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Robotic Cell Rotation Based on the
Minimum Rotation Force
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Abstract—In this paper, a robotic cell rotation method based
on the minimum rotation force is presented to adjust oocyte ori-
entation in biological applications. In this method, the minimum
rotation force, which can control the rotation angle (RA) of the
oocyte quantitatively and generate minimum oocyte deformations,
is derived through a force analysis on the oocyte in rotation. To
exert this force on the oocyte, the moving trajectories (MT) of
the injection micropipette (IM), are determined using mechanical
properties of the oocytes. Further, by moving the IM along the
designed MT, the rotation force control is achieved. To verify the
feasibility of this method, a robotic rotation experiment for batch
porcine oocytes are performed. Experimental results demonstrate
that this system rotates the oocyte al0t an average speed of
28.6s/cell and with a success rate of 93.3%. More importantly,
this method can generate much less oocyte deformations during
cell rotation process compared with the manual method, while
the average control error of RA in each step is only 1.2° (versus
averagely 8.3° in manual operation), which demonstrates that
our method can effectively reduce cell deformations and improve
control accuracy of the RA.

Note to Practitioners—Using an IM to rotate the oocyte is the
most popular method to adjust oocyte orientations in many cellular
biological applications. To rotate the oocyte precisely and reduce
mechanical damages to the oocyte, the rotation force exerted on the
oocyte should be estimated and controlled precisely. However, it is
a challenging task and has not been resolved well. This paper cal-
culates the minimum rotation force through the force analysis on
oocyte and uses it to improve control accuracy of the RA and limit
the cell deformations. Using calibrated oocyte mechanical prop-
erties, the MT of the IM corresponding to the minimum rotation
force is designed. Then, by moving the IM along designed MT, the
rotation force control is achieved online. This method does not rely
on the force sensors and is realized on traditional micro-operation
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systems. Coupled with previous works, this method is able to op-
erate batch oocytes one by one. Therefore, it can easily be applied
in biological applications and replace manual operations.

Index Terms—Cell mechanical properties, cell rotation, force
control, micro-operation.

I. INTRODUCTION

ELL ROTATION, rotating some cellular structures

(e.g., polar body) to a position desired for operation
(e.g., 2 o'clock), is a requisite step in many cellular biological
applications, such as nuclear transplantations (NT) [1], [2],
embryo micro-injections [3], [4], and the polar-body biopsy
[5]. At present, the cell rotation task is usually performed
manually using the commercial micro-operation systems [6].
Taking the porcine oocyte rotation in the NT for example, the
operator usually uses an injection micropipette (IM) to rotate
the cell held by a holding micropipette (HM) gradually. First,
the polar-body is moved to the focal plane from the initial
position, which makes it visible. Then, the polar body is moved
to the desired position in the focal plane such as two o'clock
(see Fig. 1).

During above processes, the rotation force exerted on the
oocyte by the IM should be controlled carefully. On one hand,
the rotation force should be big enough to overcome the resis-
tance force between the HM and the oocyte. If not, the slip-
ping incidences between the IM and the oocyte occurs, which
makes the rotation angle (RA) of the oocyte in each rotation
step uncontrollable. On the other hand, the rotation force exerted
on oocyte should be as small as possible, reducing mechanical
damages to the oocyte development competence. Traditionally,
the rotation forces are estimated and exerted on the oocyte man-
ually during rotation process, which highly relies on the op-
erating experiences. Hence, the manual rotation of the oocyte
is a challenging task and should be performed by the operator
with high professional skills. Certainly, the appropriate rotation
force can be calibrated through sensors [7]-[10]. However, the
calibrated results for one oocyte are not able to be used to ro-
tate other oocytes because the mechanical properties of different
oocytes vary significantly [11].

