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Abstract—The ability of efficiently delivering soluable/insoluable
drug compounds or biomolecules into individual biological cells
and quantifying their cellular responses is important for genetics,
proteomics, and drug discovery. This paper presents a fully au-
tomated system for zebrafish embryo injection, which overcomes
the problems inherent in manual injection, such as human fatigue
and large variations in success rates due to poor reproducibility.
Based on “looking-then-moving” control, the microrobotic system
performs injection at a speed of 15 zebrafish embryos (chorion un-
removed) per minute. Besides a high injection speed that compares
favorably with that of a highly proficient injection technician, a
vacuum-based embryo holding device enables fast immobilization
of a large number of zebrafish embryos, shortening the embryo
patterning process from minutes to seconds. The recognition of
embryo structures from image processing identifies a desired des-
tination inside the embryo for material deposition, together with
precise motion control resulting in a success rate of 100%. Carefully
tuning suction pressure levels as well as injection and retraction
speeds produced a high survival rate of 98%. The quantitative
performance evaluation of the automated system was based on the
continuous injection of 250 zebrafish embryos. The technologies
can be extended to other biological injection applications such as
the injection of mouse embryos, Drosophila embryos, and C. elegans
to enable high-throughput biological and pharmaceutical research.

Note to Practitioners—The recent growth in the number of
laboratories and companies using zebrafish in vertebrate de-
velopmental genetics and pharmaceutical research has been
exponential. The injection of thousands of zebrafish embryos is
required on a daily basis in a moderate-sized zebrafish labora-
tory/company, for applications such as embryonic development
studies, mutation screening to identify genes, and drug molecule
screening for drug discovery. The fully automated injection
system and the embryo holding devices presented in this paper
were developed to meet the requirements of high throughput and
high reproducibility. Experimental results demonstrate that the
system is reliable, operates at a high speed, and provides a high
success rate and survival rate, capable of replacing or assisting a
human operator for large-scale cell injection.

Index Terms—Cell injection, computer vision, drug delivery, ge-
netics, high-throughput, microrobotic control, molecule screening,
success rate, survival rate, zebrafish embryos.
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I. INTRODUCTION

T
HE PAST decades have witnessed the booming biological
research on drug discovery for treating diseases such as

cancers and heart diseases. Since many diseases originate from
single pathological cells, many efforts have been spent on drug
discovery for controlling and curing these pathological cells
[1]–[4]. For investigating specific cellular responses, drug com-
pounds and biomolecules need to be delivered into individual
biological cells in a precise and dose-controllable manner. For
instance, nucleic acid based molecules such as short interfering
RNA (siRNA) and antisense oligonucleotides (AS-ON), which
inhibit cancer-related gene expression, need to be delivered into
cancer cells to evaluate their effectiveness [5].

Many technologies have been developed for cellular drug de-
livery, including ultrasound technique [6], electroporation [7],
nanovector-based delivery [8], [9], and mechanical microinjec-
tion [10]. Among these techniques, microinjection is effective in
delivering macromolecules of a soluble or insoluble compound
into almost any cell type with high rates of cell viability [11].
Importantly, when automated, microinjection would be capable
of precisely, reproducibly depositing drug molecules at a spe-
cific site inside cells, permitting cellular-function-targeted drugs
to directly affect cell development and their functions observed.

In order to test cellular responses to a compound for molecule
screening, the injection of thousands of cells is required within a
short time period (e.g., within 1.5 h after fertilization, before the
16-cell stage for zebrafish embryo injection). The laborious task
of current manual injection easily causes fatigue in injection
technicians and hinders performance consistency and success
rates [12]–[16], calling for fully automated, high-throughput in-
jection systems.

Many attempts have been made to leverage robotic tech-
nologies to facilitate the process of cell injection. Micro-
robot-assisted (i.e., teleoperated) cell injection systems have
been developed, where microrobots/micromanipulators are
controlled by an operator to conduct “human-in-loop” cell
injection [17]–[21]. Although the microrobots can to a certain
extent facilitate cell injection by a human operator without long
training, human involvement still exists in the process of cell
injection, resulting in a low throughput and reproducibility.

