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An Automated Microfluidic System for
Morphological Measurement and
Size-Based Sorting of C. Elegans

Xianke Dong, Pengfei Song, and Xinyu Liu

Abstract— This paper reports a vision-based automated
microfluidic system for morphological measurement and
size-based sorting of the nematode worm C. elegans.
Exceeding the capabilities of conventional worm sorting
microfluidic devices purely relying on passive sorting mech-
anisms, our system is capable of accurate measurement
of the worm length/width and active sorting of worms with
the desired sizes from a mixture of worms with different
body sizes. This function is realized based on the combi-
nation of real-time, vision-based worm detection and siz-
ing algorithms and automated on-chip worm manipulation.
A double-layermicrofluidic device with computer-controlled
pneumatic valves is developed for sequential loading, trap-
ping, vision-based sizing, and sorting of single worms.
To keep the system operation robust, vision-based algo-
rithms on detecting multi-worm loading and worm sizing
failure have also been developed. We conducted sorting
experiments on 319 worms and achieved an average sorting
speed of 10.4 worms per minute (5.8 s/worm) with an oper-
ation success rate of 90.3%. This system will facilitate the
worm biology studies where body size measurement and
size-based sorting of many worms are needed.

Index Terms— Microfluidics, C. elegans, size-based
sorting, morphological measurement, image processing,
automation.

I. INTRODUCTION

THE nematode worm C. elegans (or simply the worm)
is a tiny model organism widely used in many areas

of biology, including ageing, development, neuroscience,
and behavior [1]–[4]. A C. elegans has four distinct larval
stages (L1, L2, L3, and L4) and one adult stage, which are
experimentally characterized by its body size. The body size
of C. elegans, usually measured in its length, is a basic phys-
iological parameter, and its regulation mechanisms have been
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extensively studied in terms of genetic variations, signaling
pathways, feeding conditions, among others [5]–[11].

In many experiments, the worm body size is typically used
as a straightforward physiological marker to identify size-
related phenotypes, which can then be analyzed for the poten-
tial biophysical and biochemical mechanisms regulating the
worm body size. Conventionally, the body size measurement
of C. elegans is performed either by an operator via visual
inspection under an optical microscope or through off-line
measurement using commercial image processing software
(e.g., ImageJ and WormLab), which is time-consuming and
labor-intensive. These methods are especially inconvenient to
use if a large number of C. elegans worms need to be sorted
based on their size differences for further studies.

Recently, microfluidic devices have emerged as useful tools
for C. elegans research, and have advanced various kinds of
worm biology studies [12]–[30]. Many microfluidic devices
have been reported for facilitating sorting of the C. elegans
worms at different larval stages from their mixtures based on
age-dependent properties (e.g., length, locomotion, and elec-
trotaxis behavior) of C. elegans [18], [19], [21]–[26]. Among
these devices, several designs integrated novel microfluidic
architectures, such as ‘smart maze’ [24], engineered pillar
arrays [25], and size adjustable microfluidic channels [26] for
passive size-based sorting of C. elegans worms at different
developmental stages. These passive worm sorting methods
demonstrate high-throughput sorting capabilities; however,
they are all based on pure microfluidic passive sorting mech-
anisms and cannot accurately measure the body sizes of
individual worms. Therefore, they are unsuitable for use in
experiments that directly employ worm size regulation as
phenotypic trait and require size quantification and size-based
sorting of many worms [31], [32].

For instance, the worm length naturally varies within a range
of ±10 μm during swimming in its culture medium. The
existing microfluidic devices, although capable of conducting
size-based worm sorting based on certain passive fluidic mech-
anisms, can never detect such size variance with an accuracy
of <10 μm. A commercial worm sorting instrument so called
the BioSorter (Union Biometrica) is also available and capable
of sorting C. elegans based on the worm body size measured
through fluorescence imaging, but it is fairly expensive and
thus not easily accessible to every worm biology laboratory.
In addition, its algorithms for measuring the worm body
morphology cannot be customized for specific experimental
needs. Therefore, affordable and customizable platforms for
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automated body size measurement and size-based sorting of
C. elegans are still highly demanded.

