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Abstract—Manipulating single cells with a micropipette is the
oldest, yet still a widely used technique. This paper discusses the
aspiration of a single cell into a micropipette and positioning the
cell accurately to a target position inside the micropipette. Due
to the small volume of a single cell (picoliter) and nonlinear dy-
namics involved, these tasks have high skill requirements and are
labor intensive in manual operation that is solely based on trial
and error and has high failure rates. We present automated tech-
niques in this paper for achieving these tasks via computer vision
microscopy and closed-loop motion control. Computer vision al-
gorithms were developed to detect and track a single cell outside
and inside a micropipette for automated single-cell aspiration. A
closed-loop robust controller integrating the dynamics of cell mo-
tion was designed to accurately and efficiently position the cell to a
target position inside the micropipette. The system achieved high
success rates of 98% for cell detection and 97% for cell tracking
(n = 100). The automated system also demonstrated its capability
of aspirating a single cell into a micropipette within 2 s (versus 10
s by highly skilled operators) and accurately positioning the cell
inside the micropipette within 8 s (versus 25 s by highly skilled
operators).

Index Terms—Aspiration, automation, cell manipulation, cell
transfer, computer vision microscopy, dynamic modeling, mi-
cropipette, robust control, visual servo.

I. INTRODUCTION

INGLE-CELL manipulation techniques have been under
S intense development with the advent of many single-cell
analysis approaches [1]-[3]. For single-cell analysis, a cell must
be positioned at defined locations for testing [2], [3]. Foreign
materials and cellular structures need to be inserted [4] into or
extracted [5] from single cells for testing cellular response to
molecules or for genetic manipulation/diagnostics.
Among existing cell manipulation techniques, including
microfluidics-based positioning [6], magnetic localization [7],
optical trapping [8], dielectrophoresis [9], acoustics-based ma-
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nipulation [10], [11], and micropipette manipulation [12], the
micropipette technique has the longest history and is still one
of the most widely used techniques, particularly in oocyte and
embryo manipulation (e.g., injection and retrieval of cellular
materials) [13], [14], and for single-cell pick-place and trans-
fer [15], [16], due to the high specificity and high precision the
technique offers.

The task discussed in this paper is the aspiration of a single
cell into a micropipette and positioning the cell inside the mi-
cropipette, in a highly controlled, automated manner. This task
is relevant to a number of biological and clinical applications.
For instance, when transferring a single cell from one droplet of
culture medium to a defined location outside the droplet, aspirat-
ing the cell into a micropipette is important to avoid exposing the
cell to the air environment. In clinical intracytoplasmic sperm
injection (ICSI) [17], [18], a single sperm cell must be aspi-
rated into a micropipette and accurately positioned inside the
micropipette before the sperm is inserted into an oocyte for in
vitro fertilization.

Aspirating a single cell into a micropipette and precisely con-
trolling the cell’s position within the micropipette is challenging,
due to the small volume of a cell (picoliter) and the nonlinear
dynamics involved in the process (e.g., varying mass of culture
medium entering the micropipette in cell aspiration). In manual
operation, an operator looks through the eyepieces of a micro-
scope and operates multiple devices (microscope stage, micro-
manipulator, pump, etc.). When the micropipette approaches a
target cell, a small negative pressure is applied to aspirate the
cell into the micropipette. Once the cell enters the micropipette,
which is a rapid event, the operator must quickly apply a posi-
tive pressure to stop the cell movement so that the cell does not
enter too far into the micropipette and disappears. In order to
position the cell to a desired location inside the micropipette,
the operator must repeatedly adjust the application of negative
and positive pressure skillfully.

High skill requirements and labor intensiveness in manual
aspiration of single cells call for automation and the reduction
of human involvement. Automated cell aspiration and position-
ing requires visual tracking of single cells and the development
of a controller for precision cell position control. Significant
progress has been made in computer vision microscopy for cell
detection and tracking [19]-[24]; however, automated detection
and tracking of a single cell inside a micropipette, where con-
taminants/particles can easily occlude a single cell, has not been
explored. In addition, positioning a cell inside the micropipette
involves nonlinear dynamics. The mass of culture medium con-
taining the cell changes with time, and system damping varies
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with cell culture medium viscosity. The nonlinear dynamics
requires appropriate controller design for precisely and stably
moving a cell to a target position inside the micropipette.

