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Abstract— The nematode worm Caenorhabditis elegans is a
model organism widely used in biological research on genetics,
development, neuroscience, and aging. Microinjection is an effec-
tive and widely adopted method to create transgenetic worms,
perform ribonucleic acid (RNA) interference of certain genes, and
introduce different types of molecules into specific locations inside
a worm body. Based on microfluidics and robotic micromanipu-
lation techniques, we develop a robotic system for automated
microinjection of C. elegans with greatly improved injection
speed and success rate over traditional manual microinjection.
A double-layer microfluidic device with computer-controlled
pneumatic valves is developed for automated on-chip loading,
immobilization, injection, and downstream sorting of single
worms. A new autofocusing-based contact detection algorithm
is proposed to find the optimal injection position along the
depth direction of the microscope field of view. The direction
and location of the needle tip are reliably identified using an
image processing algorithm. Through experiments on 240 worms,
the system demonstrates automated injection at a speed of
6 worms/min (9.97 s/worm) with a presorting operation success
rate of 78.8% (postsorting operation success rate: 100%), which
are more than 23 times faster and 1.6 times higher than the
speed (0.25 worm/min) and success rate (30%) of a proficient
human operator, respectively. With the superior performance,
this system will enable new large-scale gene- and molecule-
screening studies on C. elegans that cannot be fulfilled by the
conventional microinjection technique.

Note to Practitioners—In the worm biology community, there
are thousands of research laboratories worldwide that routinely
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cope with worm microinjection experiments. This article aims
to present the functionality and performance of our automated
robotic system for high-speed worm injection. Using the robotic
system, a large number of C. elegans can be loaded into the
microfluidic device for continuous worm immobilization and
injection. A user-friendly graphical user interface (GUI) is
developed to allow an operator to monitor the injection process
on a computer screen, select the injection location inside the
worm body (through computer mouse clicking), and direct the
system (through keyboard input) for downstream sorting of
the successfully injected worms for further culture. Given its
unique features, such as high injection speed, high level of
automation, and high success/survival rates, this system holds
great potential to liberate worm researchers from the tedious
manual injection process and provide unparalleled injection
throughput and consistency.

Index Terms— C. elegans, image processing, microfluidics,
microinjection, robotic micromanipulation.

I. INTRODUCTION

THE nematode worm C. elegans has been widely used
as a model organism for investigating how various gene

products function at specific tissue, cellular, and synaptic
foci and how foreign molecules/chemicals affect the worm’s
biological pathways [1]. These studies are usually realized
by injecting genetic materials or chemicals into the worm
body to either suppress the expression of certain genes or
perturb specific biological pathways [2]. To guarantee that the
required phenotype demonstrated in the child generation, usu-
ally, a large number of adult worms are injected at the father
generation. In worm biology laboratories, the required worm
injection task is conducted manually. It takes a few hours
for a proficient operator to prepare the facilities and perform
injection for only a limited number of C. elegans, and the low
throughput limits many biological studies that require large-
volume worm injection. Furthermore, the inconsistent human
operation leads to low success and survival rates of worm
injection. All of these limitations call for the development of
automated worm injection systems.

To reduce the human intervention level and improve the
operation consistency of biomicroinjection, in the past two
decades, numerous robotic systems have been proposed for the
injection of either suspended cells (e.g., embryo and oocyte)
or adherent cells (e.g., Hela cell, fibroblast, and endothelial
cell) [3]–[13]. For instance, based on vision-based membrane
tension estimation, a force-controlled robotic system has been
developed for microinjection of zebrafish embryos [7]. Auto-
mated microinjection systems have also been reported for
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high-speed injection of zebrafish and mouse embryos, in which
a vacuum-based immobilization mechanism was proposed for
immobilization many cells into a regular pattern [5], [10].
Different from single cells, alive C. elegans worms swim
in solution or crawl on an agar plate, and the existing cell
immobilization mechanisms cannot be directly applied to
worm immobilization. Thus, effective worm immobilization
mechanisms suitable for continuous robotic worm injection
must be developed to overcome the bottleneck of automated
worm injection.