This paper reports an automated microfluidic system, which
combines automated microfluidic control and image process-
ing techniques, for high-accuracy body size measurement
and size-based sorting of C. elegans worms. A microfluidic
device with computer-controlled, on-chip pneumatic valves
is developed to sequentially load single worms into a worm
observation chamber, and a host computer, which integrates
customized image-processing algorithms and a multi-channel
pressure control unit, is used to accurately measure the
length and width of the worm body and coordinate the
pneumatic-valve operations accordingly for automated size-
based worm sorting. The system’s accuracy of worm size
measurement is comparable to that of commercial worm
analysis software (WormLab). Proof-of-concept experiments
are performed to sort young adult worms (900-1000 μm
length) from a swarm of L4, young adult, and adult worms,
demonstrating an average sorting speed of 10.4 worms per
minute (5.8 s per worm) with a success rate of 90.3%. We also
conduct typical viability tests on the sorted worms and confirm
that the device does not impose adverse effects on their
physiological conditions. This microfluidic system holds great
potential to significantly facilitate C. elegans studies that use
worm body size parameters as experimental readouts and need
high-speed size-based worm sorting.

II. SYSTEM SETUP AND OPERATION

A. System Setup

The worm sorting system, as shown in Fig. 1, was estab-
lished based on an inverted microscope (IX83, Olynmpus)
with a 4× objective, and a CMOS camera (acA2000-340km,
Basler; 2040×1080 pixels) was used for real-time imaging
(50 fps) of single worms inside the worm observation chamber
of the microfluidic device. To control the pneumatic valves
through regulated pressures, we developed a 16-channel pres-
sure control unit. The pressure unit consists of a micro-
controller (mega2560, Arduino), three manually-adjustable
pressure regulators (ARG20-N01G1-Z, SMC Pneumatics),
16 solenoid valves (S10MM-30-24-2/A, Pneumadyne Inc.),
and a circuit board with 16 transistors (2N3094) to turn
on/off the valves. The camera and the pressure unit were
controlled by a host computer (3.1GHz CPU, 16G RAM).
Customized image processing and hardware control algorithms
were implemented using C++ in Microsoft Visual Studio
2016, and the image processing algorithms were composed
using OpenCV functions (version 3.4). This system can be
readily established based on an optical microscope existing
in any worm biology laboratory with three additional items
added (i.e., the microfluidic device, the pressure control unit,
and the syringe pump). Thus, our method provides a more
cost-effective solution for size-based worm sorting than the
commercial BioSorter.

B. Microfluidic Device Design and Fabrication

The microfluidic device consists of two microchannel
layers, as shown in the blue and red in Fig. 2. The fluidic
channels were arranged in the top flow layer to manipulate

Fig. 1. Experimental setup of the worm sorting system. A: Schematic
system setup. B, C: Photographs of (B) the system and (C) the
microfluidic device.

Fig. 2. Schematic of the double-layer microfluidic device. A: Microfluidic
channel design. B: Details of the observation chamber. C: ON/OFF
mechanism of the two-layer microfluidic system.

single worms, and the pneumatic valves were integrated in the
bottom control layer. The cross-section view of a pneumatic
valve is shown in Fig. 2C to illustrate its operation principle.
The channel height of the top flow layer was designed to be
45 μm (approximately the average diameter of young adult
worms), which confines the vertical movement of a worm
during worm imaging and thus improves the accuracy of body
size measurement. The microchannels in the top flow layer
can be separated into three regions based on functionality:
i) the loading chamber, ii) the observation chamber, and iii) the
downstream sorting channels.