This paper presents automation techniques (dynamic model-
ing and vision-based robust control) for automated single-cell
aspiration into a micropipette and positioning the cell precisely
inside the micropipette. Cell detection and visual tracking al-
gorithms were developed. A nonlinear dynamic model was es-
tablished to describe cell motion inside the micropipette. With
considerations of the nonlinearity and variation of mass and
damping, a robust controller was developed to move a cell to a
target position.

The techniques presented in this paper have general applica-
bility to the aspiration and positioning of all suspended cells.
Human sperm cells were used in experimentation for evaluat-
ing the performance of the algorithms and controller. Based on
experiments on over 100 sperm cells, the system demonstrated
its capability for automated cell aspiration, and the vision-based
robust controller is capable of efficiently and accurately moving
a cell to a target position inside the micropipette.

II. METHODS

Human sperm cells were used in this study. Sperm manipu-
lation is a required step in ICSI where a single sperm cell must
be tracked, immobilized, and aspirated into a sharp injection
micropipette, before it is injected into an oocyte. To minimize
the amount of sperm culture medium injected into the oocyte for
preserving the oocyte’s development competence, the tail of the
sperm cell inside the micropipette must be positioned close to
the micropipette tip. We previously reported methods for track-
ing motile sperm cells and robotically immobilizing them [24].
This paper presents automated aspiration and positioning of
immobilized sperm cells.

In the system, a linear stage (Newmark Systems, ET-100-10,
travel range: 100 mm, resolution: 0.04 ;xm) was used to drive a
250-uL glass syringe (Hamilton). Volume control resolution is
0.1 pL. The syringe was filled with mineral oil and connected
to a straight ICSI micropipette (MIC-50-0, Humagen) through
a connecting tube and a micropipette holder. The micropipette
holder was mounted on a 3-DOF motorized micromanipulator
(MP285, Sutter Inc.). An motorized XY stage (Prior Scientific,
H117, travel range: 114 mm x 76 mm, resolution: 0.01m) was
used to hold and position a petri dish containing culture medium
and sperm cells. Cell manipulation was conducted under a stan-
dard inverted microscope (Nikon Ti-S) connected to a CMOS
camera (601f, Basler). The camera provided visual feedback at
30 Hz and communicated with a host computer that controls all
devices and processes images.

Fig. 1 illustrates the operation flow of automated sperm as-
piration. The micropipette is first positioned close to the immo-
bilized sperm cell [see Fig. 1(a)]. A negative pressure is then
applied to aspirate the sperm cell into the micropipette. The
system stops the application of low negative pressure once de-
tecting the sperm cell entering the micropipette. For positioning
the sperm cell inside the micropipette, the cell is visually tracked
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Fig. 1. Operation flow of automated sperm aspiration. (a) Align the mi-
cropipette to immobilized sperm cell. (b) Visually track the sperm cell. (c)
Position the sperm cell to target position.
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Fig. 2. Control architecture of the system.

[see Fig. 1(b)], and a controller moves the sperm cell to the target
position [vertical line shown in Fig. 1(c)].

The overall control architecture of the system is described in
Fig. 2. Microscopy visual feedback is a critical modality used for
recognizing the micropipette and sperm cell. Furthermore, vi-
sual tracking is used for providing positing feedback to guide the
operation of the micromanipulator, the XY translational stage,
and the motorized linear stage with a syringe. A robust con-
troller controls the motion of the linear stage for accurately and
quickly positioning the sperm cell to a target position inside the
micropipette.

III. VISUAL DETECTION AND TRACKING

Automated aspiration and positioning requires visual detec-
tion of the sperm cell at the micropipette entrance and visual
tracking of the sperm cell inside the micropipette.
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Fig. 3. Detecting sperm cell’s entrance into micropipette. (a) SDROI is rep-
resented by the white box. The fitted micropipette rectangle is shown in black.
(b) and (c) Sperm passed the virtual line. (d) and (e) Sperm was detected to the
right of the virtual line. In (e), the sperm disappeared from the SDROI.