Targeting automated worm injection, a few worm immo-
bilization devices and injection systems have been reported
to facilitate C. elegans microinjection [14]–[17]. An open-
channel microfluidic device was developed [14], which immo-
bilizes single worms using a vacuum-channel array. The oper-
ation of the device is relatively complex and was conducted
manually; this makes the device incapable of conducting
continuous loading and immobilization of many worms with
high reliability. Furthermore, the cell injection procedure used
in this work was not automated, that is, the regulation of
the flow rate within the microchannel and the adjustment
of the needle tip position were both conducted manually.
In addition, because of the complex procedure designed for
worm immobilization, this system has limited potential for
large-scale robust injection. Another nanomanipulation sys-
tem was reported by Nakajima et al. [15], [16] to deliver
nanobeads into the worm body within an environmental scan-
ning electron microscope (E-SEM). However, the E-SEM still
cannot provide a completely biocompatible environment for
fluid injection of live C. elegans due to its radiation and
vacuum environment. Recently, a new worm immobilization
method has been proposed for C. elegans microinjection,
which employs temperature-sensitive hydrogel to immobilize
the worm inside it [17]. The problem of this method is that the
immobilized worms are randomly scattered inside the hydrogel
with random orientations. The search of the worms takes
additional time, and the injection has to be performed along
different injection angles (the angle between the injection
needle and the worm body); these factors, to some extent,
limit the system’s operation efficiency and consistency.

Combining microfluidics and robotic micromanipulation
techniques, we propose a new robotic system for automated,
high-throughput injection of C. elegans. A microfluidic device,
with six computer-controlled pneumatic valves, is developed
for automatic loading, immobilization, and postinjection col-
lection of single worms at a high speed. Before each injection
experiment, the system performs rapid and automatic prepa-
ration, including: 1) determination of the vertical position of
the injection needle (along the depth direction of the micro-
scope view) for worm injection, through an autofocusing-
based contact detection algorithm; 2) detection of the in-plane
position (in the image frame) of the needle tip using a
reliable image processing algorithm; and 3) calibration of
the coordinate transformation between the image frame and
the robot frame. During an experiment, the system visu-
ally monitors the operation of the microfluidic device and
correspondingly controls the on-chip valves and the injection
robot to realize automatic worm injection. Injection experi-

Fig. 1. Setup of the robotic injection system. (a) Photograph of the system.
(b) Schematic of the pressure unit for actuating on-chip valves of the
microfluidic device.

ments on 240 C. elegans worms are performed to fully test
the system performance. This article is an extension of a
previous conference paper [18]. In this journal version, we
include a new and more robust contact detection algorithm,
more technical details of the system setup and operation, a
detailed description of the needle tip recognition algorithm,
and more experimental results (i.e., a much larger sample
size of robotic worm injection and additional survival testing
results of the injected worms).

II. ROBOTIC WORM INJECTION SYSTEM

A. System Setup

The robotic worm injection system, as shown in Fig. 1(a),
consists of an inverted microscope (IX83, Olympus) with a 4×
objective (NA: 0.13) for sample imaging, a microfluidic device
with on-chip valves for worm immobilization and sorting, a
three-degree-of-freedom (3-DOF) micromanipulator (MP285,
Sutter) mounted with an injection needle for worm injection,
a pressure-driven microinjector (IM-300, Narishige) connected
with the injection needle for delivering a foreign material into
the worm body, a motorized XY stage (ProScan III, Prior) for
carrying the microfluidic chip under the field of view (FoV) of
the microscope, a custom-made, computer-controlled pressure
unit to regulate the operation of valves on the microfluidic
device, and a host computer (3.1-GHz CPU and 8-GB RAM)
for system control. A COMS camera (Basler, A601f) mounted
on the microscope is used to provide the visual feedback for
the system.
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Fig. 2. Schematic of the microfluidic device for worm immobilization.