With the fast development of the robotics and automation
techniques, a number of new noninvasive technologies have
been used to adjust cell orientations. The dielectrophoresis
(DEP) is able to use a nonuniform electric fields to rotate cells
[12]-15]. However, it is reported that the electric filed do great
harm to cells [16]. The static magnetic field can generate a
force on cells and has been used to adjust cell orientations [17],
[18]. Using this method, the cells are only able to be oriented
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Fig. 1. Porcine oocyte rotation in nuclear transplantation.

to alignment with the magnetic field. Optical tweezers with a
focused laser beam is able to exert a force on cells and rotate
cells [19]-[22]. The customized rotational stage is also used
to rotate the cells through an in-plane rotation movement [23].
However, the optical tweezers and rotation stage techniques
can only rotate the cell about one axis [24], which cannot fulfill
the 3-D rotation requirement in many biological applications,
such as the NT. Recently, the micro-fluidics has been used to
manipulate cells [25] and some researchers have realized a 3-D
rotation of mouse embryos using micro-fluidic flow generated
by HM [26]. However, as a noninvasive cell rotation method,
the operator needs to immobilize the embryo/oocyte before
performing the following operations (such as micro-injection
and enucleation), which can change the cell orientation again.
Different with the above methods relying on new devices, we
presented a robotic 3-D rotation for the single cell using the
traditional micro-operation system in previous studies [27]. As
the MT of the IM in this method is derived through imitating
manual operation, it usually cannot exert an appropriate rota-
tion force on the cell. Hence, there are still relative large control
errors of the RA in each step (with average control error of 7°).

As mentioned above, the rotation force is required to be as
small as possible provided that it can overcome the resistance
force. Therefore, the minimum rotation force meeting this re-
quirement (the minimum rotation force) is the one which ro-
tates the oocyte in an equilibrium state. As the oocyte is in an
equilibrium state, the slipping incidences between the IM and
the oocyte can be eliminated. Subsequently, the RA of each ro-
tation step can be controlled quantitatively through the MT of
the IM. Further, the oocyte in this state can be solidified and its
balanced state will not be disturbed according to static theory.
Hence, the minimum rotation force can be calculated through
the analysis method used for the rigid body. Base on this point,
a force analysis on oocyte in rotation process is performed to
get the minimum rotation force. To exert this force on the cell,
the oocyte mechanical properties, such as the Young's modulus
of the zona pellucid (ZP), and friction coefficients between the
oocyte and micropipettes, are calibrated and used to determine
the corresponding MT of the IM. Further, traditional motion
controllers are designed to achieve online rotation force control
during rotation process. Finally, a robotic rotation experiment
for batch oocytes is performed and the feasibility of this method
is validated.
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Fig. 2. Schematic: oocyte rotation.

The remainder of this paper is organized as follows. In
Section 11, the derivation of the minimum rotation force using
force analysis is introduced. Then, the MT of the IM for each
oocyte based on the minimum rotation force is designed in
Section III. After that, the control process of the rotation force
is given in Section IV. Validation experiments on porcine
oocytes are introduced in Section V and the conclusion is
given in Section VI. The robotic calibration methods for oocyte
mechanical properties are given in the Appendix.

II. THE DERIVATION OF THE MINIMUM ROTATION FORCE

Fig. 2 depicts the schematic of oocyte rotation. Due to the
occlusion of the cytoplasm (which usually has a poor optical
transparency), the polar body is visible only when it is moved
into an area near the focal plane. This area is described as the
“focal zone” in this paper. Define O — XY Z as the cell rota-
tion coordinate frame, where O is located at the cell center, X
coincides with the central axis of the HM, and X — Y plane co-
incides with the focal plane.

According to whether the polar body is visible or not, the
oocyte rotation process is divided into two stages. In the first
stage, the IM exerts a rotation force in the X — Z plane, grad-
ually moving the polar body to the focal zone from the initial
position. In the second stage, the IM rotates the oocyte in the X
— Y plane. Step by step, the polar body is moved to the desired
angular position in X — Y plane, such as 2 o'clock.

As mentioned in the introduction part, the minimum rotation
force can be calculated using methods in the static theory suited
for a rigid body, such as the force analysis. Fig. 3(a) gives the
schematic of the forces analysis to the oocyte in the first stage.
The force exerted by IM, Fi , is divided into the poking force
F1, along the normal direction and the rotation force Fi, along
the tangential direction. They have a relationship as

Fi, = Flp tana 1)
FI:\/F127'+F1211 2

where « is the angle between F1,, and F7.

The effects applied by the HM are divided into four parts: the
suction force Fyy along — X axis; the supporting force Fiy along
X axis; the friction force Fg, which parallels with ¥ axis; and
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Fig. 3. Schematic: force analysis on oocyte in stage 2. (a) Force analysis on
oocyte in stage 1. (b) Force analysis on oocyte in stage 2.