The worm loading chamber is a large worm storage area
supported by micro-pillar arrays, as shown in Fig. 2A. For
worm loading, unsynchronized C. elegans worms (at different
developmental stages) on a culture plate are manually picked
using a pipette and loaded into the worm loading inlet of
the microfluidic device. During worm picking, the picked
worms are sequentially transferred into multiple droplets of
pure M9 solution on a clean agar plate, and this process
removes large impurities from the picked worm bodies and
avoids clogging of the microfluidic device with loaded worms.
As a preparation step, a positive pressure of 5 psi will be
applied to the device inlet to flush small impurities and worms
at L1, L2, and L3 stages out of the worm loading chamber and
only leave larger worms (L4, young adult, and adult stages)
that are stopped by the pillars for subsequent sorting. The
spacing between adjacent pillars was set to be 240 μm to
reduce the loading speed of single worms and avoid device
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Fig. 3. Flowchart of the system operation procedure.

clogging and duble loading (two worms enter the observation
chamber together) [25].

The observation chamber, with a width of 300 μm and
a length of 2100 μm, was designed to contain a single
worm with enough space for swimming, and the field of
view (FOV) of the microscope (with a 4× objective) always
covers the entire observation chamber for worm size measure-
ment. Specifically, the entrance of the observation chamber
is a 60 μm wide loading channel with a 30 μm nip at its
front (Fig. 2B). The 30 μm nip of the loading channel was
designed to be slightly narrower than the smallest diame-
ter (∼35 μm) of L4 worms (the smallest among the mixture
of L4, young adult and adult worms we will sort) to reduce the
chance of multi-worm loading into the chamber and improve
the operation success rate. In our experiments, we did not
observe clogging of the nip by a single worm even for the
young adult and adult worms with body widths larger than the
nip width, which is mainly because of the highly deformable
worm body allowing it squeeze through the nip.

As the width of the observation chamber (300 μm) is much
larger than that of the loading channel (60 μm), there is
a flow rate drop of the incoming fluid when it enters the
observation chamber [20], which reduces the entering speed of
the worm and leaves longer response time for the pneumatic
micro-valves to close the observation chamber and trap the
loaded worm. Note that the down stream sorting valves (waste
and collection valves) are closed during worm loading, and
the fluid from the loading channel will flow to the trapping
outlet (Fig. 2B). Thus, the worm flushed with the fluid through
the loading channel will be trapped by the trapping pillar array
(pitch: 15 μm) at the junction of the trapping channel and the
observation chamber. This trapping effect further lowers the
speed of the worm and completely avoids any worm escape out
of the observation chamber due to its high entering speed. The
trapping channel and the flush channel are connected together
just outside the trapping pillar array.

When the size measurement of the current worm is com-
pleted, a 20 psi pressure will be applied to the flush inlet to
flush the worm out of the observation chamber for downstream
sized-based sorting. The straight flow channel at the outlet
side of the observation chamber is to collect the waste worms
of no interest (e.g., worms with undesired sizes, multiple
worms simultaneously loaded into the observation chamber,
or worms with failed size measurements), for which the
waste valve is opened and the collection valve is closed.
If a worm is measured to have the desized size, it will be
sorted to the collection channel (waste valve off and collection
valve on).

The microfluidic device was fabricated from polydimethyl-
siloxane (PDMS) via standard multi-layer soft lithography.
The mold masters of the two device layers were fabricated
through photopatterning SU-8 2025 on silicon wafers. Pre-
cured PDMS was prepared with base-curing agent w/w mixing
ratios of 5:1 and 20:1 for molding the top flow layer and the
bottom control layer, respectively. The thickness of the bottom
control layer was controlled to be 40 μm by spin-coating the
uncured PDMS on its mold master at 1500 rpm.

C. Operation Procedure for Automated Worm Sorting

By visually detecting/sizing individual loaded worms and
regulating the valves (through the pressure unit), the system
is capable of repetitively loading a single worm into the
observation channel, analyze its body size parameters (length
and width), and sort it based on its measured length. The
sorting process (Fig. 3) consists of three operation steps:
i) the loading step, ii) the trapping/sizing step, and iii) the
sorting step. The corresponding on/off states of the valves and
supplied pressures are shown in Table I.