The custom-made pressure unit, as schematically shown in
Fig. 1(b), consists of 16 solenoid valves (S10MM-30-24-2/A,
Pneumadyne Inc.), three manually adjustable pressure regu-
lators (ARG20-N01G1-Z, SMC Pneumatics), a pressure inlet
connected to a compressed nitrogen gas tank (output pressure:
85 psi), a driver circuit board for the 16 solenoid valves, and a
microcontroller unit (Arduino UNO) connected with the host
computer. The pressure unit could provide pressure sources in
the range of 0–80 psi and at three different levels, to actuate
on-chip pneumatic valves whose operations require different
pressure levels. The driver circuit for a single valve is also
shown in Fig. 1(b).

B. Microfluidic Device Design

The double-layer microfluidic device was designed for rapid
single-worm loading, immobilization, and postinjection sort-
ing. The device design, fabrication, and operation have been
reported previously [19]. To make this article self-contained,
we briefly introduce its design here.

The device has 30-μm-tall rectangular control channels
(red in Fig. 2) on the bottom layer and 45-μm-tall flow
channels (blue in Fig. 2) on the top layer, and was fab-
ricated from polydimethylsiloxane (PDMS) using standard
multilayer soft lithography [20]. Based on their functions, the
device channels can be mainly divided into three regions:
1) a loading chamber; 2) immobilization/injection channels;
and 3) downstream sorting channels. The loading chamber
includes a micropillar array, and the spacing between adjacent
micropillars is 300 μm, which is effective to filter out debris
in the worm culture medium and allow the young adult

Fig. 3. Detailed structure of the injection and immobilization channels.

worm to swim through. This design avoids clogging of the
immobilization channel and, thus, improves the reliability of
device operation. The immobilization channel is 1200-μm
long and 40-μm wide, which is slightly narrower than the
diameter of a young adult worm (40–60 μm). The plug of a
worm in the immobilization channel will significantly increase
the channel’s flow resistance, keeping another worm from
entering.

An open-ended injection channel is perpendicularly con-
nected to the immobilization channel, allowing an injection
needle to be inserted through the open end of the injec-
tion channel and reach the immobilization channel (Fig. 3).
A row of micropillars (diameter: 40 μm and pitch: 115 μm)
is arranged at the junction of the immobilization and injection
channels, which restricts an immobilized worm from swim-
ming into the injection channel and, in the meanwhile, allows
the needle to reach the worm body for injection. The width of
the injection channel is set to be 800 μm, which covers the
majority of the worm body for injection. A bifurcated channel
is connected to the downstream of the immobilization channel
and regulated by two valves for post-injection worm sorting.

III. EXPERIMENTAL PROCEDURE

A. System Preparation

Before each injection experiment, a microfluidic device,
loaded with a batch of 40 worms, is first mounted onto the
XY stage of the microscope. An injection needle loaded with
injection material is then mounted on the micromanipulator
horizontally (at 0◦ tilting angle), with its tip in the microscope
FoV and above the PDMS substrate outside the injection
channel of the microfluidic device (“contact detection area” in
Fig. 5). Fig. 4 shows the overall flow of the system preparation
and automated robotic injection. The system initiates the auto-
matic preparation process by controlling the needle to contact
the PDMS substrate, during which the vertical position (along
the depth direction of the microscope FoV) of the needle–
substrate contact point is detected using an autofocusing-based
contact detection algorithm (see Section IV-A). After that,
the needle tip is automatically lifted to the vertical level of
22.5 μm (half of the injection channel height) above the
PDMS surface, and the microfluidic device is moved toward
the needle to insert the needle tip into the injection channel and
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TABLE I

OPERATION STATES OF THE MICROFLUIDIC DEVICE

Fig. 4. Flowchart of the robotic worm injection procedure.

place the injection and immobilization channels into the FoV.
During the subsequent injection process, the vertical position
of the needle tip remains the same, and its in-plane position
is controlled inside the injection channel for worm injection.