A visually servoed microrobotic mouse embryo injection
system was demonstrated, using a holding micropipette for
immobilizing a single mouse embryo, and a visually ser-
voed microrobot for automated cell injection [10]. However,
switching from one embryo to another was conducted manu-
ally. A semi-automated high-throughput Drosophila embryo
injection system was reported recently, where a single surface
micromachined microelectromechanical systems (MEMS)
needle was used as an injector [22]. One drawback of this
system is that manual alignment of the injector and glass slide
results in alignment errors that would greatly influence the
injection performance. The low stiffness of the MEMS injector

1545-5955/$25.00 © 2008 IEEE



210 IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 6, NO. 2, APRIL 2009

Fig. 1. Structure of a zebrafish embryo.

requires that the chorion (i.e., the outer membrane) must be
removed before injection is conducted. Additionally, randomly
dispersing embryos slows down the injection speed due to
embryo searching.

Among many biological models, the zebrafish has emerged
as an important model organism for development and genetic
studies as well as drug discovery. The zebrafish has the advan-
tages of similarities in the major organs to humans, external fer-
tilization and development, short development period, and the
transparency of embryos (Fig. 1), making it easy to observe the
fate of individual cells during development [23]. The objective
of this research is to develop a fully automated zebrafish embryo
injection system to enable high-throughput genetic research and
drug molecule screening.

Targeting high-throughput cell injection, MEMS-based
microneedle arrays have been developed to perform parallel
cell injection [24]–[28]. Although the concept of using mi-
croneedle arrays for parallel cell injection is appealing, several
hurdles prevent their practical application. First, precisely
aligning microneedles with regularly positioned cells is diffi-
cult. Manual alignment (in-plane or - alignment) through
microscopic observation from an off-optical-axis angle does
not guarantee a high accuracy. Second, determining the vertical
distance (out-of-plane or ) between microneedle tips and
cells is difficult. Size differences from one cell to another (e.g.,
zebrafish embryos can differ by 200–300 ) make vertical
alignment/positioning impossible, which eliminates automation
as an option. Third, for zebrafish embryo injection, the size of
zebrafish embryos requires microneedles with a tip length of
at least 600 and outer diameter within 20 (preferably
within 10 ) throughout the tip length in order to minimize
cell damage. The injection needles also must be strong enough
without buckling under hundreds of microNewton penetra-
tion forces during zebrafish embryo injection [29]. These
requirements make the selection of MEMS-based solutions
inappropriate.

Despite their relatively large size ( or
including chorion), zebrafish embryos have a delicate structure
and can be easily damaged. They are also highly deformable,
making the automatic manipulation task difficult. Specific chal-
lenges in achieving automated, high-throughput zebrafish em-
bryo injection include: i) the ability to quickly (i.e., seconds)
immobilize a large number of zebrafish embryos into a regular
pattern; ii) the ability to automatically and robustly identify cell
structures for vision-based position control and account for size
differences across embryos; and iii) the ability to coordinately
control two motorized positioning devices (e.g., microrobots) to

Fig. 2. Zebrafish embryo injection system. (a) Schematic diagram of the system
architecture. (b) Picture of part of the system.

achieve robust, high-speed zebrafish embryo injection. In this
paper, a recently developed system for zebrafish embryo injec-
tion is presented, featuring full automation, a high speed, fast
sample immobilization, high success rates, and high survival
rates.

II. SYSTEM DESIGN

A. System Architecture

The system, shown in Fig. 2, employs two three-degrees-of-

freedom microrobots (MP-285, Sutter) with a travel of 25 mm

and a 0.04 positioning resolution along each axis. Two

motion control cards (NI PCI-6259) are mounted on a host

computer (3.0 GHz CPU and 1 GB memory) where control

algorithms and image processing algorithms operate. Visual

feedback is provided through a CMOS camera (A601f, Basler)

mounted on an optical microscope (SZX12, Olympus). An

embryo holding device is attached to microrobot-1. A glass

micropipette (TW120F-4, WPI), heated and pulled using a

laser micropipette puller (Model 2000, Sutter), is connected

to microrobot-2 via a micropipette holder (MPH412, WPI).

