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Abstract

Cellular force sensing and control techniques are capable of en-
hancing the dexterity and reliability of microrobotic cell manipula-
tion systems. In this paper we present two experimental techniques
for nanonewton force sensing and control in microrobotic cell ma-
nipulation. A vision-based cellular force sensing approach, includ-
ing a microfabricated elastic cell holding device and a sub-pixel vi-
sual tracking algorithm, was developed for resolving forces down to
3.7 nN during microrobotic mouse embryo injection. The technique
also experimentally demonstrated that the measured mechanical dif-
ference could be useful for in situ differentiation of healthy mouse
embryos from those with compromised developmental competence
without requiring a separate mechanical characterization process.
Centered upon force-controlled microrobotic cell manipulation, this
paper also presents nanonewton force-controlled micrograsping of
interstitial cells using a microelectromechanical systems (MEMS)-
based microgripper with integrated two-axis force feedback. On-chip
force sensors are used for detecting contact between the microgripper
and cells to be manipulated (resolution: 38.5 nN at 15Hz) and sensing
gripping forces (resolution: 19.9 nN at 15Hz) during force-controlled
grasping. The experimental results demonstrate that the microgripper
and the control system are capable of rapid contact detection and re-
liable force-controlled micrograsping to accommodate variations in
size and stiffness of cells with a high degree of reproducibility.
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Nanonewton Force
Sensing and Control in
Microrobotic Cell
Manipulation

1. Introduction

Manipulation of single living cells represents an enabling tech-
nology that is important for a range of biological disciplines
such as genetics (Sun and Nelson 2002; Kallio et al. 2007,
Wang et al. 2007), in vitro fertilization (Kimura and Yanag-
imachi 1995), cell mechanical characterization (Sun et al.
2003), and single-cell-based sensing (Whelan and Zare 2003).
The past decade has witnessed significant progress in the de-
velopment of robotic systems and tools for conducting com-
plex cell manipulation tasks, such as probing, characterizing,
grasping, and injecting single cells.

Robotic cell manipulation is universally conducted under
an optical microscope; thus, visual feedback is the main sens-
ing modality in existing microrobotic cell manipulation sys-
tems. Meanwhile, owing to the fact that biological cells are
delicate and highly deformable, quantification of interaction
forces between the end-effector and cells can enhance the ca-
pability of a robotic cell manipulation system. For example,
cellular force feedback proved useful for the alignment be-
tween a probe and a cell (Sun et al. 2003). The measurement
of cellular forces was also demonstrated to enable the pre-
diction of membrane penetration in the injection of zebrafish
embryos (Huang et al. 2007; Lu et al. 2007; Pillarisetti et al.
2007).

In order to obtain cellular force feedback during micro-
robotic cell manipulation, the development of force sensing
devices has been a focus, resulting in capacitive force sen-
sors (Sun et al. 2003), piezoresistive sensors (Arai et al. 1999),
and piezoelectric force sensors (Shen et al. 2004; Kim et al.
2006; Pillarisetti et al. 2007). There are some inherent lim-
itations that prevent their use in practical cell manipulation
tasks including the following: (1) these force sensors are typi-
cally limited to resolving forces at the micronewton level while
the manipulation of most cell types requires a resolution of
nanonewton or sub-nanonewton; and (2) the integration of an
end-effector (e.g. glass micropipette) and the force sensors is
via epoxy glue, complicating the task of end-effector replace-
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ment. Atomic force microscopy (AFM) is capable of provid-
ing nanonewton—piconewton force feedback for cellular force
measurement and cell manipulation (Dimitriadis et al. 2002;
Chen et al. 2007); however, AFM-based manipulation does not
provide truly simultaneous imaging and manipulation capabil-
ities. Owing to this limitation, end-effectors used in AFM are
limited to micro-cantilever beams with a sharp tip that is re-
quired for imaging nano-scale features.