A. Sperm Detection

To prepare for aspiration, the system positions the mi-
cropipette tip 5 um (along both X and Y) from the immobilized
sperm cell [see Fig. 3(a)]. The detection algorithm starts by
finding the region of the image that contains the micropipette
tip and the sperm cell to be aspirated. This region labeled as
the sperm detection region of interest (SDROI) is where image
processing is performed to detect the sperm cell entering the
micropipette [see Fig. 3(a)]. To find the SDROI, an identifica-
tion algorithm locates the micropipette tip in the first frame of
image. The SDROI is then extrapolated from the micropipette
tip position.

The algorithm applies Otsu adaptive thresholding to the orig-
inal image to create a binary image, which separates the fore-
ground from the background of the original image. Contour
detection is then applied to the binary image. The micropipette
is recognized by finding the contour with the largest area. An
upright bounding rectangle (the pipette rectangle) is fitted to the
contour. The right side of the pipette rectangle gives the posi-
tion of the micropipette tip. Using the coordinates of the pipette
rectangle, a SDROI is then formed at the micropipette tip [see
Fig. 3(a)].

The first frame’s SDROI image is stored as a representation of
the background image. Each subsequent SDROI frame is then
subtracted from the background image to form a subtracted
image for sperm detection. Areas of high pixel intensity in the
subtracted image represent regions of movement, and areas of
low pixel intensity represent regions of minimal or no change.
Otsu adaptive thresholding is then applied again to the subtracted
image to form a binary image [see e.g., Fig. 3(b)—(e)].

Using subtracted binary image of each frame, the algorithm
searches for the position of sperm head inside the SDROI. Con-
tour computation is performed to find every contour inside the
SDROI. To minimize false detection that may be caused by
contaminants/microparticles or the micropipette movement in
the SDROI, an area criterion for the sperm head is used to
discriminate the sperm head from other nonsperm objects. Ex-
perimentally, the sperm head has a minimum area of 40 pixels
and a maximum area of 150 pixels under 20x magnification.
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Fig.4. Sperm tracking preprocessing steps. (a) Original image with sperm cell
inside the micropipette, and contaminants on the outside of the micropipette.
(b) Binary image Bj(x,y) created through Otsu adaptive thresholding. (c)
Binary image B3 (z, y) containing only micropipette edges. (d) By (z, y) after
removing micropipette edges by subtracting Bs (z, y) from Bi (z,y).

Objects with areas outside this range were considered either
the micropipette being displaced or contaminants entering the
SDROI.

A virtual line drawn 20 pixels from the left of the SDROI [see
Fig. 3(b)—(e)] depicts the position that the sperm must pass for
detecting the sperm cell’s entrance into the micropipette. When
the sperm head’s horizontal position is detected to be less than
or equal to the virtual line position in the SDROI, the sperm head
has reached the left section of the SDROI and has entered the
micropipette tip [see Fig. 3(b)—(c)]. Cell detection also occurs
when the sperm head position appears initially to the right of the
virtual line [see Fig. 3(d)], and the sperm cell disappears from
the SDROI in subsequent frames due to a high aspiration force
of the micropipette. Subsequently, no contour can be found in
the SDROI with a sufficient sperm head area since the sperm
cell is displaced out of the SDROI and into the micropipette at
a high velocity [see Fig. 3(e)].

B. Sperm Cell Tracking Inside Micropipette

After the sperm cell is aspirated into the micropipette, the
sperm position obtained from visual tracking is provided to
a closed-loop controller as feedback. The tracking algorithm
must be robust to micropipette vibrations that can displace the
micropipette and sperm cell. The tracking algorithm must also
be robust to contaminants/microparticles attached to the mi-
cropipette since contaminants can occlude the sperm cell while
the sperm cell is being tracked inside the micropipette.

Sperm tracking inside the micropipette is initiated by a hu-
man operator via computer mouse clicking on or within prox-
imity to the sperm cell [see Fig. 4(a)]. The system then forms
a sperm region of interest (SROI) around the clicked position.
Otsu adaptive thresholding is applied to the image to form a bi-
nary image B (, y) that separates objects from the background
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[see Fig. 4(b)]. The contour of each object in the binary image
is computed. The two contours with the largest areas are the
micropipette’s upper and lower edges.