A Venturi vacuum pump (UN816, KNF) provides negative

pressure to immobilize embryos into regular patterns. A com-

puter-controlled pico-injector (PLI-100, Harvard Apparatus)

with a volume control resolution down to subpicoliter provides

positive pressure for material deposition. To minimize vibra-

tion, all units except the host computer and pressure units are

mounted on a vibration isolation table.

B. Embryo Holding Device

Placing individual zebrafish embryos into a regular pattern

significantly simplifies the embryo searching/positioning task,
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Fig. 3. Vacuum-based zebrafish embryo holding device. (a) Device picture.
(b) Device schematic with embryos immobilized for injection.

Fig. 4. Schematic for negative pressure estimation.

and therefore, increases injection speed. Vacuum-based immo-

bilization was chosen since low vacuum levels prove effective

and do not produce undesired biological complications for

further cellular development. Vacuum-based immobilization

is also advantageous, compared to techniques such as DEP

(dielectropheresis) trapping [30] and laser trapping [31], in the

simplicity of device construction.

Fig. 3 shows a vacuum-based embryo holding device for

immobilizing individual zebrafish embryos. Evenly spaced

through-holes ( ) are connected to a vacuum source

via a backside channel. Upon dispersing a batch of embryos

onto the device, a sucking pressure enables each through-hole to

trap a single embryo. The extra nontrapped embryos are flushed

away from the device. Polycarbonate is used for constructing

the embryo holding devices as it is optically transparent, bio-

compatible, inexpensive, and easy to machine or micromachine

with laser ablation.

For guiding the selection of negative pressure levels, a brief

analysis was conducted. As shown in Fig. 4, the pressure re-

quired to stabilize the embryo, which is assumed as a rigid ob-

ject, can be obtained when equilibrium is maintained during in-

jection. Let be the penetration force, the sucking force,

Fig. 5. (a) Coordinate frames of the system. (b) Image projection model re-
lating the camera coordinate frame to the image plane.

TABLE I
SUMMARY OF COORDINATE FRAMES

the center of the embryo, the supporting point, and the

radius of the embryo. The nominal negative pressure is

(1)

Substituting , , [29]

into (1) yields a nominally required pressure level of 4.7 InHg.

In practice, a negative pressure of 2–7 InHg proved effective

in immobilizing zebrafish embryos of different strains without

damaging the embryos.

C. Coordinate Frames

The coordinate frames of the system defined in Fig. 5(a) are

summarized in Table I. A point in the camera

frame - - is mapped to a point in the image

plane - via a scaled orthographic projection [Fig. 5(b)]

(2)

where and are scale factors (horizontal and vertical dimen-

sions of a pixel). Calibration of and can be either man-

ually, offline conducted or automatically, online conducted, as

discussed in Section V.

D. Injection Path Selection

Upon the immobilization of embryos, the system sequentially

conducts injection. As illustrated in Fig. 6, microrobot-1 can be

controlled to travel along certain paths, out of which the shortest

path should be selected in order to increase injection throughput.

The labeled four paths, which represent the most efficient can-

didates for sequential batch injection, are considered here.

Denote by and the pitch between adjacent through-

holes along the and directions, and denote by and the



212 IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 6, NO. 2, APRIL 2009

Fig. 6. Injection paths. Path-1: 1-2-3-4-5-6-7-8-9-10-11-12. Path-2: 1-6-7-
12-11-8-5-2-3-4-9-10. Path-3: 1-2-3-4-9-10-11-12-7-6-5-8. Path-4: 1-6-7-12-
11-10-9-4-3-2-5-8.

number of embryos along the and directions. The lengths

of the four paths are

if

else

if

else

(3)

where is the binomial coefficient.

In the system reported in this paper, the embryo holding de-

vices are designed to provide , , and ,

resulting in . As path-1 is the shortest, it is

selected as the injection sequence. Furthermore, in order to pre-

vent crashing between the injection micropipette and embryos

when moving from one embryo to another, and were

chosen to be 1.8 mm and 2.5 mm, respectively.

E. Volume Control

Volume calibration is important for precisely depositing a

specified amount of materials into individual cells such that dose

effect can be investigated. Deionized (DI) water is used as an

example in this section to describe the calibration of the rela-

tionship between injection volume, applied pressure, and pres-

sure “on” time. A drop of DI water pushed out of the injection

micropipette forms a sphere at the micropipette tip. Injection

volume is then calculated by detecting the diameter of the sphere

via a Hough transform.

