
 
 

  

Abstract—Automatic cell injection has been the focus of many 
researches and commercial development for several years. In 
this paper, a robotic cell injection system for automatic batch 
injection of suspended cells is developed. To facilitate the 
process, these suspended cells are held and fixed to a cell array 
by a specially designed cell holding device, and injected one by 
one through an “out-of-plane” cell injection process. A 
micropipette equipped with a PVDF micro force sensor is 
integrated in the proposed system. The force sensor is utilized to 
measure real time injection force applied to the cells during 
injection process. Through calibration of the relationship 
between the cell injection force and the desired injector pipette 
trajectory, a position (vision) and force control algorithm is 
proposed and applied to the motion control of the injection 
pipette in three-coordinate directions during an injection 
process. The out-of-plane cell injection task is decoupled into a 
position control in X-Y horizontal plane and an impedance force 
control in Z-axis. The depth motion of the injector pipette, a 
common problem of three-dimensional micromanipulation, is 
indirectly controlled by the force control. Finally, experimental 
results are given to demonstrate the effectiveness of the 
proposed approach. 

I. INTRODUCTION 
iological cell injection technology has played an 
important role in gene injection [1], in-vitro fertilization 

(IVF) [2], intracytoplasmic sperm injection (ISCI) [3] and 
drug development since it was invented. The cells to be 
injected in biological technology can be classified as adherent 
or suspended cells corresponding to two distinct 
biomanipulation tasks [4]. Currently, commercial devices 
such as those provided by Cellbiology Trading [5] are 
available for automation of adherent cell injection tasks. In 
contrast, development of methodologies for automatic 
injection of suspended cells has been the focus of a number of 
research groups [2, 6-7]. Traditional automatic suspended cell 
injection research as introduced in [7] is complex and time 
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consuming. Unwanted suspended cell movement readily 
leads to the failure of this process. A number of potential 
solutions [8-9] have been proposed recently to solve the 
suspended cell injection problem with a method similar to 
that used in batch adherent cell manipulation. These methods 
attempt to fix suspended cells into arrays permitting batch cell 
injection to be performed. 

Image-based visual servoing is the dominant control 
method in micromanipulation, but this approach has 
limitations in depth motion control due to the low depth of 
field, i.e. essentially planar image feedback. Furthermore, the 
control of injection forces is an important factor in the cell 
injection process. Current research approaches have begun to 
utilize force feedback in the cell injection process. Recent 
work in which a microinjection pipette has been bonded to the 
tip of a PVDF sensor to detect the injection forces in fish egg 
biomanipulation was performed in [10]. Sun et al. [11] 
developed a MEMS-based two-axis cellular force sensor to 
investigate the mechanical properties of mouse oocyte zona 
pellucida (ZP). 

In this paper, a robotic cell injection system for automatic 
batch injection of suspended cells is proposed. A cell holding 
device is fixed on an actuated rotary plate, permitting 
suspended cells to be transported, one by one, into the 
injection site field of view. The injection process is achieved 
with the injector pipette tilted out of the focal plane of the 
microscope, as shown in Fig.1. It is essential to carry out the 
insertion with the micro-pipette held at an angle of attack with 
respect to the horizontal plane, in which the cells are held.  

Furthermore, we develop a position (vision) and force 
control algorithm, where a micro-force sensor is mounted on 
injector pipette to measure real time injection force. First, a 
calibration of the cell membrane mechanical properties is 
performed with the injector pipette positioned in the same 
plane as the microscope focal plane, providing ideal injection 
geometry. Through a simple nonlinear regression, we derive 
an empirical relationship between the injection force and the 
desired cell injection trajectory. This allows us to infer a 
desired force input, based on out-of-plane injector depth 
measurements, obtained during cell injection. Then the 
out-of-plane cell injection task is decoupled into two 
relatively independent control processes: the position (vision) 
control in the horizontal (X-Y) plane and the force control in 
the depth direction (Z-axis). When the motion of the pipette in 
X-Y plane follows the desired cell injection trajectory 
utilizing visual feedback, the motion in the Z-axis, which 
cannot be observed under the microscope, is controlled 

Integrated Vision and Force Control in Suspended Cell Injection 
System: Towards Automatic Batch Biomanipulation 

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

B 

2008 IEEE International Conference on
Robotics and Automation
Pasadena, CA, USA, May 19-23, 2008

978-1-4244-1647-9/08/$25.00 ©2008 IEEE. 3413



 
 

indirectly through tracking the desired injection force. Based 
on the calibrated relationship between the injection force and 
the cell injection trajectory, the desired cell injection force 
can be deduced from the injector pipette motion as seen in the 
X-Y plane. With such a cooperation of vision and force 
control, the desired injection process can be achieved 
successfully. 