Once the needle tip is moved into the injection channel,
the tip position in the image coordinate frame is accurately
detected using a tip recognition algorithm (see Section IV-B).
To control the needle movement in the image coordinate
frame, the mapping between the image coordinate frame (in
pixels) and the micromanipulator coordinate frame (in μm)
is calibrated automatically (see Section IV-C). Note that this
automatic coordinate mapping process needs to be conducted
every time a new injection needle is mounted onto the micro-
manipulator to compensate for the subtle difference in the
needle length and alignment. Video 1 in the Supplementary
Material shows the entire system preparation process.

B. Overall Injection Procedure

The control flow of the automatic injection process (see
Fig. 4) was designed to maximize the parallelization level
of different steps and, thus, increase the system efficiency.
Table I summarizes the operation states of all the microfluidic

Fig. 5. Autofocusing-based contact detection. (a) Schematic of determining
the vertical injection position through contact detection. (b) Photograph of
configuration of the injection needle and the photograph during contact
detection.

valves and supplied pressures during the entire worm injection
process.

To start the automatic injection, on-chip valves of the
microfluidic device are set to the “worm loading state” (see
Table I), and the constant pressure of 10 psi is applied to the
worm loading inlet to sequentially drive individual worms into
the immobilization channel. At this stage, the entrance and
waste valves are fully opened, while the existing valve is par-
tially closed and other valves are kept closed. With a pressure-
driven flow from the device inlet, a worm can be loaded
into the immobilization channel. Once an immobilized worm
is detected through image processing (see Section IV-D), the
entrance valve and the inlet driving pressure are automatically
switched OFF to minimize flow-induced worm movements
during injection, and the injection valve is opened (“worm
injection state” in Table I) to allow the needle to reach the
immobilized worm.

Depending on the type of study requiring C. elegans injec-
tion, the location to deliver the injection materials inside the
worm body could be different. The robotic system allows the
user to identify the in-plane image coordinates of the target
location on the computer screen through computer mouse
clicking and then controls the injection needle to penetrate
the worm body and deliver a controlled amount of injection
material to the desired location. If the material delivery is
successful, the worm body will slightly expand along its
longitudinal direction (see Video 2 in the Supplementary Mate-
rial). We have experimentally verified that this is a reliable
indicator for a successful injection (see data in Section V-A).
During injection, the user readily monitors the elongation of
the worm body upon material delivery on the computer screen
and indicates to the system, through keyboard input, whether
the current injection is successful. After injection, the injection
valve is closed, and the existing valve is opened. The pressure
source connected to the flush inlet is turned on, and the flush
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valve is opened so that the worm could be flushed out of the
immobilization channel. For a successful injection, the worm
collecting valve is opened to guide the injected worm to the
collection outlet; otherwise, the waste valve is opened to let the
worm reach the waste outlet (“worm collection/discard state”
in Table I). When the worm is visually detected to be flushed
out of the immobilization channel, the system is switched back
to the “worm loading state,” and the next worm is loaded. This
process is repeated until all the worms loaded to the device
are injected. Video 2 in the Supplementary Material shows the
automatic injection process.

IV. SYSTEM AUTOMATION TECHNIQUES

A. Autofocusing-Based Contact Detection

In this system, the injection needle is required to be operated
in the injection channel in the top layer of the microfluidic
device, as shown in Fig. 5. As a result, the vertical position of
the needle is a critical factor that significantly influences the
injection success rate since injecting either the upper or lower
portion of the worm body will increase the risk of needle tip
slipping on the worm body (Fig. 5). Thus, the optimal vertical
level of the needle tip for injection is the middle position of
the channel height (Fig. 5).

A contact detection mechanism was developed based on
Tenenbaum’s autofocusing algorithm [21], [22] to detect the
vertical position at which the needle tip contacts with the
PDMS substrate. To improve the contact detection accuracy,
a 40× objective was automatically switched into the optical
path for imaging, providing a shallow depth of field of 2.2 μm.
The image is first focused, through the microscope z-motor,
on the PDMS substrate where the contact will take place. The
injection needle tip, initially a few hundreds of micrometers
above the PDMS substrate, is then lowered toward the PDMS
substrate at a constant speed of 10 μm/s, during which its
in-focus level is evaluated by calculating the following focus
objective function:

F =
�
ROIx

�
ROIy

(Sx(x, y)2 + Sy(x, y)2) (1)

where Sx(x, y) and Sy(x, y) are the convoluted images by
the Sobel operators. As the injection needle tip is mounted
horizontally, its in-focus image reveals sharp and clear edges,
leading to the maximum focus objective function. The contact
detection algorithm records the vertical position of the needle
tip from which the needle tip image becomes in-focus, which
corresponds to the vertical contact point of the tip and the
substrate.

