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Abstract— Cellular force sensing and control techniques are just a few. Inherent limitations prevent their use in preetti

capable of enhancing the dexterity and reliability of micraobotic
cell manipulation systems. This paper presents a vision-isad
cellular force sensing technique using a microfabricated lastic
cell holding device and a sub-pixel visual tracking algorihm
for resolving forces down to 3.7nN during microrobotic moue
embryo injection. The technique also experimentally prove
useful for in situ differentiation of healthy mouse embryos
from those with compromised developmental competence withut
the requirement of a separate mechanical characterizatiorpro-
cess. Concerning force-controlled microrobotic cell margulation
(pick-transport-place), this paper presents the first demastra-
tion of nanoNewton force-controlled cell micrograsping ugg
a MEMS-based microgripper with integrated two-axis force
feedback. On-chip force sensors are used for detecting caatt
between the microgripper and cells to be manipulated (resation:
38.5nN) and sensing gripping forces (resolution: 19.9nN)wding
force-controlled grasping. The experimental results demistrate
that the microgripper and the control system are capable of apid
contact detection and reliable force-controlled micrograping to
accommodate variations in size and stiffness of cells with high
reproducibility.

|I. INTRODUCTION

cell manipulation tasks: (1) these force sensors are tifpica
limited to resolving forces at the microNewton level while
the manipulation of most cell lines requires a resolution of
nanoNewton or sub-nanoNewton; (2) the integration of an end
effector (e.g., glass micropipette) and the force sensovéai
epoxy glue, complicating the task of end-effector exchange

Overcoming limitations of existing cellular force sensing
approaches, this paper presents a vision-based celluiee fo
measurement technique with a nanoNewton force resolution
employing a microfabricated elastic cell holding devicel @an
sub-pixel visual tracking algorithm. The technique alldiws
accurately resolving cellular forces during microrobatil
manipulation without disturbing the manipulation process
imposing difficulties in end-effector exchange. The effest
ness of the technique is demonstrated in microrobotic mouse
embryo injection. Furthermore, the force sensing techmiqu
proves useful foin situ distinguishing normal embryos from
those with compromised developmental competence, without
requiring a separate cell characterization process.

On the front of cellular force sensing and control, the

Manipulation of single living cells represents an enablingaper also presents the first demonstration of force-ctedro
technology that is important for a range of biological dismicrograsping of biological cells at the nanoNewton force

ciplines (e.g., genetics [1][2]in vitro fertilization [3], cell

level. As mechanical end-effectors, microgrippers enplulk-

mechanical characterization [4], and single cell-basets-setransport-place of biological cells in an aqueous envirentn
ing [5]). The past decade has witnessed significant prodmessrhe microrobotic system employs a novel microgripper that
the development of robotic systems and tools for conductiq}gegrates two-axis force sensors for resolving both dnigp
complex cell manipulation tasks, such as probing, charactgyrces and contact forces between the gripping arm tips and

izing, grasping, and injecting single cells.

a sample/substrate. The force-controlled microrobotgtesy

Robotic cell manipulation is universally conducted undesxperimentally demonstrated the capability of rapid cointa
an optical microscope; thus, visual feedback is the magtection and reliable force-controlled micrograspingnoér-

sensing modality in all existing microrobotic cell maniatibn

stitial cells to accommodate variations in sizes and mechan

systems. Meanwhile, due to the fact that biological cells aproperties of cells with a high reproducibility.

delicate and highly deformable, quantification of intei@ct

forces between the end-effector and cells can enhance thg \/ 5,0N-BASED CELLULAR FORCE MEASUREMENT

capability of a robotic cell manipulation system. For exdenp

DURING CELL INJECTION

cellular force feedback was demonstrated to be useful #r th
alignment between a probe and a cell [4]. The measuremenVision-based force measurement techniques are capable of
of cellular forces also enables the prediction of cell meambr retrieving both vision and force information from a single

penetration in the injection of zebrafish embryos [6][7][8]

vision sensor (CCD/CMOQOS camera) under microscopic envi-

In order to obtain cellular force feedback during microronments [10][11]. For cellular force sensing during micro
robotic cell manipulation, the development of force sensebotic cell manipulation, this concept is realized by iy
ing devices has been a focus, resulting in capacitive forttacking flexible structural deformations, and subsedyent
sensors [4] and piezoelectric force sensors [6][9], to nanmnsforming material deformations into forces.
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Fig. 1. Cellular force measurement using low-stiffnesstatgposts during
microrobotic cell injection.