For a micropipette tip with an inner diameter of 10 , Fig. 7

shows the relationship of injected volume versus pressure “on”

time corresponding to two different injection pressure levels.

By controlling the pressure “on” time, 3-nl materials were de-

posited into each zebrafish embryo in the experiments.

III. CONTROL FLOW OF AUTOMATED CELL INJECTION

A. Overall Sequence

A batch of zebrafish embryos (e.g., 25), immobilized into

a regular pattern on the embryo holding device, are placed on

Fig. 7. Example data of injection volume calibration.

microrobot-1 under the microscope. Fully automated injection

starts with vision-based contact detection [32] to determine the

vertical positions of the micropipette tip and the top surface

of the embryo holding device. An embryo is recognized and

brought to the center of the field of view; simultaneously, the mi-

cropipette tip is moved by microrobot-2 to a switching point that

is determined through the recognition of embryo structures. The

micropipette tip penetrates the chorion and deposits materials at

the desired location within the embryo. In the experiments pre-

sented in this paper, the deposition destination was chosen to be

the cytoplasm center, where cytoplasm is defined as the com-

bination of the yolk and the cell portion of a zebrafish embryo.

Upon retreating out of the embryo, the micropipette tip is moved

to a home position that is defined in Section III-C. In the mean

time, the next embryo is brought into the field of view, the struc-

tures are recognized, and the injection process is repeated until

all embryos in the batch are injected.

Throughout the process, microrobot-1 does not produce ver-

tical motion while microrobot-2 is servoed along three axes,

as shown in Fig. 8(a). Fig. 8(b) shows a sequence of pictures

to illustrate the control flow. For positioning each embryo and

controlling the motion of the injection micropipette, propor-

tional-integral-derivative (PID) control is employed for control-

ling both microrobots that are operated in parallel whenever pos-

sible as indicated by “ ” and “ ” in Fig. 8(a). Parallel opera-

tion of the two microrobots is maximized to increase injection

throughput.

B. Microrobotic Control

In the motion sequences described in Sections III-D and III-E,

motion control of both microrobot-1 and microrobot-2 is based

on position feedback of the microrobots (Fig. 9), following the

PID control law. However, feature recognition from image pro-

cessing is conducted to identify target positions , making the

system a “looking-then-moving” system. In order to determine

the lateral components of from image feature recognition,

coordinate transformations are performed between the image

frame and the two microrobot frames.

Denote by the coordinates of point with respect to

coordinate frame . Denote by the rotation matrix

that represents the orientation of frame with respect to frame
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Fig. 8. (a) Flow of automated cell injection. Except the shaded task, control of both microrobots is based on “looking-then-moving.” “�” and “��” indicate parallel
operation of the two microrobots. (b) A sequence of pictures illustrating the operation flow.

Fig. 9. Position control for both microrobots. Microrobot-1 controls the motion
of embryos and microrobot-2 controls the motion of the injection micropipette.

. Denote by the location of the origin of frame with

respect to frame

(4)

Rewriting (2) as

(5)

where

Substituting (5) into (4) yields

(6)

(7)

According to the coordinate frames defined in Fig. 5(a)

(8)

With known , the transformation between the image frame and

the microrobot frames is uniquely established upon the deter-

mination of and . When the micropipette tip is identified

(Section III-C), is solved from a determined pair of and

. When the cytoplasm center of an embryo in the field of view

is recognized (Section III-E), is solved from a determined

pair of and .

C. Contact Detection and Home Position Determination

It is desired for the micropipette tip to penetrate an embryo

close to the center plane of the embryo (Fig. 10). Thus, it is im-

perative to determine the relative heights of the micropipette tip

(controlled by microrobot-2) and the top surface of the embryo

holding device (controlled by microrobot-1). A vision-based

contact detection technique is developed [32] and briefly sum-

marized here.