Mg, a couple balancing the moment of Fy. Here, Fy is defined
as

FH = ﬂ-RIQ-I_in*P (3)

where Ry_jy is the inner radius of the HM and P is the aspiration
pressure.

Furthermore, gravity G and buoyancy Fr of the oocyte are
also considered in the force analysis. They are separately ex-
pressed as

G =4rR} % )
Fp =4nR? % (5)

where p and py are the densities of the oocyte and the culture
medium, respectively, Ry is the radius of the oocyte.

If the oocyte is in an equilibrium state, according to static
theory, the affection of F; can be replaced by force F| and a
rotation moment My at O, where FI’ equals F1 and M; can be
determined as

M;=F*D;=F." (Ro— Dp) (6)

where Dy, is the poking depth, as shown in Fig. 3.

Further, F] can be divided into two component forces at O
: F{, and F{,, where F|, and F}, are along with X axis and
Z axis separately. According to geometrical relationships, they
can be derived separately as

Lcos(0 — a)

Fl,=F* 6 — = Fn, 7

I 7 ¥ cos( @) I oS 1 (7
in(f — «)

Fly = F *sin(6 — a) = Iy, *5200 ) 8

1o =F "sin(f — ) I cosa 3

where 4 is the angular position of the contact point between the
IM and the cell.
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As the forces and moments exerted on the oocyte keeps bal-
anced, there are

Fjy =Fx — Fu 9)
Fly=Fs+Fr - G (10)
My =M; — Fs*L = Fi; *(Ry — D1,) — Fg *L.  (11)

Substitute (1), (8), and (10) into (11), Mo can be calculated
as

My = Fi, "(R— D))" tana
B (Fm *sin(f — )

Cos «x

+GFF> «L. (12)

The maximum resistant moment My,ax provided by the HM
is defined as

Mt max = pu "Fn "L+ My (13)

where L is the distance from the tip of the HM to O, which can
be estimated by

L= (RS - R%IJ!1)1/2' (14)

In order to rotate the oocyte around the central axis in an
equilibrium state, M7 should be equal to My a5, which means

Fi. "(Ry — D1) = pn "Fx "L + Mo (15)

according to (6) and (13).

Substitute (1), (7), (9), and (12) into (15), the poking force
F1, required by rotating the oocyte at a state of equilibrium in
the first rotation stage can be derived as

(/LHFH + Fp — G) COS &
FIn - 3 -
V(14 pfy) sin(@ — a — arctan py)

where pp is the friction coefficient between the HM and the
oocyte.

The rotation force F1, is generated by the poking force Fiy,
which is subsequently generated by the poking depth Dy, . In-
creasing the D, gradually and then moving the IM along the
tangential direction of the cell surface, the maximum F,; be-
fore the oocyte is rotated around can be calculated as

(16)

FIT = M1 *FIn (17)

where yp is the frictional coefficient between the IM and the
oocyte. When the oocyte is just moved around, the derived Fy,
is the minimum one given in (16), therefore, the minimum me-
chanical damage to the oocyte is generated.
Substitute (1) and (16) into (17), the minimum rotation force
F7, can be calculated as
(paFu + Fr — G
VA + pE) (A + p?)sin(@ — arctan pg — arctan py)
(13)
As shown in Fig. 3(b), the force analysis of the oocyte in the
second stage is similar to that in the first stage, except that Fi
and Fg are all within the X — Y plane instead of the X — Z
plane. Furthermore, in the second stage, the suction force Fiy
provides a compensating moment at the point C, the contacting
point between the oocyte and the bottom inner surface of the

FIT:
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HM, keeping balance with the moment generated by GG and Fg
at C'. The rotation force F1, in the second stage can be obtained
by
prp(Fr + L*%)
VA F pE) A+ p?)sin( — arctan g — arctan py)
(19)
Combing (4), (5), (14), (18), and (19), it is not difficult to find
that the bigger the oocyte is (with bigger Rg), the bigger min-
imum rotation force it needs. In our previous work, we measured
that the average density of the oocyte is about 1.08 x 10% kg/ m®
[28]. The value of the p is measured as more than 0.05 (see
more details in Section III-B). The Ry of the normal porcine
oocyte is about 75-90 pm. The inner radius of the HM is about
30 pm. According to (14), L can be computed as 69—84.9 pm.
Preliminary experiments demonstrate that the proper aspiration
pressure in cell rotation is about 800 Pa. Using (3), Fy is esti-
mated as more than 1.13 x 10 ®N. According to (4) and (5),
G — Frisabout 1.5 x 10 1% — 2.6 x 10 1°N, totally negligible
compared with p31* Fyy, which equals to 5.7 x 10 8N. More-
over, the value of L*(G — Fr)/Ry_in is about 4.3 x 1010 —
7.4 x 107N, which can be omitted compared with the value
of 1. Hence, (18) and (19) can be simplified as