ﬁ Fig. 3. SEM image of a PDMS cell holding device.
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Fig. 1 schematically illustrates the principle of visioased
cellular force measurement using an elastic cell holdingoge
during microrobotic cell injection. While the micropipett
injects individual cells inside cavities on a cell holdingvite,
applied forces are transmitted to low-stiffness, suppgrti
posts. In real time, a sub-pixel visual tracking algorithrﬁ- Fabrication and Characterization of Cell Holding Device
measures post deflections that are fitted into an analytical
mechanics model to calculate the force exerted on the cell. The cell holding device shown in Fig. 3 was constructed

This technique was previously demonstrated on zebrafigith PDMS via soft lithography [12]. Briefly, PDMS prepoly-
embryos [12]. The study presented in this paper focuses mer prepared by mixing Sylgard 184 (Dow Corning) and its
investigating the feasibility of further miniaturizingehcell curing agent with a weight ratio of 15:1, was poured over a
holding devices to accommodate mouse embryos (00 SU-8 mold (SU-8 50, MicroChem) made on a silicon wafter
in diameter vs. 1.3mm zebrafish embryos) for measuringing standard photolithography. After curing af 8Cfor 8hr,
nanoNewton cellular forces during microinjection; and th#he PDMS devices were peeled off the SU-8 mold. The depth
possibility of using cellular force information to distinigh of the cavity and protruding posts is 4%, and the diameter
normal mouse embryos from those with compromised deveit the posts is 12m (Fig. 3). In order to make the PDMS
opmental competence for better selecting healthy embryossurface hydrophilic, the devices were oxygen plasma tdeate
genetics and reproductive research. for 10sec before use.

To determine the Young's modulus of the cell holding
device, a bulkier PDMS beam produced under exactly the

The microrobotic mouse embryo injection system (Fig. Zame processing conditions was calibrated with a piezoresi
consists of a polydimethylsiloxane (PDMS) cell holding detive force sensor (AE801, SensorOne) as described in [12].
vice, an inverted microscope (TE2000, Nikon) with a CMO®& has been demonstrated that the Young’s modulus values
digital camera (A601f, Basler), a 3-DOF microrobot (MP-28%haracterized from bulk PDMS and a micro PDMS structure,
Sutter) for controlling the micropipette motion, a mot@dizX- both constructed with the same microfabrication paramseter
Y stage (ProScan I, Prior Scientific) for positioning celhs  differ within 5% [13]. Fig. 4 shows the calibration data of
ples, and a temperature-controlled chamber (Solent $fi@¢nt applied force vs. beam deflection. The determined Young's
to maintain cells at 3C. modulus value is 422.4kPa.

Fig. 4. Young’s modulus calibration on a bulkier PDMS beam.

A. Microrobotic Mouse Embryo Injection System



micropipette on the cell is determined through the follagvin
force analysis.

The cell is treated as elastic due to the fact that quick
indentation by the micropipette does not leave sufficianteti
for cellular creep or relaxation to occur. Consequentlg th
injection force,F is balanced by the horizontal components,
frni Of contact forces between the cell and supporting posts

(Fig. 6()),

&
mouse embryo'\) post 1
B \

2
Fig. 5 Indentation forces deform the mouse embryo and defleo F= thz (1)
supporting posts. i=1
Much higher deformability of mouse embryos than that of
zebrafish embryos results in different contact behaviorveen
a cell and supporting posts, necessitating different imeats
of forces in analysis. In the device configuration, the radiu
of the cell <~49um) is larger than the depth of the cavity
and posts (4bm), resulting in an initial point contact between
the cell and supporting posts before post deflections occur.
However, the high deformability of mouse embryos makes cell
membrane conform to the posts when an injection force is
Fi - . applied to the cell. It is assumed that the contact forces are
ig. 6. Injection force analysis. (a) Force balance on thé wgeder o .
indentation. (b) Post deflection model. evenly distributed over the contact areas. Thus, the hotdto
componentsf,; are expressed by a constant force intensity,
pr: and a contact lengthy; (Fig. 6(b))