II. SYSTEM DESIGN 

2.1 System Setup 

 
Fig. 1. A laboratory test-bed batch suspended cell injection system. 

Fig. 1 illustrates an automatic suspended cell injection 
system developed in our laboratory. This system is designed 
to simulate automatic cell injection of large batches of 
suspended cells (such as zebrafish embryos) in biological 
engineering processes. 

 
Fig. 2. Schematic of the cell injection system. 

Fig. 2 illustrates a schematic of the system, which contains 
three modules. The executive module consists of 
an θ−−YX  positioning table with the injection mounted on 
the Z -axis. The cells to be injected are manually placed on a 
specially designed cell holding device, formed in a Petri dish, 
from agarose-gel, shown in Fig. 3. Mounted on the 
positioning table, the cell holder centre is coincident with the 
θ  rotation axis. Coordinated motion of the θ−−YX  table 
and the Z -axis is required to perform the cell injection task. 
The pose of the injection pipette is precisely adjusted with a 
four degree of freedom ( βϕ --- YX ) manual positioning 
table mounted on the Z-axis. The sensory module contains a 
vision system that includes an optical microscope, lighting 

system, CCD camera, PCI image capture and processing card, 
and image processing computer. The control module consists 
of a 2.8 GHz host computer and a DCT0040 motion 
control/drive system [12], with further details in [12-13]. 

2.2 Suspended Cell Holding Device 

 
Fig. 3. Cell holding device. (a) mould; (b) agarose-gel made cell holder; (c) 
cell holding device under microscope; (d) zebrafish embryo placing in cell 

holder. 

The proposed device for holding suspended cells in the 
system is shown in Fig. 3. Experiments shows that both the 
hemisphere hole shaped cell holder reported in [12] and the 
groove shaped cell holder reported in [9] have both 
advantages and disadvantages. The array of holes exhibits 
good capability to hold cells and significantly, the cells can be 
injected from all directions when they are positioned in this 
holder. However, placing cells in the individual holes is 
laborious work for batch injection. A far simpler and 
expedient approach is to place cells in the half-circle shape 
grooves. The injection direction is then restricted to along the 
radial direction of these grooves. Combining these two 
designs, a new prototype was fabricated in this research, as 
shown in Fig. 3. A holes array is embedded in a circular 
profile grooves which is centered about the geometric centre 
of the holder. Fig. 3(a) illustrates a cell holder mould which is 
fabricated using three-dimensional printing technology. The 
cell holding device is fabricated from low-melting point 
agarose gel, a material commonly used in biological research. 
To make this cell holding device, gel placed in Petri dish is 
made from 5% agarose by dissolving it in a microwave oven, 
and then a mould is pressed on the gel surface, and removed 
after agarose-gel has been cooled. Fig. 3(b) shows the 
agarose-gel cell holding device made by this mould and Fig. 
3(c) is a local enlargement of Fig. 3(b) under microscope. 

This design has three advantages. First, the grooves make 
positioning of cells more easily. Second, the holes array can 
immobilize the cells well and the cells will not move around 
and can be injected from all directions. Third, some fluid will 
be left in the grooves during the injection period and the 
image quality can be improved as shown in Fig 3. (d). 

3414



 
 

III. VISION AND FORCE INJECTION CONTROLLER 

3.1 Cell Injection Control Strategy 
During the out-of-plane cell injection, the depth motion of 

the injecting pipette cannot be observed by the microscope. 
We therefore propose to utilize a force control in the −Z  
axis direction to implicitly control the depth motion. With an 
integration of a micro-force sensor feedback and vision 
feedback from the microscope, a hybrid vision and force 
control methodology is developed to control the interaction 
force between the pipette and the cell in the −Z  axis 
direction, and simultaneously control the motion of the 
pipette in the YX −  plane. The control procedures are 
described as follows. 

First, through a cell injection task calibration carried out in 
the YX −  plane ( 0=ϕ ), i.e., injector pipette is positioned in 
the same plane as the microscope focal plane, the relationship 
between the cell biomembrane deformation and the cell 
injection force can be derived.  