The micropipette, controlled by microrobot-2, first moves

only along the direction to identify the micropipette tip for

subsequent contact detection. Based on boundary chain codes,

the moving micropipette tip that stands out in the image is iden-

tified. Upon identification, the -coordinate and -coordinate in

the image plane - and the -coordinate and -coordinate

of the micropipette tip in the - - coordinate frame are

determined and used to establish the transformation between

the image frame and the - plane, according to (6). The

-coordinate and -coordinate in the - - coordinate

frame are taken as the lateral components of the home position

of the micropipette tip.

After the identification of the micropipette tip, the mi-

cropipette stops moving along the direction. It is then

controlled to move along the downward direction ( ) at a

constant speed to establish contact with the surface. After the

establishment of the contact between the micropipette tip and

the top surface of the embryo holding device, further vertical

motion of the micropipette tip along the direction results

in lateral movement along the direction due to tip sliding.

Before and after contact, the -coordinates of the micropipette

tip in the image plane - result in a V-shaped curve.

The peak of the V-shaped curve represents the contact posi-

tion along the vertical direction between the micropipette tip

and the top surface of the embryo holding device. Experimental

results demonstrate that the computer vision-based contact de-

tection technique is capable of achieving contact detection with

an accuracy of 0.2 . Furthermore, 1000 experimental trials

reveal that the technique is robust to variations in illumination

intensity, microscopy magnification, and microrobot motion
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Fig. 10. Micropipette motion sequence for injecting each embryo.

speed [32]. The entire contact detection process completes

between 6 and 10 s.

The -coordinate of the home position of the micropipette

tip is set at 1.4 mm, which is slightly greater than the embryo

diameter, above the contact position. Thus, the home position of

the micropipette tip in the - - coordinate frame is auto-

matically determined. While microrobot-1 brings the next em-

bryo into the field of view, microrobot-2 moves the micropipette

tip upwards and laterally to the home position (i.e., homing

in Fig. 8) to prevent the micropipette tip from crashing into

embryos.

D. Micropipette Motion Sequence

As shown in Fig. 10, the two principal planes, which cross the

cytoplasm center and are, respectively, parallel to the -

plane and to the - plane, overlap at two points. The point

closer to the micropipette tip is referred to as the switching point,

. Experimentally, the lateral coordinates of and embryo ra-

dius are determined by image processing (Section IV-B). The

-coordinate of is determined as a value equal to the radius

of the embryo above the contact position.

The motion sequence of the micropipette tip, controlled by

microrobot-2 for injecting an embryo includes the following

steps. 1) To move from the home position to the switching point,

simultaneously along all three axes [Fig. 10(b)]. 2) To pene-

trate the chorion and cytoplasm membrane and to move to the

cytoplasm center (deposition destination) along the direc-

tion only [Fig. 10(c)] at a speed of 1.5 mm/s. Upon reaching

the cytoplasm center, the computer-controlled pico-injector is

triggered, and a pre-specified amount of materials is deposited.

3) To retreat from the cytoplasm center beyond the switching

point along the direction only [Fig. 10(d)] at a speed of

2.9 mm/s. 4) To return to the home position. When the next

embryo is brought into the field of view, the injection process

repeats [Fig. 10(a)]. The criterion for determining the injection

and retraction speeds is to minimize injection-induced cell lysis.

E. Embryo Motion Sequence

The position of the embryos sitting on the embryo holding

device is controlled by microrobot-1. When moving from one

embryo to the next embryo, microrobot-1 first brings the next

embryo into the field of view according to the known pitch (

or ) between adjacent through-holes of the embryo holding

device. The recognized cytoplasm center of the embryo, and

the corresponding position of microrobot-1, are used to de-

termine the transformation between the image frame and the

- plane, according to (7). The target position, in the

- plane for microrobot-1 is then obtained from (7) and the

image center position. Following PID control as described in

Fig. 9, microrobot-1 brings the embryo to the image center.

IV. RECOGNITION OF EMBRYO STRUCTURES

A zebrafish embryo consists of the chorion, cytoplasm mem-

brane, the yolk, and the cell portion (in this paper, the yolk and

cell portion combined are referred to as cytoplasm). The pur-

pose of recognizing detailed embryo structures is for the de-

termination of the deposition destination to guarantee a high

reproducibility.