In this paper we present two experimental techniques in-
volving microfabricated devices for nanonewton force sens-
ing and control in two microrobotic cell manipulation tasks.
Overcoming limitations of existing cellular force sensing ap-
proaches, a vision-based cellular force measurement technique
with a nanonewton force resolution is reported, employing a
microfabricated elastic cell holding device and a sub-pixel vi-
sual tracking algorithm. The technique allows for accurately
resolving cellular forces during microrobotic cell manipula-
tion without disturbing the manipulation process or imposing
difficulties in end-effector replacement. The effectiveness of
the technique is demonstrated in microrobotic mouse embryo
injection. Furthermore, the force sensing technique proves that
the measured mechanical difference could be useful for in situ
distinguishing of normal embryos from those with compro-
mised developmental competence, without requiring a sepa-
rate cell characterization process.

Centered upon cellular force sensing and control, this pa-
per also presents force-controlled micrograsping of biologi-
cal cells at the nanonewton force level. As mechanical end-
effectors, microgrippers enable the pick—transport—place of
biological cells in an aqueous environment. The microro-
botic system employs a novel microgripper that integrates
two-axis force sensors for resolving both gripping forces and
contact forces between the gripping arm tips and a sam-
ple/substrate. The force-controlled microrobotic system ex-
perimentally demonstrated the capability of rapid contact de-
tection and reliable force-controlled micrograsping of porcine
aortic valve interstitial cells (PAVICs) to accommodate varia-
tions in sizes and mechanical properties of cells with a high
reproducibility.

This paper was partially presented at the 2008 Robotics:
Science and Systems Conference (Liu et al. 2008). In this jour-
nal version, more experimental results and technical details are
given. The paper is organized as follows. In Section 2, a vision-
based cellular force measurement technique is presented and
applied to resolving cellular forces of mouse embryos dur-
ing microinjection. Nanonewton force-controlled micrograsp-
ing of interstitial cells is then described in Section 3. Finally,
conclusions are given in Section 4.

2. Vision-based Cellular Force Measurement
During Cell Injection

Vision-based force measurement techniques are capable of re-
trieving both vision and force information from a single vi-

SUpporting s micropipette

posts

cell holding device ~ mouse embryo
Fig. 1. Cellular force measurement using low-stiffness elastic
posts during microrobotic cell injection.

sion sensor (charge-coupled device (CCD) or complementary
metal-oxide—semiconductor (CMOS) camera) under micro-
scopic environments (Greminger and Nelson 2004; Ammi et
al. 2006; Dobrokhotov et al. 2008). For cellular force sensing
during microrobotic cell manipulation, this concept is realized
by visually tracking flexible structural deformations and, sub-
sequently, transforming material deformations into forces.

Figure 1 schematically illustrates the principle of vision-
based cellular force measurement using an elastic cell hold-
ing device during microrobotic cell injection. While the mi-
cropipette injects individual cells inside cavities on a cell hold-
ing device, applied forces are transmitted to low-stiffness, sup-
porting posts. In real time, a sub-pixel visual tracking algo-
rithm measures post deflections that are fitted into an analyti-
cal mechanics model to calculate the force exerted on the cell.

We previously demonstrated this technique on zebrafish
embryos (Liu et al. 2007). The study presented in this pa-
per focuses on investigating the feasibility of further minia-
turizing the cell holding devices to accommodate mouse em-
bryos (100 #m in diameter versus 1.3 mm zebrafish embryos)
for resolving nanonewton cellular forces during microinjec-
tion; and the possibility of using cellular force information to
distinguish normal mouse embryos from those with compro-
mised developmental competence for better selecting healthy
embryos in genetics and reproductive research.

2.1. Microrobotic Mouse Embryo Injection System

The microrobotic mouse embryo injection system (Figure 2)
consists of a polydimethylsiloxane (PDMS) cell holding de-
vice, an inverted microscope (TE2000, Nikon) with a CMOS
camera (A601f, Basler), a three-degree-of-freedom (3-DOF)
microrobot (MP-285, Sutter) for controlling the micropipette
motion, a motorized X-Y stage (ProScan II, Prior Scientific)
for positioning cell samples, and a temperature-controlled
chamber (Solent Scientific) to maintain cells at 37°C.
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Fig. 2. Microrobotic mouse embryo injection system.