As a model organism, mouse is a primary animal for Jhi = prias 2
genetics and reproductive research. Besides the impertancSlope 6§ of the posts’ free ends shown in Fig. 6(b) was
in in vitro fertilization, microinjection of mouse oocytes andneasured to verify the validity of linear elasticity thatjuéres
embryos is important for screening molecular targets lihkesmall structural deflections. The maximum slope was deter-
to the study of basic biology of embryo development, suahined to bell.1°, which satisfiessinf ~ 6; thus, the small
as mitochondrial-associated recombinant proteins, akzitrg deflection assumption of linear elasticity holds [14]. Téfere,
antibody, morpholinos, and expression vectors for siRNA. the relationship of the horizontal force intensipy,; and post

The mouse embryos used in this research were collectsflections can be established [14].

C. Mouse Embryo Preparation

according to standard protocols approved by the Mount Sinai 5
Hospital Animal Care Committee in Toronto. Young (8-12 Phi = 40a;(1+v)(2H—a;) |, 8(a?+8H3a;—6H2a?2) 3)
weeks old) and older (40 weeks old) ICR female mice were rED? + 3nEDA

used for obtaining normal embryos and those with blastomei@ere; = 1,2; 5, is the horizontal deflectionf and D are
fragmentation. ICR females with different ages were swpero post height and diametef and~ are Young's modulus and
lated by injecting equine pregnant mare’s serum gonaditroppgisson’s ratio{ = 0.5 for PDMS [12]).

(PMSG) and human chorionic gonadotropin (hCG) 48hr later. combining (1)-(3) yields the injection force applied by the
The mice were subsequently mated with ICR males of proveficropipette to the cell.

fertility, and plugs were verified the next mornintn vivo
fertilized embryos were collected from the mated femaleemic P Z dia; 4)
at 24hr post-hCG and cultured in human tubal fluid (HTF) to T £ 40a;(144)(2H—a;) 4 8ai+8H%ai—6H?a3)

2

two-cell stage (at 48hr post-hCG). The average diameter of =t omED? smED?

the mouse embryos is 8. In (4), the unknown parameters are post horizontal deflestio
] 0; and the contact lengtla,;. Experimentally, imaging with a

D. Force Analysis side-view microscope confirmed that the contact length,

Fig. 5 shows a snapshot captured in the cell injectioncreases at a constant speedor a given indentation speed.
process. The microrobot controls an injection micropgétt Hence,a; = vt, wheret denotes time.
exert an indentation force to a mouse embryo, deflecting theNote that for a constant indentation speed of the mi-
two supporting posts on the opposite side. Post deflectionsypipette, the variation speedaf, v varies for different cells.
measured by a visual tracking algorithm that will be disedss At 20um/sec used throughout the experimentspf the six
in Section II-E, are fitted to an analytical mechanics mod&dsted mouse embryos were measured td)Bel.2um/sec.
to obtain contact forces between the cell and posts. Badatkrestingly, the sensitivity of the mechanics model @) t
on the contact forces, the indentation force applied by thariations inv is low. The injection force varies only by
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Fig. 9. Force-deformation curves of normal embryos (blug) fiagmented
embryos (red). They separate themselves into two distegibns.

TABLEI
SLOPES OF CELLULAR FORCE-DEFORMATION CURVES.
mouse embryo slope slope average

(nN/pm) (nN/pm)
normal embryo 1 3.35

normal embryo 2 2.74 2.87£0.43
normal embryo 3 2.52
Fig. 8. Mouse embryos for cellular force measurement. (ayiébembryo. fragmented embryo 1 184

(b) Embryo with blastomere fragmentation (arrow labeled). fragmented embryo 2 145 1.70+0.22
fragmented embryo 3 1.81