When the sperm is inside the micropipette, it is close to the
micropipette edges due to the small size of the micropipette tip.
Hence, the sperm object may merge with the micropipette edges
in the binary image, B; (z,y). This merging may cause visual
tracking to fail since the tracking algorithm can take the sperm
and micropipette object as one object. Thus, the micropipette
edge objects are removed from Bj (z, y) to segment the sperm
object from the micropipette edge objects. To remove the mi-
cropipette edges, a binary image By (x,y) containing only the
micropipette edges is created by setting all other object pixels,
including the sperm object in the SROI to zero [see Fig. 4(c)].
By (x,y) is computed only once in the first frame, and is used
to subtract the micropipette edge information from each subse-
quent B (z,y) frame [see Fig. 4(d)].

Blob detection is performed to track the sperm in By (z,y).
The sperm head position c is determined by calculating the
moment of the sperm head contour in every frame 7. The SROI is
updated accordingly in each frame to be centered at the updated
sperm position. When more than one object is present in the
SROI, positions of the contaminant particles found in the first
frame are used to distinguish the sperm object from contaminant
objects. In the first frame, the position of every objectin By (z, y)
except the sperm is computed by finding the center of mass of
contaminant objects. The minimum norm value k for each object
in the SROI is found with respect to the contaminant positions
according to

k= mi —d; 1
min (s~ ;) 0

where s represents an object position inside the SROI, and d;
represents the position of contaminant object j. Contaminant
objects inside the SROI all have k values of O or close to 0, since
these objects have positions that match those found in d. Thus,
the object in the SROI that produces the largest k£ with respect to
the contaminant positions is considered the sperm object. When
the sperm is occluded by a contaminant, the algorithm tracks
the sperm and contaminant as one object until the sperm moves
away from the contaminant (see Fig. 5).

When no objects are present within the SROI, the direction
vector of the sperm is used to predict the position of the sperm in
the next frame. The scenario of no objects present in the SROI
may occur in cases where the sperm is being moved with a large
velocity. Consequently, the sperm may appear blurry in certain
frames, resulting in the sperm being absent from the binary
image. The direction vector v (7) of the sperm is calculated as

1 &
V(i) = %Z(c(z—k) —c(i—k—1)). 2)
k=0
Accordingly, the SROI moves in the direction predicted by the
direction vector. In the updated SROI position, the same blob
detection algorithm is used to find the sperm being tracked. If
the sperm cannot be found after a certain number of frames,
sperm tracking is stopped, and the system considers the sperm
lost.

1035

Fig.5. Occlusion tracking. (a) Sperm is moving to the right. The SROI (shown
by the white box) contains both the sperm and a contaminant. (b) Sperm con-
tinues to move to the right and is occluded by the contaminant. (¢) Sperm and
contaminant are both inside the SROI. Tracking continues on sperm. (d) Sperm
moves away from the contaminant and is tracked in the SROI.

There were instances where the micropipette vibrates or dis-
places from its original position although the cell manipulation
system was on top of an antivibration table. Micropipette vi-
bration or displacements can be caused by disturbances in the
medium, or movement of the platform on which the microscope
is situated. When the micropipette is displaced, the tracking al-
gorithm can fail if By (z,y) and the contaminant positions are
not recomputed. Thus, an algorithm was developed to detect
micropipette displacement. The detection algorithm triggers the
system to pause tracking and update Bs(z,y) and contaminant
positions.

For each frame, the top left positions of the lower and upper
micropipette edges are calculated by fitting a rectangle to each
micropipette edge. The top left position of each rectangle is
stored as the top left position of each micropipette edge for each
frame. When the Euclidean norm between the top left position in
the current frame and the previous frame surpasses a threshold
value (e.g., 1 pixel), micropipette vibration/displacement is de-
tected, and tracking is paused for 15 frames. After 15 frames, the
system computes the new contaminant positions and Bs(x, y).
Tracking is then resumed, and the micropipette displacement
distance is added to the last successfully computed SROI to
provide the system with the updated initial SROI position.