Fig. 3. Scanning electron microscopy (SEM) image of a PDMS
cell holding device.

2.2. Fabrication and Characterization of Cell Holding
Devices

The cell holding device shown in Figure 3 was constructed
with PDMS via soft lithography (Liu et al. 2007). Briefly,
PDMS prepolymer prepared by mixing Sylgard 184 (Dow
Corning) and its curing agent with a weight ratio of 15:1, was
poured over a SU-8 mold (SU-8 50, MicroChem) made on a
silicon wafter using standard photolithography. After curing at
80°C for 8 hours, the PDMS devices were peeled off the SU-8
mold. The depth of the cavity and protruding posts is 45 um,
and the diameter of the posts is 12 um (Figure 3). In order to
make the PDMS surface hydrophilic, the devices were oxygen
plasma treated for 10 s before use.
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Fig. 4. Young’s modulus calibration on a bulkier PDMS beam.

The mechanics model for mapping post deflections into
cellular forces, discussed in Section 2.4, requires the Young’s
modulus of the cell holding device to be accurately calibrated.
A bulkier PDMS beam produced under exactly the same mi-
crofabrication conditions was calibrated with a piezoresis-
tive force sensor (AE801, SensorOne; sensitivity: 0.909 =+
0.002 mV mN~!) as described by Liu et al. (2007). It has
been demonstrated that the Young’s modulus values charac-
terized from bulk PDMS and a micro PDMS structure, both
constructed with the same microfabrication parameters, dif-
fer within 5% (Zhao et al. 2006). Figure 4 shows the calibra-
tion data of applied force versus beam deflection together with
least-squares fitting. The determined Young’s modulus value
is 422.4 kPa.

2.3. Mouse Embryo Preparation

As a model organism, the mouse is a primary animal for ge-
netics and reproductive research. In addition to the importance
in in vitro fertilization, microinjection of mouse oocytes and
embryos is important for screening molecular targets linked to
the study of basic biology of embryo development, such as
mitochondrial-associated recombinant proteins, neutralizing
antibodies, morpholinos, and expression vectors for siRNA.
Normal mouse embryos and defective embryos with blas-
tomere fragmentation were used in the experiments for cel-
lular force measurements. Blastomere fragmentation is often
indicative of future programmed cell death (Jurisicova et al.
1996). Although the blastomere fragmented embryo can be
distinguished morphologically from normal embryos, using
morphological differences alone is not always effective to dis-
tinguish between many types of diseased embryos and normal
embryos. Thus, the hypothesis to test is whether subtle changes
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Fig. 5. Indentation forces deform the mouse embryo and
deflect two supporting posts.

in the cytoskeleton structure can lead to stiffness changes be-
tween abnormal and normal embryos. Thus, cellular force—
deformation measurements can possibly provide additional in-
formation for detecting embryonic dysfunctions and, there-
fore, help in better selecting healthy embryos for implantation
after microinjection.

The mouse embryos used in this research were collected
according to standard protocols approved by the Mount Sinai
Hospital Animal Care Committee in Toronto. Young (8—12
weeks old) and older (40 weeks old) imprinting-control-region
(ICR) female mice were used for obtaining normal embryos
and those with blastomere fragmentation. ICR females with
different ages were superovulated by injecting equine preg-
nant mare’s serum gonadotropin (PMSG) and human chori-
onic gonadotropin (hCG) 48 hours later. The mice were sub-
sequently mated with ICR males of proven fertility, and plugs
were verified the next morning. In vivo fertilized embryos were
collected from the mated female mice at 24 hours post-hCG
and cultured in human tubal fluid (HTF) to two-cell stage (at
48 hours post-hCG). The average diameter of the mouse em-
bryos is 98 um.