At the loading step, a constant loading flow of 5 μl/s is
applied to the worm loading inlet by a syringe pump (Fig. 1A)
to load single worms sequentially into the observation cham-
ber. In the meanwhile, the sorting valve and the flushing valve
are closed so that the main fluidic flow through the observation
chamber could travel from the loading channel, through the
trapping pillar array, to the the trapping channel. As a result,
once a worm is loaded into the observation chamber, it will
be trapped at the trapping pillar array because of the fluidic
pressure. A worm detection algorithm (see Section III-A)
running continuously on the host computer detects whether the
worm body has completely entered the observation chamber
(which is called a ‘complete loading’). When a complete
loading is detected, the loading valve is closed, the loading
flow is shut off, and the trapping valve remains open for
an additional period of time (200 ms) to move the entering
worm to the trapping pillar array. In addition, the syringe
pump quickly withdraws 10 μl fluid to prevent the loading
of a second worm. The back flow caused by the syringe
pump releases the loaded worm from the trapping pillar array
and makes the worm ready for body size measurement. The
body size parameters of the worm are repeatedly measured
from 50 consequent image frames by a customized image
processing algorithm, and the 50 measurements were averaged
to provide the final result. If the measured worm body length
is within a user-specified range, the downstream waste valve
is closed and the collection valve opened, and the flushing
pressure is turned on to flush the worm into the collection
outlet. Otherwise, the worm will be flushed into the waste
outlet. Then, the whole process will start again to sort the
next worm. Typically, the entire sorting process takes 5.8 s.

III. TECHNIQUES FOR AUTOMATED WORM SORTING

A. Worm Detection Inside the Observation Chamber

In the sorting experiments, a complete worm loading needs
to be first detected to trigger the worm trapping process (by the
trapping chamber) and prevent the loading of a second worm.
For a worm being carried by the 5 μl/s flow through the 60 μm
wide loading channel, its captured image sequence appears to
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TABLE I
STATES OF THE VALVES AND SUPPLIED PRESSURES AT THREE OPERATION STEPS

Fig. 4. Worm detection graph within the observation chamber.

be only a blurred shadow. Thus, the detection algorithm needs
to be not only fast but also effective to pick up the blurred
worm image.

In the worm detection algorithm, the average pixel intensity
of a specific area in the observation chamber is used as
a reliable indicator for the presence of a worm, since the
worm body is darker than the channel background and the
occupancy of an area by the worm body causes significant
drop in the average pixel intensity of that area. To improve
the image processing speed, we continuously measured the
average intensity drops of a series of parallel lines along
the chamber width (Fig. 4). The lines l0, l1, ..., ln evenly
spread throughout the observation chamber with a pitch of d .
A background C++ thread repetitively calculates the average
intensity drops of the lines during real-time imaging. The
worm is considered to be detected if either one of the following
two criteria are satisfied.⎧
⎨

⎩

∃i ∈ {0, ...n}s.t .�I (li ) > δ,�I (l i+1) > δ, �I (l0) < δ

arg max
i

{�I (li ) > δ,�I (l i+1) > δ} >
L

d
, �I (l0) ≥ δ

(1)

where �I (l i ) is the average intensity drop of the pixels on the
line li , δ is an experimentally determined threshold, and L is
the length of a young adult worm. The first criterion indicates
that a worm larger than d has been completely loaded, while
the second one indicates that the body portion longer than the
threshold L has been loaded. In our experiments, d = 120 μm
and L = 1000 μm. Through our testing, the worm detection
algorithm took less than 2 ms to process one image frame and
provided a detection success rate of 100%.

B. Vision-Based Worm Size Measurement

In the trapping step, the microscope camera takes the
image of the observation chamber at a frame rate of 50 fps,
and the worm body size parameters are repeatedly measured
for 1 s (50 consequent frames). We developed custom-made
image processing algorithms for worm body size measurement
so that our system could readily integrate and customize
the algorithms for automated operation. To ensure system
operation reliability, we adopted mature algorithms here for
rapid recognition of worm body boundaries and accurate
measurement of the worm size.