Assuming that batches of the same kind cells have the same 
membrane dynamic characteristics, similar injection force 
trajectory will be obtained for the same kind of cells when the 
injector pipette injects into the cells under the desired velocity 
and acceleration profile as reported in [14-15]. Through 
calibration experiments, an empirical relationship between, 
what will become the desired cell injection force dF , and the 
desired injector pipette trajectory dρ  can be obtained, i.e. 

)( dd UF ρ=                                     (1) 
With the use of a simply derived equation (1), obtained 
empirically, the desired injection force, corresponding to the 
desired position trajectory, can be estimated from the cell 
biomembrane deformation in the YX −  plane and the known 
angle ϕ  the injector pipette makes relative to the YX −  
plane. This desired injection force is the input to the force 
controller to be designed subsequently. 

Second, the out-of-plane cell injection task can be 
decoupled into two relatively independent control process: 
the position (vision) control in horizontal ( YX − ) plane and 
force control in depth ( Z -axis). This idea attempts to control 
the position of the injector in YX −  plane that can be 
observed, and simultaneously control the injection force 
using the force sensor in the Z -axis direction, in which depth 
information cannot be known. As indicated above, there 
exists an empirical relationship between the desired cell 
injection force and the desired cell injection trajectory. As a 
result, the depth movement of the injector can be indirectly 
controlled via force control. 

Third, the out-of-plane cell injection control is 
implemented as follows. The movement of the pipette in the 

YX −  plane is controlled using the computed-torque 
visual-based position control with injection force feedback. 
The purpose of this controller is to accurately control the 
injector pipette following the desired injection trajectory in 
the YX −  plane. Then, based on the measured injector 
position in the YX −  plane, inferring the actual position 

knowing the injector angle ϕ  and the calibrated relationship 
between the injection trajectory and force, the desired 
injection force in the −Z  axis may be determined. Next, 
using the desired injection force in −Z  axis, an impedance 
force control algorithm is developed to control the injection 
force to follow the desired value and thus indirectly control 
the depth motion of the injector pipette.  

3.2 Vision and Force Control in Cell Injection 

 
Fig. 4. Cell injection process and vision and force control design. (a) depth 

motion under force control; (b) planar motion under vision control. 

A complete out-of-plane cell injection process with vision 
and force control is shown in Fig.4. The detailed batch 
biomanipulation process has been reported in [14-15]. During 
the cell injection process, the motion of the injector pipette 
can be simplified if the moving coordinate is presented in 
spherical polar coordinate frame. Define ρϕβ−eo  as the 
spherical polar coordinate frame whose origin eo  is located 
at the center of the cell, as shown in Fig. 4, where β  is the 
angle between the injector and the X - axis and ϕ  is the tilt 
angle of the injector. The desired trajectory of the injector 
pipette can be expressed as 
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where both angles β  and ϕ  do not change during the cell 
injection process.  

The dynamics equation during the injection process in 
orthogonal coordinates can be partitioned into two distinct 
equations of motion, namely 
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where XYτ  is a 12×  vector corresponding to the torque in 
YX −  plane, XYM  and XYN  are sub-matrices of M  and 

N  corresponding to the X , Y  axes, ZM , ZN  and ZG  are 
sub-matrices of M , N  and G  corresponding to the Z  axis, 
and eXYf  and eZf  are the actual injection forces in YX −  
plane and Z  axes measured from PVDF micro force sensor. 

Define the desired injector trajectory as d
XYq . Tracking of 

this trajectory in YX −  plane can be ensured by using a 
computed torque controller with measured injection force 
compensation, i.e., 

eXY
T

XYXYXYpXYv
d
XYXYXY fJqNekekqM ++++= )( 11τ    (4) 
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the position error in the YX −  plane, 1vk  and 1pk  are 
position and velocity gain matrices. The controller (4) leads 
to a closed loop equation of 011 =++ XYpXYvXY ekeke , 

which implies 0=XYe . 

 
Fig. 5. Vision and force control block diagram. 

As for the depth movement of the injector, an impedance 
force control algorithm is utilized to control the injection 
force to follow the desired injection force, which indirectly 
controls the position of the injector in −Z axis.  

The contact space impedance force control is given as: 
eZZZZ fkeebem =++                              (5) 

where m , b  and k  are the desired impedance parameters, 
ZZZe dd

z −=−= ϕρ cos , representing the position errors 

of the injector in −Z axis, dρ  denotes the desired injector 
pipette trajectory. The actual position Z  can be obtained 
from the encoder of motor. 