2.4. Force Analysis

Figure 5 shows a snapshot captured in the cell injection
process. The microrobot controls an injection micropipette to
exert an indentation force to a mouse embryo, deflecting the
two supporting posts on the opposite side. Post deflections,
measured by a visual tracking algorithm that is discussed in
Section 2.5, are fitted to an analytical mechanics model to
obtain contact forces between the cell and posts. Based on
the contact forces, the indentation force applied by the mi-
cropipette on the cell is determined through the following force
analysis.

The cell is treated as elastic due to the fact that rapid inden-
tation by the micropipette does not leave sufficient time for
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Fig. 6. Injection force analysis. (a) Force balance on the cell
under indentation. (b) Post deflection model.

cellular creep or relaxation to occur. Consequently, the injec-
tion force, F, is balanced by the horizontal components, fj,;,
of contact forces between the cell and the two supporting posts

(Figure 6(a)),
2
F=>"fu )
i=1

Much higher deformability of mouse embryos than that
of zebrafish embryos results in different contact behavior be-
tween a cell and supporting posts, necessitating different treat-
ments of forces in the analysis. In the device configuration, the
radius of the cell (~49 um) is larger than the depth of the cav-
ity and posts (45 um), resulting in an initial point contact be-
tween the cell and supporting posts before post deflections oc-
cur. However, the high deformability of mouse embryos makes
the cell membrane conform to the posts when an injection
force is applied to the cell. It is assumed that the contact forces
are evenly distributed over the contact areas. Thus, the hori-
zontal components, fj;, are expressed by a constant force in-
tensity, pni, and a contact length, a; (Figure 6(b)),

Jni = priai. )

The slope 8 of the posts’ free ends shown in Figure 6(b) was
visually measured to verify the validity of linear elasticity that
requires small structural deflections, where = cos™!(D’/D).
The maximum slope was determined to be 11.1°, which sat-
isfies sinf = @; thus, the small deflection assumption of
linear elasticity holds (Ugural and Fenster 2003). Therefore,
the relationship of the horizontal force intensity, pj;, and post
deflections can be established (Ugural and Fenster 2003) as

— 9
Phi = 40a; (14+y)2H—a;) /9 ED2+8(a} +8 H3a;—6H2a?) /3t ED*’ )

where i = 1, 2, d; is the horizontal deflection, H and D are the
post height and diameter and E and y are Young’s modulus
and Poisson’s ratio (y = 0.5 for PDMS).

Combining (1)—(3) yields the injection force applied by the
micropipette to the cell,

2
F:Z4O 4+7)2H—a;)/9 5025i;i4 sha e ment
2 B0ai (7 OH ) 9w EDZ+8(a+ 8 a6 24D o
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Fig. 7. Image patches tracked by template matching and LSCD
detected post top circles.

In (4), the unknown parameters are the post horizontal
deflections, d;, and the contact length, a;. Experimentally,
imaging with a side-view microscope confirmed that the con-
tact length, a;, increases at a constant speed, v, for a given
indentation speed. Hence, a; = vt, where ¢ denotes time.

For a constant indentation speed of the micropipette, v
varies for different cells. At an indentation speed of 20 xm s~!
used throughout the experiments, v values of the 10 tested
mouse embryos were measured to be 0.8-1.2 um s~!. It was
found that the sensitivity of the mechanics model (4) to varia-
tions in v is low. The injection force varies only by 1% when
v changes from 0.8 to 1.2 um s~!. Thus, the average value of
the measured speeds, 1 xm s~! was used to calculate injection
forces for all of the embryos.

2.5. Visual Tracking of Post Deflections

In order to accurately track post deflections, a visual tracking
algorithm with a resolution of 0.5 pixels was developed and
described in detail by Liu et al. (2007). A template matching
algorithm with constant template updates first tracks the mo-
tion of the supporting posts, providing processing areas for a
least-squares circle detection (LSCD) algorithm to determine
the center positions of the posts. The LSCD algorithm utilizes
a Canny edge detector to obtain an edge image and then ex-
tracts a portion of the top surface of the post for circle fitting.
Figure 7 shows the tracked image patches and LSCD detected
post top circles.