Fig. 6 shows an image sequence [see Fig. 6(a)] of the needle
tip captured during contact detection and the corresponding
values [6(b)] of the focus objective function as a function
of the needle vertical position Zm (in the micromanipulator
frame). When the needle tip is out of focus, only its blurred
shadow can be observed [P1 and P2 in Fig. 6(a)]. The objective
function F gradually increases as the tip moves toward the
focal plane [see Fig. 6(b)]. Once the contact occurs, F remains
at a relatively stable level [P3–P4 in Fig. 6(a)] since the PDMS
surface constrains the needle tip from lowering further. Our

Fig. 6. Experimental results of autofocusing-based contact detection.
(a) Image frames of the needle tip at 40× at four different vertical positions.
(b) Focus objective function versus needle vertical position.

algorithm automatically detects the starting point of the stable
level [P3 in Fig. 6(a)] and records the corresponding vertical
contact position zmc

Zmc = arg minZm {F(Zm) ≥ s̄ − δ} (2)

where s̄ and δ are the average and standard deviation of
the focus objective function in its stable level [P3–P4 in
Fig. 6(a)], respectively. With the same microscope illumina-
tion condition, the threshold of s̄ − δ was found to remain
at a stable value and, thus, is effectively for determining the
vertical contact position Zmc. Compared with the intensity-
based contact detection algorithm proposed in our previous
system in [18], this algorithm is evaluating the focus level of
the entire ROI and, therefore, less sensitive to pixel intensity
noises and slight vibrations of the moving micromanipulator.
Thus, it has been tested to be more reliable and also robust to
illumination changes.

Ignoring the small contact-induced deformation of the
PDMS substrate, the optimal vertical position for worm injec-
tion is defined as 22.5 μm (half of the injection channel
height) above the vertical contact position (see Fig. 5). The
needle tip is then lifted to the optimal injection position,
and the microfluidic device is moved toward the needle tip
to insert it into the injection channel. In the meanwhile, the
immobilization channel is moved into the FoV.

Authorized licensed use limited to: The University of Toronto. Downloaded on September 03,2020 at 05:08:47 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING

Fig. 7. Image processing frames for needle tip recognition. (a) Raw image
with the region of interest (ROI) highlighted. (b) ROI image with background
removed. (c) Binarized image of the ROI after adaptive thresholding. (d) ROI
image with the recognized needle area.

B. Visual Detection of the Needle Tip

After contact detection, image coordinates of the needle
tip need to be visually recognized for coordinate mapping
between the micromanipulator frame and the image frame.
To acquire a background image of the injection channel, the
needle tip is temperately moved out of the channel, the system
grabs a background image from the camera, and the needle tip
is moved back to its initial position inside the injection channel
(see Video 1 in the Supplementary Material). Then, a region
of interest (ROI), including the needle tip [the red rectangle in
Fig. 7(a)], is selected by the user on the computer screen, and
the tip recognition algorithm is applied to the selected ROI.
The current ROI is subtracted by the corresponding portion
of the previously grabbed background image to eliminate the
background features, and the resultant image is shown in
Fig. 7(b). A Gaussian blur operator is applied to the resultant
image to reduce the image noises. The dimension of the blur
operator is selected to be 3 to avoid eroding the edge of the
needle.

The denoised ROI is binarized through Otsu adaptive
thresholding to identify the needle tip region [see Fig. 7(c)].
Canny edge detection followed by rotated rectangle pattern
fitting is then applied to the obtained binary ROI, and the
fit rectangle with the largest connected domain area is recog-
nized as the needle area [see Fig. 7(d)]. The rightmost pixel
of the recognized needle area is identified as the needle
tip.