In the experiments presented in this paper, the identified cy-

toplasm center [Fig. 11(c)] was chosen as the deposition desti-

nation. However, the recognition algorithm allows for choosing

a different destination, for example, closer to the yolk/cell in-

terface to facilitate the diffusion of injected molecules into the

cell portion. The recognition of detailed embryo structures takes

45 ms on the host computer.

A. Pre-Processing

Pre-processing is conducted to obtain de-noised binary im-

ages. An image is first convolved with a low-pass Gaussian filter

for noise suppression. The gray-level image is then binarized to

a black-white image using an adaptive thresholding method, in

which a local threshold for each pixel is set to be the mean

value of its neighbors, i.e.,

(9)

The binary image is eroded to remove small areas that represent

spurious features and then, dilated to connect broken segments

that originally belong to one object. An example after pre-pro-

cessing is shown in Fig. 11(b).
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Fig. 11. Recognition of zebrafish embryo structures. Image under 2.5�. (a) Zebrafish embryo. (b) After pre-processing. (c) Recognized chorion, cytoplasm center,
and switching point. (d) Distinguished yolk and cell portion.

B. Recognition of Chorion and Cytoplasm

Of the connected objects in the binary image, the one with

the maximum area is recognized as the chorion. In Fig. 11(c),

the chorion is enclosed by its minimum enclosing circle.

The second largest object in the images is the cytoplasm,

the boundary of which is represented by a chain code contour.

The boundary of the cytoplasm is often not fully connected

(Fig. 11(b)); however, a fully closed contour is important for the

recognition of detailed cytoplasm structures including the yolk,

the cell portion, and the yolk-cell interface. Thus, a convex hull

[33] of the contour is used for further processing.

A region is convex if and only if for any two points ,

, the complete line segment is inside the region .

The convex hull of a region is the smallest convex region

that satisfies the condition . The constructed convex hull

of the cytoplasm contour is used to provide initial positions for

subsequent “snake” tracking [34]. The closed cytoplasm con-

tour resulting from snake tracking is shown in Fig. 11(c). The

centroid of the contour, is recognized as the cytoplasm center.

The switching point, is then determined as the intersect point

of the minimum enclosing circle and the horizontal line passing

through the cytoplasm center.

C. Cytoplasm Structure Recognition

Distinguishing the yolk from the cell portion provides the

flexibility for choosing a desired destination (e.g., yolk-cell in-

terface) for material deposition other than the cytoplasm center.

Fig. 12. Convexity defect (shaded area).

In order to determine which end of the cytoplasm is the cell por-

tion, the cytoplasm contour after snake tracking is fitted into an

ellipse using a least squares method. The cytoplasm contour is

then intercepted into two parts by the minor axis of the fitted

ellipse.

Define the area difference between a contour and its convex

hull as the convexity defect (Fig. 12). Since the yolk always has a

much more circular shape than the cell portion (i.e., smaller con-

vexity defect), the part of the cytoplasm contour with a greater

defect is recognized as the cell part. Subsequently, the line con-

necting the centroids of the two convexity defects close to the

minor axis is recognized as the yolk/cell interface [Fig. 11(d)].

V. ONLINE PIXEL SIZE CALIBRATION

The operation flow described in Fig. 8 requires a prior knowl-

edge of pixel sizes that are obtained through offline pixel size

calibration. As pixel sizes vary with different microscope ob-

jectives, couplers, and cameras used for imaging, it is desired to

eliminate the imaging-hardware dependence by conducting on-

line calibration.
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Fig. 13. Image-based visual servoing of microrobot-1 to position the first em-
bryo for online pixel size calibration.

Fig. 14. Modified operation flow integrating online pixel size calibration. “�”
and “��” indicate parallel operation of the two microrobots.

The system permits online calibration when positioning the

first embryo within a batch. Microrobot-1 brings the first em-

bryo to the image center according to image-based visual ser-

voing (Fig. 13), while the other embryos within the batch are

still brought to the image center by position control. Corre-

spondingly, the injection flow is modified as Fig. 14.

A. Image-Based Visual Servoing

For a point rigidly attached to the target coor-

dinate frame - - , its translational velocities with respect

to the camera frame - - are

(10)

Differentiating (2) yields

(11)

According to the coordinate frames defined in Fig. 5(a)

(12)

where are translational velocities of the point in the target

frame - - .