2.6. Experimental Results

As mouse embryos are exquisitely sensitive to slight tempera-
ture variations, experiments were conducted at 37°C inside the
temperature-controlled chamber. With a 40x objective (NA
0.55), the pixel size of the imaging system was calibrated to be
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Table 1. Slopes of Cellular Force-Deformation Curves.

mouse embryo slope (nN/um) slope average +
deviation (nN/um)

normal embryo 1 3.35

normal embryo 2 2.74

normal embryo 3 2.52 3.024+0.40
normal embryo 4 3.46

normal embryo 5 3.03

fragmented embryo 1.84

fragmented embryo 1.45

fragmented embryo 1.81 1.59+0.24
fragmented embryo 1.57

fragmented embryo 1.26

0.36 x 0.36 u m?. Micropipette tips used for indenting mouse
embryos was 1.8 4m in diameter.

Five normal ICR embryos and five ICR embryos with blas-
tomere fragmentation at the two-cell stage, as shown in Fig-
ure 8, were used for cellular force measurements. The 10 em-
bryos were manually delivered onto the cell holding device us-
ing a transfer pipette and then indented via microrobotic tele-
operation. The micropipette was controlled to indent each em-
bryo by 30 um at 20 um s~'. During the indentation process,
force data were collected in real time (30 data points per sec-
ond).

Figure 9 shows force—deformation curves of both normal
and fragmented embryos. The horizontal axis represents cell
deformation, d = d; + d,cos30°, where d; and d, were
defined in Figure 6. The vertical axis shows vision-based cellu-
lar force data. With the current cell holding devices and imag-
ing system, the force measurement resolution was determined
to be 3.7 nN.

From Figure 9, it can be seen that the force—deformation
curves of normal and fragmented embryos separate themselves
into two distinct regions. Table 1 summarizes the curve slopes
calculated by linear regression. The slopes for normal embryos
range from 2.52 to 3.46 nN um~' while the slopes for frag-
mented embryos are between 1.26 and 1.84 nN um~!, quan-
titatively demonstrating that the normal embryos and frag-
mented embryos are mechanically different.

All of the indented embryos were subsequently cultured in
an incubator at 37°C with 5% CO,. The five normal embryos
successfully developed into the four-cell stage; however, all
of the five fragmented embryos were arrested at the two-cell
stage, proving that the cellular force measurement results may
be useful for distinguishing normal embryos from those with
embryonic defects during microrobotic cell injection without
a separate cell characterization process. Our current study in-
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Fig. 8. Mouse embryos for cellular force measurement. (a) Normal embryo. (b) Embryo with blastomere fragmentation (indicated

by an arrow).
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Fig. 9. Force—deformation curves of normal embryos (hollow
symbols) and fragmented embryos (solid symbols). They sep-
arate themselves into two distinct regions.

volves force quantification on a larger sample size, followed
by biological assays to understand underlying mechanisms of
embryo mechanical changes.

In addition, the cellular force sensing technique can also be
used for detecting the penetration of cell membrane in micro-
robotic cell injection. An abrupt change of cellular forces (Fig-
ure 10) indicates cell membrane penetration for subsequent
material deposition. The average force required to penetrate
the outside membrane (zona pellucida) of a healthy ICR mouse
embryo was determined to be 137.3 nN.
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Fig. 10. Cellular force curve of a normal mouse embryo during
microrobotic injection. The abrupt force change indicates cell
membrane penetration.

3. Nanonewton Force-controlled Micrograsping
of Biological Cells

Compared with end-effectors with a single tip such as a probe
or a micropipette for microrobotic cell manipulation, a mi-
crogripper with two gripping arms is a more suitable tool for
reliable pick—transport—place tasks. Previously demonstrated
pick—transport—place of micro-objects using a single probe
(Gorman and Dagalakis 2006) took advantage of adhesion
forces. The process is affected by many factors such as sample
type and size, temperature, and humidity, resulting in poor reli-
ability/reproducibility. Furthermore, the probe-based approach
is not applicable to picking up biological cells since adhe-
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Fig. 11. Microrobotic system for force-controlled micrograsp-
ing. The inset picture shows a wire-bonded microgripper.

sion forces become less significant in an aqueous environment
where biological cells survive.