P, =

papaFu
VU + pd) (1 + p?) sin(@ — arctan py — arctan py)
(20)
Using (17), the corresponding poking force F,, can be given
as

FIT:

puuFu
VA + pE)(A + pF)sin(@ — arctan py — arctan pg)
21

Equation (20) gives the minimum rotation force which can
rotate the oocyte with the minimum deformation and without
slipping incidences in two stages.

According to (20), the effect of geometrical properties of the
oocyte can be omitted. The minimum rotation force is mainly
decided by the cell mechanical properties, such as the friction
coefficients between the cell and the micropipettes.

FIn:

III. MOTION TRAJECTORY PLAN OF THE IM USING THE
MINIMUM ROTATION FORCE

To exert the minimum rotation force on the oocyte, the MT
plan of the IM is performed. As mentioned in Section II, the ro-
tation force [y, is generated by the poking force F1y, and Fi,
is determined by the poking depth of the IM, Dry,, which sup-
plies an approach to determine the MT of the IM through F7..
To achieve this, the relationship between F1,, and D, should be
determined.

A. The Calibration of the Relationship Between the Poking
Depth and Poking Force

This relationship between Fy,, and Dy, is estimated using the
biomembrane point-load model reported in [29] and [30]. Ac-
cording to this model, F1, can be estimated as

Fin = K*E*W3 (22)
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Fig. 4. Schematic: the biomembrane point-load model.

as shown in Fig. 4, where E is the Young's modulus of the zona
pellucid (ZP), wq is the depth of the dimple created by F1,; and
K can be derived by

2rh(3 — 4£% + £1 4 2Ing?)
(0= 0)(1 - )1~ & + b

where a denotes the radius of the dimple, ¢ denotes the radius
of the IM and £ = ¢/a, R represents the radius of the semicir-
cular curved surface, and v denotes the Poisson's ratio which is
traditionally set as 0.5.

As shown in Fig. 4, the poking depth can be obtained as
follows:

K= (23)

D, = wa + 2(Ro — R). (24)

Sustitute (24) into (22), the relationship between Dy, and F1,,
is expressed as

Frn = K*E*(Dp, + 2(R — Ry))>. (25)

According to (25), this relationship between Fi, and Dr,
is determined by E and deformation parameters of the oocyte
during poking process, such as wy, R and ¢. According to the
static theory, the deformation parameters are only determined
by geometrical properties of the oocyte, such as oocyte size and
ZP thickness, when using the same IM and HM. As oocytes in
the experiments are previously selected to make sure that they
have similar geometrical properties, the varying trend of their
deformation parameters during poking process can be consid-
ered basically the same with each other. Hence, the only de-
termining factor of the relationship between Fy, and Dy, is E,
which needs to be measured for each oocyte. The poking exper-
iment is only performed off line once for the first oocyte and the
derived oocyte deformation parameters can be used to estimate
the relationship of all remaining oocytes. According to (25), the
harder the cell is, the less deformations (poking depth) required
during rotation task.

To derive the relationship given in (25), the F and the oocyte
deformation parameters of the first oocyte should be calibrated.
The E is derived through a pneumatic micropipette aspiration
operation, which is reported in [31]. To derive deformation pa-
rameters, a poking experiment is performed and introduced in
the Appendix.

According to (21), 8 should fulfill the condition as 6
> arctan pg + arctan py. However, 8 equals to zero in the
biomembrane point-load model, as shown in Fig. 4, which
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Fig. 5. Schematic: the rotation process of the IM in each rotation step.

is not the same case with that in the cell rotation process.
Considering the offset of O is very small and the poking forces
both pointing to O in two cases, this model is still used to esti-
mate the relationship between F1, and Dy, in the cell rotation
process. Further, the feasibility of this assumption has been
verified by the oocyte rotation results in Section VI. Moreover,
to use the biomembrane point-load model, the slope IM used in
this paper is carefully made to generate a flat tip with diameters
of about 2-3 um.