We now solve for Z  from equation (5) and substituting it 
into (3) yields a −Z axis torque controller as follows: 

( )( ) d
eZ

T
ZZeZZZ

d
ZZ fJGZNfkeebmZMτ +++−++= −1   (6) 

where ( ) ϕcos,YXUf d
eZ =  denotes the desired injection 

force, which can be obtained from the injector position in the 
YX −  plane and the calibrated relationship between the 

injection trajectory and force. 
Substituting (6) into (3) leads to a closed-loop equation: 

( ) )(1 d
eZeZ

T
eZZZZZ ffJfkeebemmM −=−++−      (7)  

Substituting (5) into (7) leads to d
eZeZ ff = , then d

ee ff = . 
The block diagram of this vision and force control is shown in 
Fig. 5. 

IV. EXPERIMENTS 
To verify the effectiveness of the proposed approach, 

experiments were performed on the setup, a shown in Fig. 1 
and more details introduced in Section II. For simplicity, the 
rotation angle between the image frame and the stage frame is 
set to zero ( 0=α ). The displacement between origins of the 
two frames is Tmmd ]30,0,0[= . The magnification 
factor of the microscope objective is 30=λ . The dynamic 
model inertia and damping matrices, and gravitational force 
vector have been estimated with their values reported in 
[14-15]. The angles between the injector pipette and the X - 
and Z -axis axis are 45=β  and 26.35=ϕ , respectively.  

The cells selected for injection were Zebrafish embryos, 
which are commonly chosen as an animal model in 
biomanipulation. The diameter of the Zebrafish egg is 
approximately 1.15-1.25 mm (including chorion). The radius 
of the injector pipette is m7.5µ=c .  

4.1 Force Calibration 
Calibration experiments were performed to obtain an 

empirical relationship between the desired cell injection force 
dF  and the desired injector pipette trajectory dρ . To 

achieve this goal, we measured the cell injection force using 
the PVDF micro force sensor while recording the desired 
injector pipette trajectory dρ . To obtain consistent 
calibration results, calibration tests used identical radius of 
the pipette, and identical velocity and acceleration profiles, as 
in the out-of-plane cell injection. During the pre-piercing 
period sec)5.0sec0( << t , the injector was accelerated to 
move a distance of 317.5 mµ  to reach the maximum velocity 
of 1270 sm /µ  when it contacted the cell membrane. During 
the next piercing period sec)1sec5.0( << t , the pipette was 
decelerated and pierced the cell membrane, moving 
317.5 mµ  within the cell. Then, it took about 2 seconds to 
inject the genetic materials into the cell. Finally, the injector 
pipette was extracted from the cell sec)23.5sec00.3( << t , 
using lower speed than during the piercing period, where the 
maximum velocity was 635 sm /µ .  

A number of embryos were used in these calibration 
experiments. Fig. 6 illustrates three typical results obtained in 
planar cell injection experiments. Note that the force 
threshold for penetration of the cell membrane differs from 
embryo to embryo due to variation of cell properties. This 
difference in penetration forces is not problematic as the 
micro force sensor is sensitive to the sudden large force 
changes as the micro-pipette penetrates the cell. The averages 
of these forces are plotted in Fig. 7. Through curve fitting, the 
relationship between the cell injection force and the desired 
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injector pipette trajectory dρ , the injection force F  was 
estimated by the following equation: 

mrr

rrF
d

dd

µρ

ρρ

5.317

389.8)(3987.0)(0.0001694 2

−>>

−−⋅+−⋅=       (8) 

where r  is the radius of injected cells. 
This force-position curve will be subsequently used to 

guide the insertion of the injector pipette. The process is to 
move X  and Y  axes simultaneously according to the 
desired injector pipette trajectory dρ , and then based on the 
actual X  and Y  to determine the desired injection force at 
the time instant for −Z axis force control. During the 
pre-piercing period, the micro force sensor is used to detect 
whether the pipette and the embryo get contact. When the 
contact is confirmed, the controller switches to the 
position(vision) and force controller as shown in Fig. 5. 
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Fig. 6. Cell injection force calibration. 
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Fig. 7. Curve fitting result of desired force. 