1) Worm Length Measurement: Before an experiment
begins, a region of interest (ROI) will be selected on the

Fig. 5. Image processing algorithm for calculation of worm morphology
features. A: Original image of a worm confined within the observation
chamber. B: Binarized image. C: Extracted worm boundary. D: Dorsal
and ventral sides of the worm on its boundary. E: Resample of the dorsal
and ventral sides. F: Calculation of the centerline and the width on the
worm body. G: Schematic view of the algorithm.

live video displayed by the system control software, which
covers the observation chamber. One frame of the ROI grabbed
initially before worm loading is used as a background image.
Once a worm image is grabbed, as illustrated in Fig. 5A,
it is first subtracted by the background image to remove
unnecessary features of the chamber edges and the background
texture. Then, the ROI is averaged by a 3×3 Gaussian mask to
reduce image noise and binarized using the Otsu method [33].
A 3×3 erode and dilate operator is applied to the resultant
image, to eliminate the small debris in the image (Fig. 5B).
After that, all the contours within the image are identified,
and only the largest one is detected as the boundaries of the
worm body (Fig. 5C).

The obtained worm contour points are evenly re-sampled by
a fixed distance with a linear interpolation method. Denoting
the re-sampled points as Pi , i = 1, ...n, the acuity of a specific
boundary point with respect to its adjacent points can be
evaluated as

Mk,i = (Pi+k − Pi ) · (Pi−k − Pi )
.= l2

k cos αi (2)

where k is the vector size, lk is the vector length, αi is the
acute angle between two intersection vectors. A larger Mk,i
indicates a smaller αi and a sharper boundary point. Thus,
the worm tail can be identified by evaluating Mk,i , since it is
the sharpest point on the worm body contour. However, this
process is dependent on k, as a small k leads to a local optimal
point while a large k leads to a biased result. To avoid this
disadvantage, the large and small vector lengths are combined
and the worm tail point Pt is defined by

t = arg max
i

{Ml1,i + l2
1/ l2

2 · Ml2,i }, i ∈ {1, ...n} (3)

The head Ph of the worm is defined as

h = arg max
i

{Ml1,i + l2
1/ l2

2 · Ml2,i },
i ∈ {1, ...n} − {t − a, ...t + a} (4)

where a is the region width to exclude the tail area. In exper-
iments, we set a = n/4, l1 = n/40, and l2 = n/100.
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Fig. 6. Comparison of the worm sizing results from our algorithm and
the WormLab software (n = 20).

After identifying the head and tail points, the contour points
of the worm body can be separated to the ventral and dorsal
sides, as shown in Fig. 5D. These two point sets are further re-
sampled by distance through linear interpolation with a sample
size of s. We get the ventral points Vi and dorsal points Di (i =
1, ...s), as illustrated in Fig. 5E. Fig. 5G shows the calculation
of centerline points Ci , which is defined by

Ci = 1

2
(Vi + D j ), i = {1, ...s}

where
j = arg min

m
{(Vi+k − Vi−k) · (Dm − Vi )},

m = {i − a, ..., i + a}
and a is a parameter to limit the searching area and a = 10 in
our experiments. With the centerline points defined, the worm
length is calculated as

L =
s−1�

i=1

|Ci+1 − Ci | (5)

In our experiments, we found s = 100 provided accurate
measurement of the worm body length comparable to that
of the commercial software WormLab. The accuracy of the
length calculation can be further improved by increasing s.

2) Worm Width Measurement: Besides the worm length
measurement, we also developed an algorithm for quantifying
the worm body widths at different locations along its length.
With the body widths measured, one can calculate the worm
body volume by assuming circular cross-sections of different
segments of the worm body. This worm body volume para-
meter could serve as an additional physiological parameter of
the worm, and cannot be measured by the existing commercial
software.