Substituting (12) into (11) yields

(13)

that associates the change rate of an image feature with the trans-

lational velocities in the target frame via an image Jacobian ma-

trix .

Since and are unknown and yet to be online calibrated,

the translational velocities of microrobot-1 along and are

not solvable through the image Jacobian matrix. Instead, the

translational velocities are regulated by the PID control law

(14)

where , is the cytoplasm center, and is

the image center (Fig. 13).

Integrating (13) produces

(15)

where represent displacements from the initial cy-

toplasm center to the image center in the image plane, and

represent displacements of microrobot-1 in the

visual servoing process. Pixel size is thus calibrated as

(16)

B. Feature Tracking and Pixel Size Calibration

In order to obtain feedback for image-based visual ser-

voing of the first embryo, a sum-of-squared-differences (SSD)

tracking algorithm [35] is employed to track the cytoplasm

center that is identified from the recognition process de-

scribed in Section IV.

The basic assumption of SSD tracking is that frame intensity

in a sequence of images does not change rapidly between

successive images. In implementing the algorithm, a template

of 20 20 pixels was acquired around the feature point [i.e.,

the cytoplasm center ]. The SSD correlation measure is

calculated for each possible displacement within a

search window in the updated image

(17)

The distance having the minimum SSD measure

shown in (17) is taken to be the displacement of the feature.

The amount of processing depends greatly on the template size

and the size of the search window. A large template increases

robustness while a large search window helps handle large

displacements, provided frames of images can be processed in

real time. In the implementation, a search window of 80 80

pixels was acquired.

Trials for online calibration were repeated 100 times. In each

trial, the embryo was visually servoed from the same starting
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Fig. 15. Array of immobilized embryos on the embryo holding device.

position to the image center. To quantify the error in SSD fea-

ture tracking, the cytoplasm center of the first embryo was rec-

ognized at the end of visual servoing and was compared to the

position located from SSD tracking. The standard deviation of

such determined distances was 0.72 pixel for the 100 trials at a

magnification of 2.5 , demonstrating a high accuracy of cyto-

plasm center tracking.

When microrobot-1 reaches steady state (i.e., reaching the

image center, ), both pixel displacements in the image plane

- and microrobot displacements in the - plane are ob-

tained. Thus, pixel sizes are online calibrated according to (16).

The online calibrated pixel sizes from the 100 trials were

for a magnification of 2.5 . The small

standard deviation demonstrates the system’s satisfactory per-

formance in online calibration.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Materials

The zebrafish embryos used in the injection experiments were

collected in The Hospital for Sick Children (Toronto, Canada)

with standard embryo preparation procedures [23]. The outbred

zebrafish embryos, which were not de-chorionized, were cul-

tured in embryo media that contained 10 l reverse osmosis water,

3 g instant ocean salt mix, and 10 ml methylene blue solution

(stock gm/l).

Fluorescent dyes (Rhodamine B, 100 ) were used as

testing injection materials, which allow for visually inspecting

the effectiveness of automated injection.

B. Results

1) Embryo Patterning: The collected embryos were spread

on the surface of the embryo holding device together with

the media. Applied negative pressure immobilized individual

embryos on top of each through-hole. The extra embryos were

flushed off the embryo holding device. Fig. 15 shows an array

of immobilized embryos, taken under a low magnification of

0.7 . The process of embryo patterning is manually assisted,

taking approximately 6–12 s. Regularly patterned embryos

eliminate random searching and increase injection speed.

2) System Performance Evaluation: The automated system

continuously injected a total of 250 zebrafish embryos with flu-

orescent dyes, demonstrating an operation speed of 15 embryos/

Fig. 16. Development of wild-type zebrafish embryos injected with fluorescent
dyes. (a), (b), (c) for sample-1 and (d), (e), (f) for sample-2. (a), (d) Right after
injection. (b), (e) 24 h after injection. (c), (f) 48 h after injection.

min. This injection speed is comparable to that of a highly profi-

cient injection technician. However, the system is advantageous

in that it is not only free from fatigue, but also provides unpar-

alleled reproducibility.