IV. DYNAMICS OF CELL MOTION

For controlling the sperm cell’s position inside the mi-
cropipette, the dynamics of cell motion must be integrated in
the closed-loop position controller. Cell positioning is schemat-
ically shown in Fig. 6. Major components include a syringe, a
micropipette, and a connecting tube. The syringe and connecting
tube are filled with mineral oil. The inner space of micropipette
typically consists of three segments: mineral oil, air, and culture
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Fig. 6. Schematic diagram of sperm moving inside a micropipette linked to a
syringe.
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Fig. 7. Block diagram of the control system.

medium. A sperm cell moves together with the culture medium
segment (no relative motion within the culture medium).

Motion of the syringe piston is denoted by u, and the position
of the sperm cell is denoted by z. The initial volume of the
air segment inside the micropipette is Vj. The cross-sectional
area of the air segment is A. The initial pressure is P, that is
equal to the atmospheric pressure P,,, at equilibrium. During
aspiration and dispensing, the volume of the air segment inside
the micropipette changes as

V=xA —uldy+Vy = (12 — equ) A+ Vp 3)

where e is the ratio of the cross-sectional area of the mi-
cropipette tip A; to the air segment A; and &5 is the ratio of
the cross-sectional area of the piston A, to the air segment A.

To calculate the pressure of the air segment, Boyle’s law gives
PV = PByV,. Applying Newton’s law, the dynamic equations of
the moving culture medium containing a sperm cell is

AVy P,
(Elfﬂ — SQU)A -+ VE)

mx + ct = — AP, 4)

where m is the mass of the culture medium containing the sperm
cell, and c is the damping of the culture medium.

V. CONTROLLER DESIGN

In the dynamic system expressed in (4), the control input is
the piston’s motion u. System output is the motion of the sperm
cell 2. The system is nonlinear, and the mass m(z) changes
with time during cell aspiration and dispensing, and the damp-
ing coefficient varies with the viscosity of medium. Hence, we
linearized the system and designed a robust controller for the
linearized system that has uncertain mass and varying damping.
Fig. 7 shows the block diagram of the control system.
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A. Input Linearization

To linearize the control input, the right-hand side of (4) is
denoted as

T = kd({ﬁd — (E) + kp(ﬁd — :17) (5)

where k, is the derivative gain, &, is the proportional gain, and
x4 1s the target sperm cell position.
Combing (5) with (3), the control input to the syringe is

€1 i) Vo
= — — 6
“ €9 (kd(rd—i)—i-kp(a:d—x)—i—APo + A +x> ©)

where control gains k, and k; must be determined for optimal
control performance.

B. Controller

In dynamic equation (4), the mass m of culture medium that
contains the sperm cell changes during cell positioning. m in-
creases when culture medium is aspirated into the micropipette,
and decreases when it is dispensed out of the micropipette.
Additionally, system damping, ¢ varies with culture medium
viscosity. With considerations of mass and damping variation,
robust control was applied to determine k, and k.

The state-space presentation of (4) is

(g;>:<8 _1;)(2;%(51)7 ™)

and can be simplified into

X = AX + B'r (8)
where

0 1 0
Y2 0 —— —
m m

y1 =z, and y» = . The robust control strategy presented
shortly was implemented by translating a robust control problem
into an optimal control problem [25].

1) Define Robust Control Problem: Defining —¢/m as un-
certainty variable p, and defining —1/m as uncertainty ¢, we
can rewrite the state-space equation (8) with uncertainty as

X = A(p)X + BD(q)7 )

A@%=(8 ;>, B==(?)> D(q) =¢q

To describe the robust control problem, three assump-
tions were made. 1) There exists a nominal value p, of p
(Pmin < Po < pmax < 0) such that the controllability matrix
C = (B, A(py)B) is of full rank. 2) There exists a constant
D = ¢y such that 0 < gy < ¢. 3) A(p) is bounded. Based on
these assumptions, the closed-loop system dynamics is rewrit-
ten as

where

X = A(p)X + BD(t + E(q)7) (10)

where E(q) = D~'D(q) — I > 0. The robust control design
problem becomes the determination of a feedback control law,



