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Visual-Based Impedance Control of Out-of-Plane
Cell Injection Systems

Haibo Huang, Dong Sun, James K. Mills, Wen J. Li, and
Shuk Han Cheng

Abstract—In this paper, a vision-based impedance control algorithm is
proposed to regulate the cell injection force, based on dynamic modeling
conducted on a laboratory test-bed cell injection system. The injection force
is initially calibrated to derive the relationship between the force and the
cell deformation utilizing a cell membrane point-load model. To increase
the success rate of injection, the injector is positioned out of the focal plane
of the camera, used to obtain visual feedback for the injection process. In
this out-of-plane injection process, the total cell membrane deformation
is estimated, based on the X — Y coordinate frame deformation of the
cell, as measured with a microscope, and the known angle between the in-
jector and the X — Y plane. Further, a relationship between the injec-
tion force and the injector displacement of the cell membrane, as observed
with the camera, is derived. Based on this visual force estimation scheme,
an impedance control algorithm is developed. Experimental results of the
proposed injection method are given which validate the approach.

Note to Practitioners In biological cell injection, the control of injec-
tion forces is important since excessive manipulation force may destroy the
membrane or tissue of the biological cell, and lead to failure of the bioma-
nipulation task. Although the injection force is a very important factor that
affects the survivability of the injected cells, research on minimally invasive
cell injection, based on understanding of the mechanical properties of the
cellular membrane, are rare. To resolve this problem, a methodology is pre-
sented here to regulate cell injection forces using geometry of cell deforma-
tions and micro vision feedback. With the visually measured injection force
applied to an injected cell, an impedance control strategy is then developed
to regulate the cell injection force through the desired impedance. One ad-
vantage of using the impedance control in micromanipulation is that tiny
forces exerted on the cell membrane can be re ected in the control system
by adjusting the controller impedance coef cients.

Index Terms—Biomanipulation, cell injection, impedance control, micro-
robotic system.

I. INTRODUCTION

Since its invention during the rst half of the last century, biolog-
ical cell injection has been widely applied in gene injection [1], in-vitro
fertilization (IVF) [2], intracytoplasmic sperm injection (ISCI) [3], and
drug development [4]. Until very recently, however, existing research

Manuscript received August 13, 2007; revised November 22, 2007. First pub-
lished May 12, 2009; current version published July 01, 2009. This paper was
recommended for publication by Associate Editor M. Zhang and Editor D. Mel-
drum upon evaluation of the reviewers comments. This work was supported by
a grant from the Research Grants Council of the Hong Kong Special Adminis-
trative Region, China (Reference No. CityU 119705) and a grant from the City
University of Hong Kong (Project No. 7002461).

H. B. Huang was with the Department of Manufacturing Engineering and En-
gineering Management, City University of Hong Kong, Kowloon, Hong Kong.
He is now with the Department of Mechanical and Industrial Engineering, Uni-
versity of Toronto, Toronto, ON M5S 3G8, Canada (e-mail: hbhuang@mie.
utoronto.ca).

D. Sun is with the Department of Manufacturing Engineering and Engi-
neering Management, City University of Hong Kong, Kowloon, Hong Kong
(e-mail: medsun@cityu.edu.hk).

J. K. Mills is with the Department of Mechanical and Industrial Engineering,
University of Toronto, Toronto, ON M5S 3G8, Canada (e-mail: mills@mie.
utoronto.ca).

W. J. Li is with the Centre for Micro and Nano Systems, Chinese University
of Hong Kong, Shatin, NT, Hong Kong (e-mail: wen@acae.cuhk.edu.hk).

S. H. Cheng is with the Department of Biology and Chemistry, City Univer-
sity of Hong Kong, Kowloon, Hong Kong (e-mail: bhcheng@cityu.edu.hk).

Digital Object Identi er 10.1109/TASE.2008.2010013

1545-5955/$25.00 = 2009 IEEE

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on August 20, 2009 at 01:52 from IEEE Xplore. Restrictions apply.



566 IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 6, NO. 3, JULY 2009

towards solutions to the cell injection problem [2], [5], [6] have been
unable to ful Il the expectations of the industry. Most cell injection
operations are currently performed manually. Furthermore, studies in-
dicate that skilled operators require up to one year of training and can
achieve a success rate of only 15% for these transgenic tasks (gene in-
jection into cells) [1]. In addition, most manual cell injection processes
are neither accurate nor repeatable. Hence, there exists an increasing
demand for an accurate and reliable cell injection system and method-
ology so that large batch biomanipulation production can be realized.