C. Coordinate Transformation Calibration

In order to control the in-plane motion of the needle tip
based on the visual feedback, the coordinate transformation
between the image frame and the micromanipulator frame
needs to be routinely performed. Considering the existence
of small misalignments between the micromanipulator frame
and the camera frame, we proposed a linear-regression-based
calibration method to accurately determine the mapping rela-
tionship between the two frames.

Fig. 8. Coordinate frames of the robotic system.

As illustrated in Fig. 8, the micromanipulator frame xm −
ym−zm and the image frame xi −yi have a small misalignment.
Considering only in-plane motions of the needle tip during
worm injection, it is easy to obtain that

Pm = k A2×2 Pi + B2×1 (3)

where k is a magnification scalar and A is an orthogonal matrix
subject to AT A = I . Pm = [xm, ym]T and Pi = [xi , yi ]T are
the projected coordinates of a point in the micromanipulator
frame and the camera frame, respectively. Here, we denote k A
as Ā for simplicity.

To calibrate the coordinate mapping, the needle tip is
moved by small displacements to multiple positions within
the injection channel, and the system records in-plane coor-
dinates of the tip’s positions in: 1) the micromanipulator
frame (from the position feedback of the micromanipulator):
(xm1, ym1), . . . , (xmn, ymn) and 2) the image frame (through
visual recognition of the needle tip): (xi1, yi1), . . . , (xin, yin).
The parameter n is the number of tip positions. Then, the
coefficient matrices of coordinate transformation B and Ā can
be determined by

�
B Ā

�T = (X T X)−1 X T
�

Px Py
�

(4)

where

Px = �
xm1 xm2 . . . xmn

�T
(5)

Py = �
ym1 ym2 . . . ymn

�T
(6)

X =
⎡
⎢⎣

1 xi1 yi1
...

...
...

1 xin yin

⎤
⎥⎦. (7)

Note that all the recorded positions (xi1, yi1), . . . , (xin, yin)
should not be in a straight line, which ensures that
rank(X) = 3 and X T X is invertible. In our experiments, we
moved the needle tip to a grid of 3 × 3 positions with a pitch
of 115 μm and carried out the coordinate mapping calibration
in real time. Once the calibration is completed, the system is
ready for worm injection.
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Fig. 9. Schematic of the ROIs inside the immobilization channel for visual
detection of worm loading and unloading in the injection channel.

D. Visual Detection of Worm Loading and Unloading in the
Immobilization Channel

During automated worm injection, the loading and unload-
ing of a worm in the immobilization channel will be monitored
by an image processing algorithm so that the on-chip valves
can be activated accordingly to switch between different oper-
ation states (see Table I). The algorithm constantly monitors
the average pixel intensities of two ROIs (10 × 10 pixels)
in the immobilization channel (see Fig. 9). When a worm is
loaded into the injection channel, its body will fill the two
ROIs and makes their average intensities significantly decrease
(because of the darker worm body than channel background).
By comparing the current average intensities of the two ROIs
with that of the channel background, the loading and unloading
of the worm can be detected.

The worm loading and unloading events are defined by the
following two inequalities, respectively,

1

4s2

Rx +s�
Rx −s

Ry+s�
Ry−s

(I0(x, y) − I (x, y)) > δ1 (8)

1

4s2

Rx +s�
Rx −s

Ry+s�
Ry−s

(I0(x, y) − I (x, y)) < δ2 (9)

where I0 and I are background image and current image
correspondingly. (Rx , Ry) refers to the position of selected
ROI in image frame. δ1 and δ2 are experimentally determined
thresholds. s = 5 in the experiment.