We recently reported the design, microfabrication, and
characterization of monolithic microelectromechanical sys-
tems (MEMS)-based microgrippers with integrated two-axis
force sensors (Kim et al. 2008). In this section we present
the application of the force feedback microgrippers to force-
controlled micrograsping of biological cells at the nanonewton
force level.

3.1. Microrobotic System for Force-controlled
Micrograsping

3.1.1. System Setup

The microrobotic system shown in Figure 11 consists of a mi-
crogripper wire bonded on a circuit board, a 3-DOF microro-
bot (MP-285, Sutter) for positioning the microgripper, a mo-
torized X-Y stage (ProScan II, Prior Scientific) for positioning
cell samples, an inverted microscope (TE2000, Nikon) with a
CMOS camera (A601f, Basler), and a motion control board
(6259, National Instruments) mounted on a host computer. The
microgripper was tilted at an angle of 40° to enable the grip-
ping arm tips to reach samples on the substrate without im-
mersing the actuator or force sensors into the culture medium.

3.1.2. MEMS Microgrippers

Force-controlled micromanipulation requires microgrippers
ideally capable of providing multi-axis force feedback: to pro-
tect the fragile microgripper by detecting contact between the
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Fig. 12. MEMS-based microgripper with integrated two-axis
capacitive force sensors.

microgripper and object to be manipulated; and to provide
gripping force feedback for achieving secured grasping with-
out applying excessive forces to the object. Many MEMS mi-
crogrippers have been developed; however, most of previous
devices (Kim et al. 1992; Chronics and Lee 2005; Carlson et
al. 2007) had no force sensing capabilities.

Recently reported monolithic MEMS microgrippers em-
ployed an electrostatic actuator and a single-axis capacitive
force sensor for manipulating micro-objects (Beyeler et al.
2007 and Femto Tools, Switzerland) and for investigating
charge transport of DNA (Yamahata et al. 2008). However, no
closed-loop force control was demonstrated. The lack of force
sensing capabilities along the normal direction for detecting
contact forces also makes the microgrippers more prone to de-
vice damage during manipulation.

The MEMS microgripper with integrated two-axis force
sensors, shown in Figure 12 was constructed through a
modified DRIE-SOI process (Kim et al. 2008). The device em-
ploys a V-beam electrothermal actuator that is connected to the
lower part of a long gripping arm to generate large gripping
displacements at gripping arm tips with low driving voltages.
The two gripping arm tips are normally closed with an initial
opening of 5 um. When actuated, the active gripping arm is
pulled open. The microgripper is capable of securely grasping
objects with sizes of 672 um. Figure 13 shows the calibra-
tion results of the gripping arm tip displacement and tempera-
ture at actuation voltages of 0—10 V. The tip temperature was
measured using a fine-gauge thermocouple (CHCO, Omega)
with a junction 33 xm in diameter (Figure 14). Each actuation
voltage was applied for 30 min to allow the gripping arm to
reach thermal equilibrium. From Figure 13, one can see that
the gripping arm tip moves by 32 um at 6 V; and due to the
many heat sink beams, the measured temperature at the grip-
ping arm tip is 29°C in air, demonstrating a low temperature
suitable for biomaterial manipulation.
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applied voltage W)

Fig. 13. Measured gripping arm tip displacement and temper-
ature at actuation voltages of 0—10 V.

thermocouple conjunction

active gripping arm 100pm

Fig. 14. A snapshot showing the setup for temperature mea-
surement.