4.2 Experimental Results 
In all injection experiments, although each test used a 

different embryo cell, the mechanical properties of all cell 
biomembranes are uniform since they were all collected in 
accordance with the standard embryo preparation procedures, 
and all were injected after being placed at room temperature 
(22 C -24 C ) for 2 hours after fertilization (blastula stage). 
During the pre-piercing period, the computed torque control 
gains were { } 13

1 1031.75,28.87,21.645 −×= sdiagk v , 
{ } 26

1 1066.4,43.4,27.42 −×= sdiagk p . During the 
piercing period, the controller switched to the proposed 
hybrid position(vision) and force controller (4) and (7), where 
the computed torque control gains were the same as the above, 
and the impedance control gains 
were { } msNdiagm 21635.0,165.0,330.0 ⋅= , 

{ } msNdiagb ⋅×= 310191.5,763.4,143.7 , 
{ } mNdiagk 610855.10,144.7,049.9 ×= .Experimental 

results for one of the injected embryo cells, during the 
piercing period of the injection process ( sec1sec0 << t ), are 
provided below.  

 
Fig. 8. An out-of-plane cell injection process with vision and force control. 

An entire out-of-plane injection process with vision and 
force control is shown in Fig. 8. A glass injector reaches its 
starting position in (a), and contacts the biomembrane of cell 
in (b). The pipette pierces into the cell in (c), then pulled out 
of the cell in (d) and (e), and back to the starting point in (f). 

Fig. 9 illustrates position tracking results in −X axis (a) 
and −Y  axis (b) respectively. It is seen that the actual 
position could follow the desired position very well, and the 
maximum position tracking error in each axis was around 1.5 

mµ . This demonstrates that the vision (position) control 
based on the computed torque control strategy exhibits 
satisfied tracking performance for such a micro manipulation.  

Fig. 10 illustrates the injection force control results in 
−Z axis, and the depth motion error that was indirectly 

controlled via force control. During the pre-piercing period 
( sec0.5sec0 << t ), the injection force was zero. When the 
injector pipette contacted the cell after injection started for 
0.5 second, the force control was implemented and appeared 
to be effective to ensure the actual injection force to follow 
the desired one. The maximum force error along −Z axis was 
around 60 Nµ . The maximum position error in −Z axis was 
around 6 mµ , which was relatively large compared to that in 

YX −  plane. Since the depth motion cannot be observed 
from microscope, it can only be controlled indirectly through 
the force control. This explains why −Z axis position 
accuracy is worse than in the YX −  plane. Nevertheless, the 
error of 6 mµ  is still within a satisfactory range.  

Fig. 11 illustrates both position and force tracking errors 
after combining the results in −X , −Y  and −Z axes. This 
position error denotes the difference between each actual 
position in 3D space and the desired position calculated by 
the desired pipette trajectory dρ  and the fixed angles β  and 
ϕ . The force error was detected along the pipette axis by the 
installed PVDF force sensor. It is seen that the maximum 
position error corresponds to the maximum force error. This 
is because that the depth control follows the force control in 

−Z axis, and the force control performance has great 
influence on the depth control and hence the whole position 
control performance. 
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(a) Position tracking results in X-axis 
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(b) Position tracking results in Y-axis 

Fig. 9. Position tracking results in X-Y plane. 
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Fig. 10. Injection force control results in Z- axis and depth motion error. 
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Fig. 11. Combined position and force tracking errors. 

TABLE I.  EVALUATION OF CONTROL PERFORMANCE 
Max 
errors 

Embryo 
1 

Embryo 
2 

Embryo 
3 

Embryo 
4 

Embryo 
5 

Mean 
error 

Force 
( Nµ ) 109 120 110 112 130 116.2 

Position 
( mµ ) 6 7 10 9 11 8.6 

The same experiment was repeated twenty times to 
simulate out-of-plane cell injection of a batch (20) of 
zebrafish embryos. Table I shows the maximum force and 
position errors of five randomly selected embryos. It is clear 
to see that the proposed control method exhibits stable and 
uniform performance in out-of-plane cell injection of a batch 
of Zebrafish embryos. 

V. CONCLUSION 
In this paper, a new robotic biomanipulation system for 

automatic injection of batches of suspended cells is 
developed. A cell holding device, fixed on the rotary plate, 
permits cells to be transported, one by one, into the injection 
field of view. A position (vision) and force control algorithm 
is developed and applied to motion control of the injection 
pipette in three-coordinate directions during out-of-plane cell 
injection process. The out-of-plane cell injection task is 
decoupled into a horizontal plane position control and an 
impedance force control in Z -axis. The depth control of the 
injector pipette in Z -axis, which is a common problem of 
many three-dimensional micromanipulation, can be indirectly 
realized by the force control. Finally, the effectiveness of the 
proposed approach is demonstrated experimentally. 
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