 3D model of the micro-gripper is built with tetrahedral elements SOLID92.
The structure thickness is 50 µm, the mesh size varies in the range 10–30 µm along the
arms, down to 2 µm at the fingertips. In the last two gripper configurations, the lower
arm is fully constrained at the left end to simulate the lateral support. On the upper arm,
the imposed axial displacement (between 10 and 20 µm) is used to simulate the actuation
effect. The material selection is limited by the options available for AM processes and, in
particular, for the µ-SLA process (including optical and other physical properties). Among
the available polymers, the additional necessary properties for the addressed application
are biocompatibility, flexibility, and multi-cycle reliability. The SU-8 material offers the
best compromise, and it is already widely used in the traditional fabrication of MEMS
microgrippers with micromachining methods [76]. The following material properties were
used for the structural modeling: Young’s modulus E = 4.02 GPa, Poisson’s ratio ν = 0.22,
thermal expansion coefficient α = 52 × 10−6 K−1, and ultimate tensile stress σU = 38 MPa.
The maximum stress produced in the microgripper structure was evaluated during the
design optimization process and the appropriate corrections were introduced to keep its
value always below the ultimate stress limit.

With reference to Figure 4a, in the first layout the basic idea is to achieve the gripping
task with two opposite arms connected with intermediate struts. The upper arm is fixed
and the lower arm is connected to the external actuator. With this configuration, the main
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issue is represented by the excessive bending displacement of the device caused by the
intrinsic stiffness of the entire structure. The axial and bending displacement need to be
uncoupled most efficiently to achieve higher levels of usability of the gripper. Figure 4b
shows the deformed and undeformed shapes and the corresponding stress distribution.
The results are also reported in Table 4. By applying 20 µm displacement to the lower arm,
more than 100 µm displacement in the bending direction occurs.

In the next design version (layout 2, Figure 4c,d), to solve this problem, a wider upper
arm and longer intermediate struts are used. Additionally, the orientation angle of the struts
is increased to amplify the axial displacement and to uncouple the bending motion. This
configuration provides a beneficial effect to reduce the actuation force needed to achieve
the same tips opening. The tip shape is also improved to host the cell more properly, as
described before, and to fit the target cell diameter size of 35 µm. However, the results
reported in Table 4 for this layout show that the original problem is still unsolved (axial
and bending displacements are almost the same, around 20 µm, when the same actuation
displacement is imposed on the movable arm). Even though the second configuration
decreased the bending displacement with respect to the first one, the long struts increased
the overall gripper size, which is not desirable.

The next solution introduced in layout 3 is represented in Figure 4e,f. Here, one
additional arm is introduced, and the actuation is connected to the upper arm, while
the two lower arms are fixed. This improvement leads to overall stress reduction and
increased opening range of the gripper tips and higher deformation directions’ uncoupling.
The only drawback is the high deflection of the upper arm occurring when the actuation
displacement is applied. This effect may reduce the usability of the device because of loss
of pointing precision of the gripper tips.

Then, the final design (layout 4), reported in Figure 4g,h, was implemented with
another strut on the upper arm to reduce its overall deflection. Finally, a large opening
of the gripper tips can be achieved in the presence of small actuation displacement (only
10 µm are imposed in the simulation, i.e., one-half of the value imposed on the first layout).
As reported in Table 4, this layout reaches the maximum opening range with the minimum
stress induced in the material. This is due to the lower stiffness value among the layouts
and the limited gripper width (140 µm). In the same table, the actuation displacement
corresponds to the opening distance of the gripper tips able to host the cell sample. The force
corresponds to the elastic reaction produced by the structure, and to the force imposed by
the external actuator. The vertical displacement of tips is referred to the fixed and movable
arms respectively, and the vertical and horizontal opening distance between the arms is
expressed with reference to the unloaded position. The overall stiffness is the ratio between
the actuation force and the total tips displacement (vector composition).

Most of the grippers previously proposed are based on movable arms experiencing the
rotation of their tips during the open–close motion. This means that the gripping surfaces
do not maintain the same orientation during the cell manipulation. Differently from the
traditional layout, the proposed solution for cell hosting is based on two opposite contact
surfaces with variable distance, represented in Figure 4h. The nominal distance between
the surfaces corresponds to the unloaded position of the gripper, while the opening position
is associated to the actuated configuration. The two surfaces contacting the cell have a
circular shape and define a closed volume that surrounds the cell in the controlled position
even in the unloaded position. The additional function of this particular tip shape is the
increase in the contact surface between the cell and the gripper, leading to lower contact
pressure and lower loading of the cell membrane.

4.2. Operative Sequence

The gripping operation on the cell samples is composed of four steps, as represented
in Figure 5: the cell approaching, the arms opening, the arms closing, and the cell gripping.
With reference to the same figure, a 35 µm cell is represented ahead of the microgripper
tip, after the tool approached the sample. The maximum opening of the gripper tips is
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represented in Figure 5b, where the deformed configuration is obtained by applying 10 µm
displacement with the linear actuator by pulling the upper arm. This displacement is
achieved by applying 4.2 µN force to the moving arm, corresponding to the elastic reaction
force of the structure. In comparison with the other layouts (1–3), this tip opening is
the highest under the same imposed displacement. This characteristic is linked to the
structural stiffness, which is the lowest among the design variants. Figure 5c reports the
configuration of the gripper with 2 µm actuation displacement in the closing phase. In
the last configuration reported in Figure 5d, the gripper is in the unloaded condition. In
this position, the two arms are in the nominal position and the cell sample is held in the
confined volume provided by the two tips. The contact pressure on the cell membrane is
minimized by the large surface and the flexibility of the lower contact surface (the smaller
one in Figure 5d).
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The proposed design methodology applied to microgrippers for cell manipulation is
based on the external actuation strategy and on the micro-stereolithography process. The
working principle of the microgripper is associated with structural compliance, which is
optimized through parameterized modeling. The proposed solution, in particular with
reference to the last step of the geometrical evolution, provides the elastic reaction force
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opening is 35 µm and only 6 µm in the horizontal direction. The stress in the material
is limited to 32 MPa in the most loaded point corresponding to the last portion of the
upper arm. In comparison with the traditional micromachining fabrication processes, the
micro-stereolithography does not require multi-material layer deposition, material doping,
and many masks of photoresist exposure.
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