Integrated two-axis capacitive force sensors were imple-
mented with transverse differential comb drives (Sun et al.
2005) and were configured orthogonally. The contact force
feedback (y-directional) enables contact detection and protects
the microgripper from breakage. The gripping force feedback
(x-directional) permits force-controlled micrograsping with a
force controller to accommodate size and stiffness variations
of objects to achieve secured grasping with no excessive forces
applied. The force sensors were calibrated using a precision
microbalance (XS105DU, Mettler Toledo) with a resolution
of 0.1 uN. Figure 15 shows the force sensor calibration re-
sults, demonstrating a high input—output linearity and min-
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Fig. 15. Force sensor calibration results. Forces applied: (a)

only along the x direction; (b) only along the y direction. Also
shown are the coupled responses.

imized cross-axis coupling. The sensitivity of the two force
sensors is 0.05 V N~! (x-axis) and 0.026 V N~! (y-axis). The
integrated force sensors are capable of resolving contact forces
up to 58 uN (resolution: 38.5 nN at 15Hz) and gripping forces
up to 30 uN (resolution 19.9 nN at 15Hz).

3.2. Interstitial Cell Preparation

PAVICs were manipulated to demonstrate force-controlled
micrograsping. Manipulation of single PAVICs with cellular
force feedback is required for cell transfer and mechanical
characterization in pharmacological studies, such as for the un-
derstanding and treatment of heart aortic valve calcification.
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Aortic valve leaflets were harvested from healthy pig hearts
obtained from a local abattoir. After rinsing with antibi-
otics, each leaflet was treated with collagenase (150 U ml™!,
37°C, 20 min) and the leaflet surfaces were scraped to re-
move endothelial cells. The leaflets were then minced, and
digested with collagenase (150 U ml~!, 37°C, 2 hours). The
interstitial cells were enzymatically isolated, grown on tis-
sue culture flasks, and kept in an incubator in standard tis-
sue culture medium (Dulbecco’s modified eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotics). The medium was changed every 2 days,
and the cells were passaged when confluent. Passage 2 cells
were trypsinized and re-suspended in standard tissue culture
medium at 10° cells ml~! for use in experiments.

3.3. Experimental Results

In order to reduce adhesion of cells to the gripping arm tips
and, thus, facilitate cell release, the microgripper tips were dip
coated with 10% SurfaSil siliconizing fluid (Pierce Chemicals)
and 90% histological-grade xylenes (Sigma-Aldrich) for 10 s
before use.

3.3.1. Contact Detection

Contact detection is enabled by monitoring the contact
force feedback. An alternative possibility for contact detec-
tion is to measure impedance between an end-effector and
cells/substrate (Kallio et al. 2007). A droplet of cell culture
medium containing suspended PAVICs (10-20 #m in diame-
ter) was dispensed through pipetting onto a polystyrene Petri
dish. After PAVICs settled down on the substrate, a microrobot
controlled the microgripper to immerse gripping arm tips into
the liquid droplet and conducts contact detection.

Contact detection is important to protect the microgripper
from damage. After the tips of gripping arms were immersed
into the medium, the microrobot controlled the microgripper at
a constant speed of 20 #m s~! to approach the substrate while
force data along the y direction were sampled. The contact de-
tection process completes within 5 s. Without the integrated
contact force sensor, this process would be highly time con-
suming and operator skill dependent.

When the monitored contact force level reaches a pre-set
threshold value, it indicates that contact between the gripping
arm tips and the substrate is established. Subsequently, the
microrobot stops lowering the microgripper further, waits for
1.2 s, and moves the microgripper upwards until the contact
force returns to zero (Figure 16). The pre-set threshold force
value used in the experiments was 150 nN, which was effective
for reliably determining the initial contact between the grip-
ping arm tips and the substrate. After the initial contact posi-
tion is detected, the microgripper is positioned a few microm-
eters above the detected contact position for force-controlled
micrograsping. The 50 x#m thick gripping arms guaranteed se-
cured grasping of PAVICs with different sizes.
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Fig. 16. Contact force monitoring for reliable contact detec-
tion.
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Fig. 17. Gripping force profile during micrograsping and re-
leasing of a cell.