B. The Design of the Motion Trajectory of the IM
According to (25), the poking depth Dy, is expressed as

Frn
Dry = (2)"* + 2(Ry - R). (26)
KE
The position of the contact point Py, is obtained by
P, = ((Rg — D1n)* cos 8, (Ry — D1,)* sin ). 27

Series of P, given in (27) make up the MT of the IM.

In order to exert the minimum rotation force at the beginning
of each rotation step, the MT of the IM in each rotation step is
departed into three processes (see Fig. 5): the poking process,
the rotation process and the retreating process. In the poking
process, the IM pokes into the oocyte surface at the depth given
in (26). In the rotation process, the IM moves along the MT
given in (27). In the retreating process, the IM leaves the cell
surface along the normal direction. The RA in each step is con-
trolled through the contacting angle between the MT and the
oocyte, A#, which is the central angle from the initial point a
and ending point & in Fig. 5.

In order to determine the MT of the IM, py and py are
required. The calibration of the two parameters is achieved
through a rotation test which is introduced with details in the
Appendix. As this experiment consumes lots of time, the cali-
bration of yyr and p1 are not appropriate to be performed online
for each oocyte. To resolve this problem, we derive ranges of
pm and pg offline according to large numbers of experiments,
and use them to design the MT of the IM.

According to preliminary experimental results, the varying
ranges of uy and py for different oocytes are [0.040, 0.065] and
[0.11,0.2], respectively. Under the appropriate aspiration pres-
sure of 800 Pa, using (20), the relationships between F1, and 6
under different values of (¢1, pigr) are shown in Fig. 6. When (p1,
L) is setas (0.2, 0.065), the maximum of the minimum rotation
force is derived. This force can rotate different oocytes around
and overcome the resistance force. Certainly, for the oocyte with
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1 =0.2, 4, =0.065
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Fig. 6. The minimum rotation force under different frictional coefficients.

values of (y1, p11) other than (0.2, 0.065), this force is larger than
their minimum rotation force.

Setting (g1, pm) as (0.2, 0.065), the required Fy, under
different contact points can be derived according to (21). To
prevent the penetration of the ZP and reduce the mechanical
properties of the oocyte, the poking depth of the IM should be
limited. In our experiments on mature porcine oocytes (incu-
bated for two days) under the aspiration pressure of 800 Pa, the
poking depth is limited under 0.25* Ry (about 20 pzm) to prevent
the penetrations of the zona pellucid. According to the derived
relationship between F1, and Dy, in (25), the corresponding
threshold poking force is about 1.2 x 10~7N. Using (21), the
minimum value of 8, is calculated as 0.9 rad. Further, to keep
the oocyte in a balanced state, 8 should be less than 7/2 (1.57
rad).

Therefore, the feasible range of # during the rotation process
is [0.9 rad, 1.57 rad] and 8, can be set as 0.9 rad. The max-
imum of A# is 0.67 rad, which is smaller than the value of RA
(0.79 rad) making it possible for the polar body to pass over
the focal zone in one rotation step [32]. Hence, A# is set as
0.67 rad in each step of the first stage until the polar body is de-
tected visible. In the second stage, the polar body is visible. If
the difference between angular position of the polar body, 6p,
and the desired angular position fp is more than 0.67 rad, Aé
is set as 0.67 rad. Otherwise, Af is set as |#p — Op].

IV. ROTATION FORCE CONTROL IN
OOCYTE ROTATION PROCESS

In the poking process, the F1,, needs to be controlled precisely
according to (21). To eliminate the slipping incidences between
the IM and oocyte, F1.- should be precisely controlled according
to (20) in the rotation process. To achieve two above tasks, two
kinds of motion controllers are developed to control the IM to
move along derived MT of the IM.

In the first stage, the IM is at the position above the focal
plane. Therefore, P, is measured through encoders. In the
second stage, as the IM is at a focused state, P, is derived
through image processing methods mentioned in the Appendix.
Fig. 7 depicts the control block diagram for the oocyte rotation
process.