During the process of cell injection, the injection force is an impor-
tant factor that affects the survivability of the injected cells. Accurate
measurement and control of the cell injection force helps improve the
overall performance of the cell injection process. Recently, research
work has been performed to determine the forces involved in the cell
injection. Research on bonding a microinjection pipette on the tip of
a polyvinylidene uoride (PVDF) Im force sensor to detect the in-
jection forces in  sh egg biomanipulation was performed in [7] [9]. A
microelectromechanical system (MEMS)-based two-axis cellular force
sensor was developed in [10] to investigate the mechanical properties
of mouse oocyte zona pellucida. A micrograting-based injection force
sensor with a surface micromachined silicon-nitride injector was used
in [11]. A monolithically fabricated micro-gripper with integrated force
sensor was reported for manipulating micro-objects and biological cells
aligned in an ultrasonic eld [12].

Visual-based force control [13] [17] has been developed to esti-
mate forces applied to a linearly elastic object using the contour data,
based on visual data. This approach utilizes microscope optics and
digital cameras that are standard components of a micromanipulation
or biomanipulation workstation. Hence, this hardware, required in the
proposed and other systems, does not add to the complexity of the mi-
cromanipulation system.

In this paper, a cell injection system with force-feedback regulation
is proposed for cell injection tasks. Preliminary results of the work pre-
sented in this paper appeared in [18]. The process considered here is
for injection of genetic material into a cell with the injector pipette
positioned out (tilt at an angle) of the focal plane of the camera used
to image the process, i.e., this process is termed out-of-plane injec-
tion. This approach provides several advantages over injection in which
the injector is in the same plane as the microscope. First, the injection
pipette is separated vertically such that transfer to the next cell for in-
jection readily avoids a collision between the cell and pipette. Second,
the cells are held by a specially designed cell holder [19], eliminating
the need for a holding tube. Third, by contacting the cells out of the
plane, the cells are not simply brushed aside by the injector pipette, but
can achieve a successful injection. This injection process is similar to
the process used in automatic adherent cell injection [1]. A study on
mechanical modeling of injected cells was reported in [20].

Fig. 1 illustrates the laboratory test-bed cell injection system in
which the injector tilted at an angle to the plane of a positioning
table is shown. In the following, we demonstrate that the injector force
can be determined by measuring the deformation of the cell membrane
in the plane, and by knowing various other parameters,
including the angle the injector makes with respect to the
plane. During an out-of-plane injection task, the total cell deformation
is generally dif cult to measure directly, since the injector is not in the
camera focal plane, i.e., here the plane. With calibration of
the cell membrane mechanical properties performed with the injector
positioned in the same plane as the microscope focal plane, we are
able to derive the relationship between the force imparted by the in-
jection pipette and the resulting cell membrane deformation. The cell
deformation is estimated based on the distance the injector deforms
the cell membrane, projected into the plane, as measured with
the microscope, and the known angle the injector makes relative to

Fig. 1. Laboratory test-bed cell injection system.

the plane. With the estimated injection force, an impedance
control strategy is then developed, in a similar manner to [21]. One
advantage of the impedance control in micromanipulation is that tiny
forces exerted on the cell membrane can be re ected in the control
system by adjusting the controller impedance coef cients. Injector
motion planning is also designed in this study. Finally, experiments are
performed to demonstrate the effectiveness of the proposed approach.

The major contributions of this work are twofold. First, we propose
a novel methodology to use planar visual feedback to estimate cell de-
formation and therefore the injection force. Second, we propose to use
an impedance control algorithm to regulate the injection force during
the cell injection.

Il. SYSTEM SETUP AND DYNAMIC MODELING

The cell injection system, as shown in Fig. 1, is designed to simu-
late automatic cell injection of large batches of cells in biological en-
gineering, in which the cells are transported by a rotary table, one by
one, into the injection eld, for injection with a pipette [18].