1% whenwv changes fron?.8um/sec tol.2um/sec. Thus, the
average value of the measured spedgsn/sec was used to able to develop normally [15]. We hypothesized that subtle
calculate injection forces for all the embryos. changes in the cytoskeleton structure could lead to stiffne
changes between abnormal and normal embryos. Thus, cellula
force-deformation measurements were expected to provide
In order to accurately track post deflections, a visual trackdditional information for detecting embryonic dysfuocis
ing algorithm with a resolution of 0.5 pixel was developethat require assisted hatching and for helping better selec
and described in detail in [12]. A template matching aldorit healthy embryos for implantation after microinjection.
with constant template updates first tracks the motion of theThe six embryos were manually delivered onto the cell
supporting posts, providing processing areas for a leastreg holding device using a transfer pipette and then indentad vi
circle detection (LSCD) algorithm to determine posts’ egnt microrobotic teleoperation. The micropipette was coihibl
positions. The LSCD algorithm utilizes Canny edge detectty indent each embryo bg0um at the speed o20um/sec.
to obtain an edge image and then extracts a portion of the pbstring the indentation process, force data were colleated i
top surface for circle fitting. Fig. 7 shows the tracked imageal time (30 data points per sec).
patches and LSCD detected post top circles. Fig. 9 shows force-deformation curves of both normal
and fragmented embryos. The horizontal axis represents cel
deformation,d = di + d2cos30°, where d; and d, were
As mouse embryos are exquisitely sensitive to slight tempelefined in Fig. 6. The vertical axis shows vision-based &allu
ature variations, experiments were conducte@@C inside force data. With the current cell holding devices and imggin
the temperature-controlled chamber. With0ex objective (NA system, the force measurement resolution was determined to
0.55), the pixel size of the imaging system was calibratdukto be 3.7nN.
0.36umx0.36m. Micropipette tips used for indenting mouse From Fig. 9, it can be seen that the force-deformation curves
embryos wad .8um in diameter. of normal and fragmented embryos separate themselves into
Three normal ICR embryos and three ICR embryos witfivo distinct regions. Table | summarizes the curve slopes
blastomere fragmentation at the two-cell stage were usealculated by linear regression. The slopes for normal gosbr
for cellular force measurements. Blastomere fragmemtaticange from2.52nN/um to 3.35nN/um while the slopes for
is often indicative of future programmed cell death [15fragmented embryos are betweked5nN/um and1.84nN/um,
Although the blastomere fragmented embryo shown in Fig.diantitatively demonstrating that the normal embryos and
can be distinguished morphologically from normal embryofragmented embryos are mechanically different.
using morphological differences alone is not always eiffect All the indented embryos were subsequently cultured in an
to distinguish diseased embryos from normal embryos direubator at37°C with 5% CO,. The three normal embryos
to the fact that one fourth of the fragmented embryos aseiccessfully developed into the four-cell stage; howetres,

E. Visual Tracking of Post Deflections

F. Experimental Results and Discussion
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Fig. 10. Abrupt force change indicates cell membrane patietr during picture shows the wire-bonded microgripper.

microrobotic cell injection.

three fragmented embryos were arrested at the two-cek stag
proving that the cellular force measurement results coeld b
useful for distinguishing normal embryos from those with
embryonic defects during microrobotic cell injection vaitkt
a separate cell characterization process. ity
In addition, the cellular force sensing technique can also Semor
be used for detecting the penetration of cell membrane in
microrobotic cell injection. An abrupt change of cellulardes e V-beam électro-
(Fig. 10) indicates cell membrane penetration for subseique SHPPIE AT ismeliaemsion
material deposition. The cellular force does not returnht t
zero level immediately after penetration since the indg ot
does not have sufficient time for recovery during injectiorkig. 12. MEMS-based microgripper with integrated two-zadpacitive force
The force required to penetrate the outside membraoga S€"SO's:
pellucidg of a healthy ICR embryo was37.3nN.
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I11. NANONEWTON FORCE-CONTROLLED 2) MEMS Microgripper: Over the past two decades, many
MICROGRASPING OFBIOLOGICAL CELLS MEMS microgrippers were developed using different me-