The width is the distance between the corresponding points
on the dorsal and ventral sides, and it is distributed along the
body as

wi = �
�D j − Vi

�
� (6)

where D j and Vi have been defined in Section III-B.1.
We define the width of a worm as the width in the middle point
of the recognized worm body centerline (ws/2; see Fig. 5F).
The worm width data were also used for detecting calcu-
lation failures of the body size measurement algorithm (see
Section III-D).

With the camera frame rate of 50 fps, between two adjacent
frames the worm is not able to swim out of a distance
of 20 pixels when it is confined within the observation

Fig. 7. Detection of multi-worm loading and calculation failure. A, C,
E: Raw images illustrating cases of multi-worm loading, worm body con-
tact, and self-coiling, respectively. B, D, F: Contour detection results that
cannot be further processed by the proposed worm length measurement
algorithm.

chamber. Once the worm body in the first frame is recognized,
the ROI of the next frame is reduced to the region extended
from the rectangle enclosing the worm body by 20 pixels from
its edges. With this much smaller ROI, the image processing
time for the subsequent frames is greatly reduced. Based
on our experiments, the average time required for body size
analysis in each frame was 5 ms, 7 ms, 10 ms, 12 ms, 15 ms,
and 17 ms for L1, L2, L3, L4, young adult, and adult worms,
respectively.

To verify the accuracy of the proposed algorithm for worm
length measurement, we continuously grabbed 20 images of
worms at various developmental stages, and compare the worm
length data calculated by our algorithm with those from the
commercial software WormLab. As shown in Fig. 6, there is
no significant difference among all the 5 comparison groups
for worm length measurement (average difference: 1.8%). The
data measured by both our algorithm and WormLab show that
the length of the same worm during locomotion vary in a
range of ∼10 μm during its natural undulation movement.
The largest standard deviation (10.8 μm) of the worm length
measured by our algorithm (Fig. 6) was determined to be the
measurement accuracy of our algorithm.

C. Automatic Detection of Multi-Worm Loading

If more than one worm is loaded into the observation
chamber (Fig. 7A), the measurement algorithm will not
work properly. Also, the microfluidic device cannot separate
the simultaneously loaded worms for downstream sorting.
Although the nip design of the loading channel can reduce
the chance of multi-worm loading, simultaneous loading of
more than one worm into the observation chamber may still
happen occasionally. To this end, we designed an image
processing algorithm to automatically detect the multi-worm
loading. Before the worm length calculation, all the identified
contours within the ROI are extracted. The largest contour
and the second largest contour are denoted as {P}1 and {P}2,
respectively. If

{P}2 /∈ {P}1, and card{P}2 > λ card{P}1 (7)

multi-worm loading is considered to be occurring, where
card{P} denotes the number of members in the set P . Due
to non-uniform transparency of the worm body, some inner
organs within the worm body may be occasionally detected as
some connected regions (the small region in Fig. 7B). The first
condition, {P}2 /∈ {P}1, is to avoid detecting the inner organs
as a separate worm. The second condition is to ensure that the
size of the connected domains the algorithm detects are large
enough to be a second worm contour. λ as set to be 0.25, which

Authorized licensed use limited to: The University of Toronto. Downloaded on November 06,2020 at 02:52:33 UTC from IEEE Xplore.  Restrictions apply. 



378 IEEE TRANSACTIONS ON NANOBIOSCIENCE, VOL. 18, NO. 3, JULY 2019

Fig. 8. Screen shots of the observation chamber and the target worm at
A: the loading step; B: the body size measurement step; C: the sorting
step.

is the approximate size ratio between an adult worm and an
L1 worm. Fig. 7B shows two simultaneously loaded worms
detected by the algorithm. Upon being detected, all the simul-
taneously loaded worms contained in the observation chamber
are directly flushed to the waste outlet without sorting.