The system consists of an positioning table and the injec-
tion manipulator mounted so that it may travel in the  axis direction.
Embryo cells which are to be injected are placed in a cell holder, which
is xed to a rotary table, mounted on the positioning table.
Coordinated motion of the axes of the table and the  axis
injector is required to perform the cell injection task. The stage
has a workspace of 60 mm 60 mm, with a positional resolution of
0.3175 in each axial direction. The  axis stage has a maximum
displacement of 50 mm, and a positional resolution of 0.3175 . The
injector pipette is oriented ata xed angle with respect to the
plane. The , ,and axes are driven by DC brushless motors with
embedded encoders. The vision system is comprised of four compo-
nents: an optical microscope, CCD camera, PCI image capture and
processing card, and image processing computer. The Mitutoyo Op-
tical Microscope has a working distance of 2 cm to provide suf cient
space for micromanipulation. The PULNIX TM-6701AN Progressive
Scan camera and the NI 1409 image capture card have a high image
capture frequency of 60 Hz to observe the cell injection process. The
control module consists of a host computer (PD 2.8 GHz) and a motion
control/drive system provided by DynaCity Technology HK, Ltd.

The modeling of the above microinjection system is presented in
detail in [18]. However, here, we provide suf cient details to enhance
the readability of this paper. The coordinate frame isde ned
with its origin  located at the center of the working plate, located
below the microscope. A microscope is mounted above the point at
which embryo insertions are to be made, with its optical axis coincident
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with the  axis coordinate direction. The camera coordinate frame,
with  located at the center of the camera, and  coincident with the
optical axis of the microscope, is de ned as

is de ned as the image plane coordinate frame, with coordmates ,
and . The origin of this frame, denoted by , is coincident with the
optical axis, and theaxes and de nethe cameraimage plane, which
is oriented perpendicular to the optical axis.

The relationship between coordinates and
is given as
@
where is the transformation matrix between the image frame

and the stage frame. Since the both framesare xed, istime-invariant
andhence , , ,  areconstant parameters.
The dynamic equations of motion of the four DOF motion stage,

developed with Lagrange s equations, is given as in

] e

where are the task space coordinates,

is the inertia

matrix of the system, , and are the masses of the

and  positioning tables, respectively, is the mass of the working
table, is the rotational inertia of the rotary axis and the working
table, denotes a diagonal matrix of the positioning table

damping and viscous friction coef cients, and is
the gravitational force vector, is the torque input
to the driving motors, s the Jacobian matrix relating task and joint
coordinates and represents the cell injection
forces applied to the actuators during the injection process. Note that the
rotation angle does not change during this process, hence, only forces
in the three Cartesian coordinate directions need to be considered.

I11. INJECTION CONTROLLER DESIGN

A. Injector Motion Profile

An injection motion trajectory must be designed for the cell injec-
tion tasks. Fig. 2 illustrates the proposed out of plane cell injection
process. Note that prior to initiation of the process, the injector may be
located ata  coordinate position that it is not observed by the micro-
scope. Consequently, the injector must move inthe  axis direction, to
permit the injector to be imaged by the microscope. Let  be de ned
as the vertical displacement of the injector tip prior to initiation of the
process. The injector tip is rst translated to a predetermined injection

-coordinate that places the injector tip within the focal range of the
microscope. The injector tip then comes to rest at vertical displacement

, using a visual guided servoing approach. The movement of the in-
jector and deformation of the cell membrane in the plane can

Injector at its

starting position L
&P P2 Micrpinjector
>

Cell with
deformation

Thjector at its
destination posifon

Plane placing cells

Fig. 2. Out-of-plane cell injection process.

s pre- qq injecting qq
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plercmg time injector pulling out qls
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t;—time at the starting position qs; t,—time before injection at qq;
t;—time after injection at qgq; t,—time after pulling out injector at g.

Fig. 3. \Velocity and acceleration pro les of injector during the injection
process.

now be observed by the microscope. Utilizing a visual servo method
proposed in this work, the injector tip is translated towards the starting
injection position . The injector tip is then accelerated towards the
embryo, in a prepiercing step. The injector motion must be carried out
so that its motion of the pipette is directed along the longitudinal axis
of the pipette, and also towards the center of the cell, denoted by . To
achieve this motion, the , ,and axes must move in a coordinated
manner. With the proposed motion pro le, the injector tip velocity is
designed to be at its highest value at the moment the tip reaches the
cell membrane, to successfully piece the cell membrane. This occurs
at when the injector reaches position . The injector is then deceler-
ated to allow the smooth approach to the desired injection position
at which point material is injected into the cell. Following this step, the
injector is accelerated, in the opposite direction, removing the injector
form the interior of the cell and exiting the cell membrane. The velocity
and acceleration pro les of the injector, starting from the prepiercing
stepat  and terminating at the same coordinate , are shownin Fig. 3.