ZHANG et al.: CONTROLLED ASPIRATION AND POSITIONING OF BIOLOGICAL CELLS IN A MICROPIPETTE

7= KX such that the closed-loop system X = A(p)X +
BD(KX + E(q)KX) is asymptotically stable for all p and

q.
In order to solve the robust control problem, the uncertainty

A(p) — A(py) must be decomposed into the sum of a matched
component and an unmatched component by projecting it onto
the range of B D, namely

A(p) = Alpo) = (BD)(BD)" (A(p) — Alpo)
+ (I = (BD)(BD)")(A(p) — Alpo)-
(1)

Two upper bounds on the uncertainty are defined to translate
the robust control problem into an optimal control problem, as

(A(p) — Alpo))" (BD)*" (BD)* (A(p) — A(m)) <G (12)
a2 (A(p) — Alpo))T ((Alp) — Alpo)) < H (13)

where o > 0 is a design parameter, (o)" is pseudoinverse of a
matrix, and ()7 is transpose of a matrix.

2) Define Optimal Control Problem: An auxiliary system is
built as

X = A(py)X + (BD)T + oI — (BD)(BD) ). (14)

The robust controller problem is then translated into an optimal
problem, namely, finding a feedback control law 7 = K X and
n = M X that minimize the cost functional (LQR problem)

/(XT(G—i—ﬁQH+nyI)X+TTT+52nT77)dt (15)

where 5 > 0and~y > 0 are design parameters. Since (A(py ), B)
is stabilizable (the controllability matrix C' = (B, A(py)B) is of
full rank), G > 0, and H > 0, the solution to the LQR problem
exists. Based on the LQR theory, the control law is

(7) B < —(BD)T'SX )
n)  \—ap2(I - (BD)(BD)")SX |-
The matrix S is solved from the Riccati equation
SA(po) + A(po)" S + G+ F°H ++°1 = S((BD)(BD)"
+a?372(I — (BD)(BD)")*)S = 0. (17)

(16)

3) Proof and Solution: As detailed in Appendix A, the solu-
tionT = KX andn = M X to the LQR problem is a solution to
the robust control problem. Therefore, the robust controller de-
sign task is to choose «, 3, and p such that the solution 7 = K X
andn = M X to the LQR problem satisfies 321 — 2p> M T M >
0. Then, 7 = KX = —(BD)" SX is a solution to the robust
control problem. Note that 321 — 2p> M™ M > 0 is a sufficient
but not necessary condition. Substituting K = (k,, kq) into (6),
the system control input u (i.e., the position of syringe piston)
is obtained.

VI. EXPERIMENT RESULTS AND DISCUSSION

Experiments of sperm cell detection and tracking were first
conducted to validate the computer vision algorithms. The al-
gorithm was then integrated into the robust controller to form a
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TABLE I
SPERM TRACKING RESULTS

velocity (um/sec)  success  failure
0<u<35 26 0
35<a <70 23 1
70 <u < 100 48 2

complete closed-loop control system. Experiments of position-
ing a sperm cell to a target position were performed using the
robust controller, and the performance was compared to that of
a standard proportional derivative (PD) controller.

Besides the hundreds of sperm cells used in system develop-
ment, the system tested 100 sperm cells to quantify the sperm
aspiration detection success rate. Sperm aspiration detection
success rate is defined as the percentage of true positive de-
tection cases in which the sperm cell is aspirated into the mi-
cropipette. The algorithm successfully detected 98 out of 100
trials (i.e., 98% success rate). We observed that false positive de-
tection can occur when other sperm cell swim into the SDROI.
In this failure case, the algorithm falsely detected the sperm as
passing the virtual line.

Additionally, 100 trials of sperm tracking inside the mi-
cropipette were performed to evaluate sperm tracking success
rate. Tracking success rate is defined as the ability of the track-
ing algorithm to follow the sperm inside the micropipette as the
sperm is moved from the left most side of the micropipette to the
micropipette tip. The tracking algorithm is evaluated indepen-
dently from the closed-loop controller. The dispensing pressure
was controlled manually by a human operator for the 100 sperm
tracking trials. Sperm cells were moved at a range of different
velocities to evaluate the robustness of the tracking algorithm.