Compared with end-effectors with a single tip such as chanical structures ar_1d actua_ltion principles. For example
probe or a micropipette for microrobotic cell manipulatiorfl€ctrothermal microgrippers without force feedback wae
a microgripper with two gripping arms is a more powerquelOped for cell man_lpula_mon [_16] and c_arbon_nanotub_e@{as
tool for reliable pick-transport-place tasks. Concernfagge N9 [17]- Electrostatic microgrippers with a single-axerde
sensing and control in microgripper-based microroboti¢ c&€NSor was reported for open-loop micrograsping [18] and
manipulation, this section presents the first demonstratiffr investigating charge transport through DNA [19]. Force
of force-controlled micrograsping of biological cells dtet controlled micro and nanomanipulation requires microgeirs
nanoNewton force level, which was conducted with a novdfieally capable of providing multi-axis force feedback: to

monolithic MEMS-based microgripper with integrated twoProtect the fragile microgripper by detecting contact hesw
axis force sensors. the microgripper and object to be manipulated; and to pro-

vide gripping force feedback for achieving secured gragpin
A. Microrobotic System for Force-Controlled Micrograsgin without applying excessive forces.

1) System Setupfhe microrobotic system shown in Fig. 11 The MEMS microgripper with integrated two-axis force
includes a 3-DOF microrobot (MP-285, Sutter) for positiumi sensors, shown in Fig. 12 was constructed through a modified
the microgripper, a motorized X-Y stage (ProScan Il, PridPRIE-SOI process. The device employs a V-beam electrother-
Scientific) for positioning cell samples, an inverted mgoope mal actuator that is connected to the lower part of a long
(TE2000, Nikon) with a CMOS camera (A601f, Basler), @ripping arm to generate large gripping displacements at
microgripper wire bonded on a circuit board, and a motiogripping arm tips with low driving voltages. As shown in
control board (6259, National Instruments) mounted on Fig. 13, the gripping arm tip moves by @t at 6V; and
host computer. The microgripper was tilted at an angle dfie to the many heat sink beams, the measured temperature
40° to enable the gripping arm tips to reach samples on thé the gripping arm tip i29°C in air, demonstrating a low
substrate without immersing the actuator or force sensuos i temperature suitable for biomaterial manipulation.
the culture medium. Integrated two-axis capacitive force sensors are imple-



and contact forces up to p8! (resolution: 38.5nN).

B. Interstitial Cell Preparation

Porcine aortic valve interstitial cells (PAVICS) were maum
lated to demonstrate force-controlled micrograsping. iigian
lation of single PAVICs with cellular force feedback is rémpal
for cell transfer and mechanical characterization in plzaon
logical studies, such as heart aortic valve calcification.

Aortic valve leaflets were harvested from healthy pig hearts
obtained at a local abattoir. After rinsing with antibiatic
each leaflet was treated with collagenase (150U/811°C,

20min) and the leaflet surfaces were scraped to remove en-
Fig. 13. Measured gripping arm tip displacement and tenipezat actuation - dothelial cells. The leaflets were then minced, and digested
voltages of 1-10V. with collagenase (150U/mL37°C, 2hr). The interstitial cells
were enzymatically isolated, grown on tissue culture flasks

applied voltage \2

@ 16 . ‘ and kept in an incubator in standard tissue culture medium
et e - (DMEM supplemented withl0% FBS and1% antibiotics).
L linear regression The medium was changed every 2 days, and the cells were
S / passaged when confluent. P2 cells were trypsinized and re-
g,) suspended in standard tissue culture mediurhOacells/mL
e - for use in experiments.
° 04 a - C. Experimental Results and Discussion

The experiments were conducted at room temperature
(23°C). In order to reduce adhesion of cells to the gripping arm

0.0 KA-a A A A A A A

0 5 10 15 20 25 30 tips and thus, facilitate cell release, the microgrippes tvere
® 16 | ‘aPP“edf"rce (wN) dip coated with10% SurfaSil siliconizing fluid (Pierce Chem-
&y axis output data / icals) and90% histological-grade xylenes (Sigma-Aldrich) for
= x-axis output data 10sec before use.
12 finear regression // 1) Contact Detection:A droplet of cell culture medium
> containing suspended PAVICs (10426 in diameter) was
9 08 // dispensed through pipetting on a polystyrene petri disterAf
E / PAVICs settle down on the substrate, a microrobot controls
g‘l the microgripper to immerse gripping arm tips into the Idjui
° 04 E droplet and conducts contact detection.
Contact detection is important to protect the microgripper
170) %S S S — from damage. After the tips of gripping arms are immersed
0 o 0 30 w0 - P, into the medium, the microrobot controls the microgripper a
applied force (4N) a constant speed @bum/sec to approach the substrate while