There are also chances that two or more worms are loaded
into the chamber, and their bodies contact each other in the
image. This leads to the visual recognition of a connected
contour of the two worm bodies. In this case, the multi-worm
loading is detected by another algorithm for calculation failure,
as discussed in Section III-D.

D. Automatic Detection of Calculation Failure
During the trapping procedure, multiple worms may be

loaded into the observation chamber together and the worm
sizing algorithm detects their bodies to be a single con-
nected contour (Figs. 7C and 7D). The algorithm described
in Section III-C cannot detect this case. In addition, a single
freely swimming worm may also display coiling behavior in
some of the image frames (Fig. 7E). One region of the body
contacts with other regions, causing failure of the worm body
sizing algorithm (Fig. 7F). We designed another algorithm to
detect both events of multi-worm loading with a connected
body contour and single-worm coiling.

As discussed in [34], the width distribution along the worm
body is characterized by

wi = ws/2(1 − e−0.1(s−|2i−s|)) (8)

To eliminate the failure calculations, the worm width is
evaluated at several points along the worm centerline. Only
the frames satisfying the following criteria are considered to
contain a single worm feature without coiling:
⎧
⎪⎪⎨

⎪⎪⎩

L1 < L < La
a < L/ws/2 < b

wi = ws/2(1 − e−0.1(s−|2i−s|)) + ηwi , i =
�

s

8
, ...

7s

8

	 (9)

L1 and La are the lengths of L1 and adult worms, respec-
tively. L1 = 250 μm and La = 1500 μm were used in
our experiments. The boundaries of the length-to-width ratio
a and b were set to be 8 and 17. η is a false tolerance
coefficient, and was set to be −0.3 < η < 0.3 in our
experiments. The first and second criteria limit the length and

TABLE II
WORM SORTING EXPERIMENTAL RESULTS

TABLE III
POST-SORTING SIZE MEASUREMENT RESULTS

length-to-width ratio of the calculation result, while the third
criteria defines the qualified worm contour as a spindle shape
as illustrated in Eq. 8. Together with the restrictions of Eq. 7,
the target contour is bounded to be a signal worm within the
observation channel without self-coiling, which can be further
processed by our algorithm. The above criteria are applied to
analyzing each image frame during the worm trapping period
(∼50 frames in total), The frames violating these criteria will
be neglected without worm size measurement, and the final
length and width of the current worm body are calculated as
the average values from all the qualified image frames.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Worm Culture and Microfluidic Device Preparation

We used wild type worm strain in the sorting experiments.
Three batches of worms fed with OP50 E. coli were separately
cultured in an incubator at 20◦C for 45, 50 and 55 hours,
allowing them to reach L4, young adult and adult stages,
respectively. They were then picked out of their culture
plates, mixed together, and washed by M9 solution for
sorting. Before each experiment, the bottom flow channels
were filled with M9 solution without any air bubble. The
washed mixture of worms at L4, young adult and adult
stages were loaded into the worm loading chamber for
sorting experiments. We demonstrated sorting of worms at
three consecutive developmental states (L4, young adult and
adult), because in real biological experiments the size-based
phenotypes of C. elegans usually have size difference of
approximately 1-2 developmental stages.

B. Automatic Sorting of Young Adult Worms

The mixture of L4, young adult, and adult worms ranges in
size from 600 μm to 1300 μm. We aimed to sort out young
adult worms and chose a typical size range of 900−1000 μm
for them. Fig. 8 shows the screen shots of the observation
chamber and the worm at the three operation steps, and
Video S1 illustrates the real-time sorting operations without
human intervention. We performed experiments on sorting five
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TABLE IV
THE COMPARISON OF MICROFLUIDIC C. ELEGANS SORTING DEVICES BASED ON THE WORM SIZE AND/OR DEVELOPMENTAL STAGE

Fig. 9. Survival testing results of the sorted worms. A, B: Values (n = 20)
of the worm pumping rate and the progeny number, respectively.