The injected embryos were cultured at 32 and inspected

under a fluorescence microscope (IX81, Olympus). The em-

bryos were excited by 540 nm laser light and observed through

a TRITC filter set. Visual inspection was conducted right after

injection, 24 h after injection, and 48 h after injection. Fig. 16

shows two injected embryos and their subsequent development.

The deposited fluorescent dyes (high-brightness area) can be

clearly observed at each developmental stage.

In order to quantitatively evaluate the performance of

the automated injection system, two measures were defined.

1) Success rate: This measure is defined as the ratio between

the number of embryos with fluorescent dyes successfully

deposited in the cytoplasm center and the total number of

injected embryos. Essentially, this measure represents the reli-

ability and the reproducibility of the system. Visual inspection

demonstrated that the success rate of the 250 injected embryos

was 100%. 2) Survival rate: This measure is defined as the ratio

between the number of injected embryos that are capable of

developing into larva and the total number of embryos injected,
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essentially representing the severity and frequency of cell

damage due to injection. Based on the 250 injected zebrafish

embryos, the injection system produced a satisfactory survival

rate of 98%.

C. Discussion

The achieved survival rate of 98% is consistent with the best

survival rate achieved by proficient injection technicians. How-

ever, the system is immune from large variations in the survival

rate that can reach as low as 50%–70% in manual operation, due

to technician fatigue and proficiency differences across techni-

cians. Furthermore, the operation speed of the automated system

(15 embryos with unremoved chorion per minute) compares fa-

vorably with manual injection speed, which is estimated by in-

jection technicians to be 8–20 embryos/min. Importantly, the

embryo holding device and technique developed in this research

permit the completion of immobilizing zebrafish embryos into

regular patterns within seconds while manually pushing em-

bryos into agarose trenches, as in the state-of-the-art zebrafish

embryo injection, would cost minutes.

The high survival rate results from efforts on minimizing em-

bryo lysis. Inappropriate selections of injection and retraction

speeds of the injection micropipette, the use of micropipette tips

of large diameters (e.g., 20 ), and too high a suction pres-

sure can all lead to a high frequency of lysis, resulting in low

survival rates. The parameters reported in this paper (injection

speed: 1.5 mm/s; retraction speed: 2.9 mm/s; suction pressure:

2–7 InHg) were determined from trials on another 300 zebrafish

embryos during system development.

The achieved success rate of 100% demonstrates that the au-

tomated system is capable of repeatedly depositing materials at

a desired destination inside zebrafish embryos for each opera-

tion. This high reproducibility, resulting from the recognition of

embryo structures and precise motion control, is unparalleled by

manual operation in which materials are deposited at random lo-

cations inside embryos. The ability of precisely depositing ma-

terials at a desired location in a highly reproducible manner has

important implications. The elimination of length variations in

diffusion paths would make the results of molecule or drug com-

pound screening more countable. The system also allows the

selection of desired deposition destinations other than the cyto-

plasm center, for example, closer to the interface between the

yolk and the cell portion or directly inside the cells.

Further enhancement of the automated system will integrate

an injection pressure monitoring mechanism for detecting

micropipette clogging from embryo debris accumulation. As

micropipette clogging occurs gradually, leading to gradual

decreases of material deposition volume, the integration of a

pressure sensor and a closed-loop injection pressure compen-

sation module will improve deposition volume control, which

is critical for more stringently investigating dose responses to

biomolecules or drug compounds.

VII. CONCLUSION

Based on the technology of computer vision and micro-

robotics, the high-throughput automated cell injection system

experimentally demonstrated the capability of injecting 15

zebrafish embryos per minute with a 100% success rate and a

98% survival rate. The vacuum-based embryo holding device

is capable of immobilizing a large number of embryos into

regular patterns within seconds, dramatically shortening the

sample preparation process. The recognition of embryo struc-

tures and precise motion control enable the automated system

to precisely deposit a pre-specified amount of materials at a

desired destination within the embryo. The application of the

automated cell injection system, which features a high speed,

a high success rate, and a high survival rate, to biological and

pharmaceutical research for timely injecting materials into

a larger number of cells will facilitate biomolecule or drug

compound screening. Despite size and property differences

among different cell lines, the sample preparation technique and

microrobotic control method are applicable to other injection

applications such as the injection of mouse oocytes/embryos

and other types of suspended cells.
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