We selected the two ROIs in the middle (ROI-A) and
right-end (ROI-B) positions of the immobilization channel
(see Fig. 9), and the coordinates of the ROIs were entered
into the system by simply mouse clicking the corresponding
points on the screen monitor in our software graphical user
interface (GUI). When the average intensities of both ROIs
decrease by a value larger than a threshold, it indicates a
worm has been completely loaded into the immobilization
channel. The recovery of the ROI average intensities back
to its original background value means that the worms have
been flushed out of the immobilization channel. Monitoring
the average intensities of the ROIs avoids any false worm
detection caused by small particles passing through the ROIs.
Under the illumination that we used in our experiments, the
average intensity of each ROI drops by 120–150 for most
worms. Leaving some quantity margins, δ1 = 80 and δ2 = 30
were used in our experiments.

Fig. 10. Calibration results of the injection volume as functions of injection
pressure and pressure pulsewidth.

E. Injection Volume Control

The delivered volume of injection material is determined by
the injection pressure level, the pressure pulse duration, and the
diameter of the needle tip. The injection volume control is crit-
ical to achieve consistent biological results from the injected
worms and can also enable the quantitative study of dose effect
on specific biological processes of the injection worm. Using
a needle tip with typical outer and inner diameters of 5 and
3.5 μm, respectively, we calibrated the injection volume as a
function of the pressure level and the pressure pulse duration.
Deionized water was used as the injection sample for volume
calibration. By supplying a short pressure pulse to the injection
needle, a small spherical water drop was delivered into mineral
oil, and the shape of the water drop was immediately measured
at 10× using the Hough circle pattern fitting. Fig. 10 shows the
experimental results of injection volume calibration (n = 5).

F. Worm Culture and Preparation

The C. elegans used in our experiments was wild type N2
strain cultured using on a standard procedure [23]. Microin-
jection is usually performed on young adult worms, and we
synchronized young adult worms by culturing worm embryos
for 54 h at 20 ◦C on agar plates seeded with OP50 E. coli [19].
Before injection, the young adult worms with diameters of
35–40 μm were selected and sequentially transferred into
three droplets of M9 medium to wash off the E. coli and
other small impurities from their bodies and finally loaded
into the inlet of the microfluidic device using a pipette. All
the young adult worms were injected within 30 min after they
were transferred from the culture plate.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental Results

In the experiments, FITC fluorescent dye was first injected
to visualize the material delivery into the worm body through
fluorescence imaging. The injection/retraction speeds were
both 5000 μm. By applying a 30-ms pulse of 31-psi pressure
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Fig. 11. Photographs of the worm injection process. (a) Fluorescent image
of the worm body right after fluorescent dye is delivered. (b) Worm loading.
(c) Worm immobilization and injection. (d) Worm flushing after injection.

to the injection needle (inner diameter: 3.5 μm), 85 pl of
FITC dye was injected into the worm body. As shown in
Fig. 11(a), the fluorescence intensity of the proximity of the
injection location inside the worm body is much higher than
that of the channel background, indicating successful delivery
of the FITC dye. Note that the injection channel also shows
a low green fluorescence because of the diffusion of FITC
dye from the needle tip into the injection channel. Upon
the material delivery, it was also observed that the worm
body expanded along its longitudinal direction (see Video 2
in the Supplementary Material). To verify if the worm body
expansion could be used as a reliable indicator for material
delivery, another 20 worms were injected with the FITC dye,
and the correlation of the worm body expansion and the
successful material delivery was found in all the 20 injections.
Thus, the worm body expansion upon injection was used in
the following experiments to count the injection success rate.

To evaluate the system performance, deionized water was
automatically injected into 240 worms (six batches and
40 worms/batch). The automated worm injection process was
shown in Video 2 in the Supplementary Material. Two per-
formance parameters were quantified based on the experiment
data: injection speed and operation success rate. The success
of injection was evaluated by visually observing the worm
body expansion upon injection, and the operation success rate
is defined as the ratio of the number of successfully injected
worms (with body expansion) to the total number of injected
worms.