batches of worms with a total number of 319 worms, and
statistics of the sorting results are summarized in Table II.
In total, 279 times of sorting were conducted, among which
252 times of sorting was successful (meaning that the body
size measurement and sorting were both successful on a
single worm), 23 times of sorting were detected to be multi-
worm loading, and 4 times of sorting were detected to be
calculation failures. The total time spent on the 252 successful
sorts was 1460 s, corresponding to an average sorting speed
of 10.4 worms per minutes (5.8 s per worm). The sorting
success rate, which is defined as the ratio of the number
of the successfully sorted worms to the total sorting times,
was calculated to be 90.3%. The calculation failures occurred
when a single worm had coiling behavior, or when multiple
worms were loaded simultaneously with their bodies contacted
each other throughout entire worm trapping period (1 s) for
body size measurement. One can see that the number of
multi-worm loading cases is significantly higher than that of
calculation failures.

Table IV compares our design with previously reported
microfluidic worm sorting methods based on the worm
size or developmental stage. One can see that, although our
method does not provide the highest sorting speed and the
highest success rate, it is the only method capable of simul-
taneous size measurement and size-based sorting of single
worms. The function of worm size measurement “on the fly”
could benefit studies requiring accurate size-based sorting with
size statistics of the sorted population.

C. Size Validation of the Sorted Worms

To further evaluate the effectiveness of the worm sorting
system, we collected the sorted young adult worms and the
‘waste’ worms from the device’s collection and waste outlets,
respectively, and measured their lengths on two separate agar

Fig. 10. Post-sorting measurement. A: Body length measurement data
of the sorted worms using WormLab. B:, C: Photographs of (B) the sorted
worms and (C) the ‘waste’ worms.

plates using the commercial software WormLab. Fig. 10A
shows the body length distributions of the two groups.
Fig. 10B and C are the photographs of sorted worms and
‘waste’ worms. Note only portions of the sorted and ’waste’
worms are shown here. From Fig. 10A, one can observe
that most of the sorted worms as young adults have body
lengths within the range of 900−1000 μm, and nine worms
have body lengths (measured by WormLab) slightly smaller
than 900 μm or slightly larger than 1000 μm were also
collected as young adults. This is due to the measurement
inaccuracy (10.8 μm) of the worm length measurement algo-
rithm. Also, 20 worms collected from the waste outlet also
has the body lengths falling into the range of 900 −1000 μm.
These worms the system missed were from the detected cases
of multi-worm loading and calculation failure (67 worms
in total).

D. Viability Tests

To examine the possible impact on the physiology of the
sorted worms, we measured two major developmental para-
meters (pharyngeal pumping rate and fecundity) of the sorted
worms and the corresponding control group. The control group
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was cultured under the same condition as that of the sorted
group. One hour after the sorting experiment, we transferred
20 hermaphrodite individuals from the sorted worms and
20 from the control group onto new agar plates, the pumping
rates of which were measured for comparison (data shown in
Fig. 9A). After that, these hermaphrodite worms were further
cultured on 40 new NGM plates with one worm in each plate
for 24 hours. These hermaphrodite worms laid eggs during
this period of time, and the number of eggs on each plate
were counted as the fecundity (data shown in Fig. 9B). From
Fig. 9, one can see that no significant difference was found
on the pharyngeal pumping rate and fecundity of the sorted
worms and the control ones, confirming that there was no
evidence that our system caused any adverse effect on the
development of the sorted worms.

V. CONCLUSION

We presented a vision-based microfluidic system, consisting
of a microfludic device and image processing algorithms, for
automated, size-based sorting of C. elegans. The microfluidic
device is responsible for on-chip loading, trapping, imaging,
and sorting of single worms. Customizable image process-
ing algorithms were developed for accurate measurement
of the worm body size parameters. Based on the sorting
experiments of 319 worms, the system provided an aver-
age sorting speed of 10.4 worms per minute (5.8 s/worm)
with an operation success rate of 90.3%. Post-sorting size
measurements on the sorted worms demonstrated the effec-
tiveness of the system.
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