3.3.2. Force-controlled Cell Grasping

Before the system performed force-controlled micrograsping
of PAVICs, experiments were conducted to evaluate the ef-
fectiveness of open-loop micrograsping. The system applies
a voltage to the V-beam electrothermal actuator to produce an
opening larger than the size of a PAVIC between the two grip-
ping arms. When grasping a target PAVIC, the system reduces
the applied voltage level, which decreases the arm opening for
grasping.

Figure 17 shows the force profile during cell grasping and
releasing, where a sequence of actuation voltages was applied
(5 V opening voltage, 1.5 V grasping voltage, and 5 V releas-
ing voltage) to grasp and release a 14 um PAVIC. At 1.5V
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Fig. 18. Block diagram of force-controlled micrograsping.

grasping voltage, the PAVIC was experiencing a gripping force
of 80 nN that produced 12% cell deformation of its diameter.
Owing to different sizes of PAVICs and their stiffness varia-
tions, a single fixed grasping voltage often caused either un-
secured grasping or cell rupturing from excessively applied
forces, necessitating closed-loop force-controlled micrograsp-
ing.

A closed-loop control system was implemented by using
gripping force signals as feedback. Figure 18 shows the block
diagram of the force control system that accepts a pre-set force
level as reference input and employs proportional-integral—
derivative (PID) control for force-controlled micrograsping.
Figure 19(a) shows the step response of the force-controlled
micrograsping system to track a reference input of 80 nN. The
settling time is approximately 200 ms. Corresponding to ref-
erence input force steps with an increment of 40 nN, tracking
results are shown in Figure 19(b).

Enabled by the monolithic microgripper with two-axis
force feedback, the microrobotic system demonstrates the
capability of rapidly detecting contact, accurately tracking
nanonewton gripping forces, and performing reliable force-
controlled micrograsping to accommodate size and me-
chanical property variations of objects. Figure 20 shows
three PAVICs of different sizes that were picked, placed,
and aligned. Force-controlled micrograsping of the aligned
PAVICs was conducted at a force level of 65 nN.

4. Conclusion

Using two embodiments of microrobotic cell manipulation
(i.e. microinjection and pick—transport—place), in this paper
we have reported two techniques involving microfabricated
devices for accurately sensing and controlling the interaction
forces in microrobotic cell manipulation at the nanonewton
level.

Based on polymeric cell holding microdevices, which can
be readily integrated into a microrobotic cell manipulation sys-
tem as force sensors, in situ measurement of cellular forces
during microinjection has been realized with a nanonewton
resolution (3.7 nN). The injection forces have been extracted
in real time from visual feedback by tracking the material de-
formation using a sub-pixel visual tracking algorithm. The
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Fig. 19. (a) Step response of force-controlled micrograsping.
(b) Tracking force steps with an increment of 40 nN.

cellular force feedback has been demonstrated experimen-
tally to provide two-fold functions in microrobotic cell injec-
tion: (1) it can be used to predict the penetration of the cell
membrane and, therefore, as a triggering signal for material
deposition after penetration; and (2) force—deformation data
might prove useful for distinguishing healthy embryos from
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Fig. 20. Cell manipulation and alignment with force-controlled
micrograsping. (a) After contact detection, the microgripper
grasps a first cell. (b) The microgripper transfers the cell to a
new position and releases the cell. (c) The microgripper grasps
a second cell. (d) Transferring and releasing the second cell.
(e) The microgripper approaches a third cell. (f) Transferring
and releasing the third cell. Three cells of different sizes are
transferred to desired positions and aligned.

those with compromised development competence during mi-
croinjection, without requiring a separate cell characterization
process.

Utilizing a force feedback MEMS microgripper, we have
also presented nanonewton force-controlled micrograsping of
biological cells at a force level of 20 nN at 15Hz. In the
force-controlled pick—transport—place process, force feedback
again provided two-fold functions: (1) contact force feed-
back enables rapid, reliable detection of the contact between
the substrate and the microgripper arm tips; and (2) gripping
force feedback enables accurate closed-loop control of grip-
ping forces to guarantee secured grasping of a cell, yet avoid
the application of excessive gripping forces.
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