The sperm’s velocity « is calculated by converting the direc-
tion vector o from pixels/s to um/s. Results are categorized into
three groups, based on sperm velocity: 0 yum/s < 4 < 35 um/s,
35um/s < u < 70 um/s, and 70u m/s < @ < 100 um/s. The
tracking algorithm is capable of tracking sperm velocities above
100 pm/s. However, there were instances when the algorithm
lost track of the sperm due to the sperm head’s low contrast and
blurred appearance at velocities greater than 100 pm/s. Hence,
the upper threshold of the sperm’s velocity was set in the sys-
tem at 100 pm/s. Overall, the system achieved a sperm tracking
success rate of 97%. Details are summarized in Table 1.

As summarized in Table I, three tracking failures occurred.
One failure case was when the sperm became out of focus
in the micropipette, the sperm head’s appearance inside the
micropipette becomes blurry and blends into the background.
Thus, in the out-of-focus case, the tracking algorithm tends to
lose track of the sperm. Another failure case happened when the
sperm adhered to the micropipette in areas of the micropipette
with higher adhesiveness. Higher dispensing pressure was re-
quired to move the sperm in this case. When the sperm pro-
gressed toward an area of the micropipette with lower adhesive-
ness, the sperm velocity increased to a value larger than 100
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pum/s. At this velocity, the tracking algorithm lost track of the
sperm.

The last failure case was when a sperm cell outside the mi-
cropipette moved into the SROI in which the sperm of inter-
est inside the micropipette is being tracked, the outside sperm
merged with the sperm of interest in the preprocessed binary im-
age. The outside sperm moved in the same direction as the sperm
of interest, and hence, the two sperm direction vectors were the
same. After the two sperm cells separated, the algorithm incor-
rectly tracked the sperm outside the micropipette. This failure
case occurred only once, and hence, is considered a rare case.
For the majority of cases where outside sperm cells enter the
region of interest, the direction vector and the vertical restriction
of the sperm to the vertical position of the micropipette enable
the algorithm to effectively distinguish the sperm of interest
from outside sperm cells that happen to enter the SROI.

The sperm tracking information was provided in real time
to the closed-loop controller for positioning the sperm cell to
a target location inside the micropipette. The diameters of the
cross section of the syringe piston, air segment, and the mi-
cropipette tip are 3.26 mm, 750 pm, and 6 pm, respectively. The
initial length of the air segment inside the micropipette is 15 mm.
Based on the controller design methodology [see (16)], the ro-
bust controller was designed as

u = 3.3874

« 10-5 —4.4179 x 1074
kd(l"d — )+ k, (xq — l‘) 4+ 4.4179 x 10-2

+0.01 + a:) (18)
where k, = 1.4, and k; = 1671.2.

To validate the control performance of the robust controller,
the controller was applied to move a sperm cell from an initial
position to a target position inside the micropipette, as shown
in Fig. 8(a). The distance between the target position to the
micropipette tip was set to be slightly larger than one sperm
length. Hence, when the sperm head was moved to the target
position, the sperm cell’s tail was close to the opening of the
micropipette tip. The distance between the original position of
the sperm cell and the target position, shown in Fig. 8 was 420
pixels (i.e., 200 pum).

Of the 100 sperm cells tested in the experiments, the visually
servoed robust controller was capable of moving a sperm cell
to the target position quickly and stably. The average settling
time was 8 s and the steady-state error was zero. There were a
few cases where a small overshoot was observed [see Fig. 8(b)].
However, the largest overshoot was less than 3 pixels. The suc-
cess rate for positioning sperm cells was 100% in all cases where
sperm tracking was successful.

A standard PD controller was also implemented under the
same experimental conditions for performance comparison with
the robust controller. The PD control gains were optimized based
on extensive trial and error to achieve performance comparable
to that of the robust controller (e.g., small overshoot and short
settling time). The optimized PD controller required a long set-
tling time (e.g., 10 s) when a large derivative gain was used. As
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Fig.8. Positioning a sperm cell inside the micropipette with a robust controller.