Fig. 14. Force sensor calibration results. Forces appliggl @) along ther ~ force data along the y direction are sampled. The contact de-
direction; (b) only along they direction. Also shown are coupled responsestection process completes within 5sec. Without the integra
contact force sensor, this process would be extremely time
consuming and operator skill dependent.
mented with transverse differential comb drives and areWhen the monitored contact force level reaches a pre-set
orthogonally configured. The contact force feedbagk (threshold value, it indicates that contact between thepgrip
directional) enables contact detection and protectionhef tarm tips and the substrate is established. Subsequently, th
microgripper from breakage. The gripping force feedbackicrorobot stops lowering the microgripper further and e®v
(x-directional) permits force-controlled micrograspingttwa the microgripper upwards until the contact force returns to
force controller to accommodate size and stiffness varatof zero (Fig. 15). After the initial contact position is detedt
objects to achieve secured grasping with no excessivegortiee microgripper is positioned a few micrometers above the
applied. Fig. 14 shows the force sensor calibration resultetected contact position. The pre-set threshold forcaeval
demonstrating a high input-output linearity and minimizedsed in the experiments was 150nN, which was effective for
cross-axis coupling. The integrated force sensors arebtapaeliably determining the initial contact between the giigp
of resolving gripping forces up to 3 (resolution: 19.9nN) arm tips and the substrate.
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Fig. 16. Gripping force profile during micrograsping anceesing of a cell. Fig. 19. Tracking force steps with an increment of 60nN.

2) Force-Controlled Grasping of Biological CellsBe- either unsecured grasping or cell rupturing from excessive
fore the system performed force-controlled micrograsmihg applied forces, necessitating closed-loop force-coletomi-
PAVICs, experiments were conducted to evaluate the effecti crograsping.
ness of open-loop micrograsping. The system applies agmlta To achieve reliable micrograsping, a closed-loop control
to the V-beam electrothermal actuator to produce an openisygstem was implemented by using gripping force signals as
larger than the size of a PAVIC between the two gripping armigedback to form a closed loop. Fig. 17 shows the block
When grasping a target PAVIC, the system reduces the appléidgram of the force control system that accepts a pre-set fo
voltage level, which decreases the arm opening and realitegel as reference input and employs proportional-integra
grasping. derivative (PID) control for force-controlled micrograsg.

Fig. 16 shows the force profile during cell grasping andlig. 18 shows the step response of the force-controlled mi-
releasing, where a sequence of actuation voltages was @fpgrasping system to track a reference input of 100nN.
plied (5V opening voltage, 1.5V grasping voltage, and 5Vhe settling time is approximately 200ms. Corresponding
releasing voltage) to grasp and release am3PAVIC. At to reference input force steps with an increment of 60nN,
1.5V grasping voltage, the PAVIC was experiencing a grigpiriracking results are shown in Fig. 19.
force of 100nN that produced5% cell deformation of its = Enabled by the monolithic microgripper with two-axis force
diameter. Due to different sizes of PAVICs and their stiffee feedback, the microrobotic system demonstrates the dégabi
variations, a single fixed grasping voltage can often causk rapidly detecting contact, accurately tracking nanoNew



Fig. 20. Cell manipulation and alignment with force-cofigd micrograsp-

ing. (a) After contact detection, the microgripper grasdes cell. (b) The

microgripper transfers the cell to a new position and resabe cell. (c)

The microgripper grasps a second cell. (d) Transferring @atelasing the
second cell. (e) The microgripper approaches a third dgllransferring and

releasing the third cell. Three cells of different sizestaaasferred to desired
positions and aligned.

ton gripping forces, and performing reliable force-colié

micrograsping to accommodate size and mechanical property

variations of objects. Fig. 20 shows three PAVICs of diffdre
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