The system demonstrated an average injection speed of
6 worm/min (average processing time: 9.97 s/worm) with an
operation success rate of 78.8%, and these parameters are both
superior over the performance of manual injection (speed:
0.25 worms/min, success rate: ∼30%; data provided by a
proficient worm injection operator [24]). During injection, the
user monitored the injection of each worm and instructs the

Fig. 12. Experimental results of the pharynx pumping rates of the injected
worm group and the control group.

system (through keyboard input) whether or not the current
injection was successful, and the system then sorted the suc-
cessfully injected worms into the sample collection outlet of
the microfluidic device. Therefore, the postsorting success rate
is 100%, meaning that all the worms in the sample collection
outlet were successfully injected. Among the average worm
processing time of 9.97 s, the average worm loading, injection,
and flushing times are 2.7, 5.51, and 1.76 s, respectively.

The failure modes of the system causing the 21.2% failed
injections include: 1) no material delivery upon injection (no
worm body expansion; 18.2%) and 2) simultaneous loading of
two worms into the immobilization channel (3%). The unsuc-
cessful material delivery could be possibly due to temporary
clogging of the needle and/or nonpenetration of the worm
body. The penetration rate can be improved by aligning the
microneedle vertical to the target worm skin. The loading of
two worms can be further alleviated by better size synchro-
nization of the worms loaded into the microfluidic device.

From Video 2 in the Supplementary Material, one can
observe that there is a small amount of lysis from the worm
body upon retracting the injection needle. Accordingly, we
also examined the potential physiological impact imposed on
the injected worms through the measurement of the worm’s
pharynx pumping rate. The pumping rate of the worm pharynx
corresponding to its food intake is an important measure of
the worm’s physiological condition. As shown in Fig. 12, the
pumping rates measured from the injected worms are 240–
280 pumps/min, which is in the common range of that of the
wild type N2 worms [25]. In addition, the pumping rate data
from the injected and control group do not reveal a significant
difference ( p > 0.3).

B. Discussion

In conventional worm injection, a young adult worm is
transferred from the Petri dish to a glass slide under the
microscope, on which a drop of oil is placed for worm immo-
bilization. Then, a micromanipulator is controlled manually to
inject the worm. The worm preparation and injection are both
time-consuming and tedious and require significant training of
the operator.

Our experiment on robotic injection of 240 C. elegans
worms demonstrated that the developed system is capable
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of automatically injecting worms at a speed of 9.97 s/worm
with a presorting operation success rate of 78.8%. The high
operation efficiency mainly results from the continuous and
efficient worm loading and immobilization (2.7 s/worm). The
time required for worm injection (5.5 s/worm) and sorting
(1.76 s/worm) is longer than the worm loading time since the
injection and sorting speeds are limited by several parame-
ters, such as the maximum speed of the micromanipulator,
the response time of the microfluidic valves, and the time
required for the user to indicate a successful injection. In
our experiments, the preparation time of contact detection and
coordinate mapping (see Video 1 in the Supplementary Mater-
ial) should also be counted into the average injection speed of
worms. Considering a large number of injected worms in each
experiment batch, this time portion is neglected in this article.

Note that human involvement is still needed to identify
the injection location in the immobilized worm body and
indicate a successful injection during the conscious operation
of the system. Because of the round section shape, the worm
orientation along the dorsal-ventral axis cannot be controlled
during immobilization. As a result, it remains difficult to detect
the worm gonad via computer vision since the morphology
within the worm body varies for every individual worm. It
is possible to integrate worm orientation control mechanisms
into the microfluidic device [26], which could make the visual
recognition of the worm gonad feasible. In addition, with
a computer vision algorithm for detecting automatic skin
penetration and delivery of external materials, the manual
judgment for successful injection trails can also be further
automated by a machine.

VI. CONCLUSION

We presented an automated robotic system for high-
throughput injection of C. elegans. A vision-based contact
detection algorithm was adopted to determine the optimal
injection position along the z-axis. Based on the effective
image processing algorithm, the needle tip was efficiently
identified online from the microscope camera image for accu-
rate position control. In addition, a multilayer PDMS device
was designed to rapidly load, immobilize, flush, sort, and
collect the worms. Experiments based on the injection of
240 worms showed that the system can perform C. elegans
injection at a speed of 9.97 s/worm with an operation success
rate of 78.8%.
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