(a) Sperm cell at initial position. (b) Slight overshoot. (c) Sperm cell reached
target position with zero steady-state error. (d) Performance comparison between
robust controller and PD controller.

the derivative gain was reduced, the overshoot of the PD con-
troller increased dramatically. As shown in Fig. 8(d), the sperm
cell was dispensed completely out of the micropipette when the
derivative gain was set to be 1 due to the large overshoot. A
larger derivative gain (e.g., 5 and 10) was effective in position-
ing a sperm cell; however, the robust controller significantly
outperforms the PD controller in terms of efficiency, overshoot,
and accuracy. The robustness to variations in control parameter
values also proved its suitability for single-cell position control.

VII. CONCLUSION

This paper presented single-cell manipulation techniques for
automated aspiration of a cell into a micropipette and position-
ing of the cell inside the micropipette. Computer vision algo-
rithms were described for visually detecting and tracking a cell
outside and inside the micropipette. High success rates of 98%
for cell detection and 97% for cell tracking were obtained. A
nonlinear dynamic model of cell motion inside the micropipette
was established. Based on the dynamic model and visual track-
ing, a closed-loop robust controller was designed against mass
and damping variation. Experimental results demonstrated that
the robust controller is stable and has short settling time and
zero steady-state error, outperforming standard PD control. The
automated system is capable of aspirating a single cell into a
micropipette within 2 s (versus typically 10 s by highly skilled
operators) and accurately positioning the cell to a target posi-
tion inside the micropipette within 8 s (versus typically 25 s by
highly skilled operators).
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APPENDIX A

To prove that the solution 7 = KX and n = M X to the
LQR problem is a solution to the robust control problem, we
define a Lyapunov function for the robust design problem as the
minimum cost of the optimal control of the auxiliary system.
The Lyapunov function is

V(z) = min/ (XT(G+F*H +~+*DX
n Jo
+ 717 + B2t n)dt. (19)

Whenx # 0,V(X) > 0;and whenx = 0, V(X) = 0.Based on
the definition, V' («) must satisfy the Hamilton—Jacobi-Bellman
equation and is reduced to

min(X" (G + °H +~+* DX + 717+ 50"y
.1

+ Vi (A(po)X + BDT + a(I — (BD)(BD)")n)). (20)

Based on the optimal control solution 7 = KX and n =
M X, (20) is divided into

(XT(G+AH+DX+XTKTKX

+ BXTMTMX + VE(A(po) X

+ BDKX + (I — (BD)(BD)")MX) =0 (21)
2XTKT +ViEBD =0 (22)
2682 X" MT 4+ VEa(I — (BD)(BD)") =0 (23)

with (10), the derivative of the Lyapunov function can be written
as

V(X)=v(x)'X
=VI(A(p)X + BD(KX + E(p)KX). (24)
Equation (24) can be rewritten as
V(X)=VE(A(p))X + BDKX
+a(l — (BD)(BD)")MX)
+ Vi (BD)(BD)" )(A(p) — Alpo)) X
+Vx (I = (BD)(BD)" )(A(p) — Alpo)) X
~Via(l - (BD)(BD)" ) MX
+VEBDE(p)KX. (25)
Combining (21), (22), and (23), (25) can be rewritten as
V(X)=-X"(G+H++DNX - XTKTKX
P XTMTMX - 2XTKT(BD)")(A(p)
— A(po))X =207 pP XT M (A(p) — A(po)) X

+20° XTMTMX - 2XTKTE(p)KX. (26)
With (12) and (13), (26) becomes
V(X) < —XT (31 — 20" M" M)X
—2XTKTE(p)KX (27)

1039

since F(q) = D' D(q) — I > 0, (27) becomes

V(X) < -XT (3T —2p°M" M)X. (28)

With the condition ﬂQI — 2p2_M T M > 0, we can conclude that
V(X) <0 when X #0, V(X) =0 when X = 0. According
to the Lypayunov stability theorem, the robust control system is
stable for all uncertainty p and ¢, namely, 7 = K X is a solution
to the robust control problem.
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