B. Cell Injection Force Estimation

Itis proposed to estimate the force applied by the out of plane injector
pipette by utilizing visual feedback of the cell wall deformation in the
plane, coupled with the dynamic parameters of the dynamic model of
the cell wall. This estimation procedure is described below in a four
stage procedure.

1) Stage (i): We utilize a planar injection method for calibration,
carried out in the plane , different than the out of plane
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Fig. 4. Horizontal cell injection force calibration with cell membrane point-
load model.

injection process described previously. With the injector pipette posi-

tioned in the microscope focal plane, the injection force is calibrated

utilizing the cell membrane point model given in [10]. The relationship

between the cell injection force  and the cell membrane deformation
can then be derived.

Note that during the out of plane cell injection process, the geometric
change of the cell membrane inthe  axis coordinate direction cannot
be detected by the microscope. To solve this problem, we propose to
utilize the deformation of the cell, as observed in the plane, to
estimate the total cell membrane deformation. This approach is valid
for the case in which the angle between the  axis injector pipette and
the plane is known, and also, under the assumption that batches
of cells have similar membrane dynamic characteristics at similar de-
velopment stages [22].

For this calibration, experiments are conducted with the injector
pipette placed in the plane, as shown in Fig. 4. The cell injection
force is then estimated using the membrane point-load model [10].
The pipette with radius exerts aforce  on the membrane, creating a
dimple with a radius and depth  and semicircular curved surface
with a radius . The cell injection force is then calculated using the
following equation taken from [10]:

©)

where is the membrane elastic modulus, is the Poisson ratio,
is the thickness of the membrane, and , is the radius of the
injector. In the above equation, membrane material parameters  and

and dimensions and are constants, while and  are variables
obtained from microscope images.

2) Stage (ii): The relationship between the cell injection force
the injector distance , and the cell membrane deformation  is deter-
mined from the plane calibration cell injection experiments. In
other words, the injection force  may be estimated from the injector
penetration distance . In practice, the parameter  is more dif cultto
obtain than the distance the injector has moved inside the undeformed
cell membrane boundary, i.e., from to , denoted as in Fig. 4.
Through a series of calibration experiments, the relationship of the cell
injection force  to the injector penetration distance inside the cell

injector distance in three dimensions, under the condition that the tilt
angle, , of the injector is known.
The distance of the injector inside the cell is expressed as

(4)

where , and , as

s | T

are coordinates at the contact point

is the image coor-

dinate of the injector pipette head, and is the image coordi-
nate of the point . The deformation cannot be detected by
the microscope directly. It can be derived based on the deformations in
the and coordinate directions and the tilt angle . As a result, (4)
can be rewritten as shown in (5) at the bottom of the page.

4) Stage (iv): Finally, the cell injection force in three dimensions
is estimated based on relationship in stage (ii).

C. Impedance Control in Cell Injection

Impedance control achieves desired dynamic response of a system
by controlling its impedance to a desired value and is robust to model
uncertainties and external disturbance. In order to regulate the cell
injection force during the injection process, an impedance control
methodology incorporated by the visual-based injection force estima-
tion is developed here.

The contact space impedance control is given as

(6)

where , , and are the desired impedance parameters,
, representing the position er-

rors of the stage and the axis injector. The external force

applied to the actuator is expressed as

@)
where is the angle between the injector and  axis. Both and the
tiltangle are xed during the injection process.

Solve from (6) as follows:
®)

Substituting (8) into (2) yields an image-based three-dimensional
torque controller as follows:

can be obtained. Then, the injection force  may be determined given ©
the distance the injector has moved inside the undeformed cell wall
boundary, , instead of.
3) Stage (iii): In out-of-plane injection tasks, the injector distance  where the matrices , and are submatrices of ,
in plane observed by the microscope, is used to estimate the and correspondingto , and axes, respectively, and
©)
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