In the poking process, the IM position in each sample period,
Pr, (i), is provided to system and the IM is moved to the point a
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Fig. 7. The control block diagram of oocyte rotation process.

in Fig. 5. During this process, the moving speed of IM, Vi, (i),
is controlled as follows:

‘/In(l) = 'kPl *(Pa - PIn('D) + kIl *
Z(Pa - PIn(i)) + kp1 *(Pln(i - 1) - PIn(i)) (28)

n=1

where kp1, k11, and kp1 are proportion, integral, and derivative
control gains, respectively; P, is the position of point a. As
P, is a step input for this controller, the performance of the
controller after a step input is used to adjust gain parameters.
As the overshot of Dy, may cause ZP penetration incidences,
an overdamping configuration of gain parameters is selected.
Through experiments, a configuration of kpy; = 4, k;; = 0.01,
and kp; = 0.5 is determined. Using (25), Fig. 8(a) gives the
force control performance under a step input of this system. The
steady-state error (about 2 x 10~°N) is caused by the motion
control error, which results from the image resolution of the
microscopic image.

In the rotation process, the system divided the MT of the IM
into series of IM position P’ 1,,(i). Then, the designed moving
speed of IM is determined as

(Pr, (i +1) = Pr,(8))
T

Vin(i) = (29)
where T’ is the control period of the system (0.05 s).

During rotation process, the moving speed of the IM is deter-
mined as

Vin(i) = Vi, (i) + k2 “(Py(i) = Pn(3)
+hiz " Y (Pla(k) = Pia(k))+hp *(Pu(i—1)=Pu(i))  (30)
k=1

where kpy, k12, and kps are the corresponding control gains,
respectively.

Given designed MT, the Fi, in rotation process can be calcu-
lated online using (13) [see the calculated results in Fig. 8(b)].
In the rotation process, the control results of the Fi, can also
be derived by (13). Testing results demonstrate that the average
error between these two values is less than 5 x 107N when
kps = 0.1, k2 = 0.005, and kps = 0.02 [see Fig. 8(b)].
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Fig. 8. Force control results. (a) Control results of Fi, under different gain
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Fig. 9. The MR601 micro-operation system setup.

V. EXPERIMENTS

A. System Setup

The designed oocyte rotation method is performed by the
NK-MR601 micro-operation system [33]-[35], which is devel-
oped by our laboratory. The system setup is shown in Fig. 9.
It consists of an inverted microscope (CK-40, Olympus); a
CCD (W-V-460, Panasonic) for microscope image gathering at
30 frame/s; an in-house developed motorized X-Y stage (with
a travel range of 100 mm, a maximum speed of 2 mm/s and
a repeatability of £1 pm) for positioning cell samples which
are placed in a 35 mm petri dish and covered by paraffin oil
to prevent evaporation; a pair of X-Y-Z micromanipulators
(with a travel range of 50 mm, a maximum speed of 1 mm/s
and a repeatability of =1 pm) for positioning micropipettes;
an inhouse developed pneumatic micro-injector supplying
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negative aspiration pressure (with range of 0-3 kPa and res-
olution of 10 Pa) and positive injection pressure (with range
of 0-200 kPa with resolution of 10 Pa); a host computer for
microscopic image processing, pressure data acquisition and
motion control of the platform and manipulators.

The IM is made from borosilicate glass tubes with outer di-
ameter of | mm and inner diameter of 0.8 mm. The HM is made
from borosilicate glass tubes with outer diameter of 1 mm and
inner diameter of 0.6 mm. Both micropipettes are first pulled by
amicropipette puller (MODEL P-97 Sutter Instrument) and then
fractured by a micro-forge (MF-900 NARISHIGE) to generate
the required out diameters (15-20 pm for the IM and 60-80 pm
for the HM). After that, the opening of IM is first grinded by a
micro-grinder (EG400 NARISHIGE) to generate a slope which
is about 45° and then made by the micro-forge to generate a flat
tip with diameter of about 2 um. For the HM, it is melt on a
micro-forge to make the opening smoothly and reduce its inner
diameter to about 30 um. Further, they are both bent 45° by the
micro-forge and mounted on manipulators.

B. Experiments Process

In order to validate the feasibility of the oocyte rotation
method presented in this paper, a robotic rotation for batch
oocytes is performed using MR601 micro-operation system. In
the experiment, a total number of sixty mature porcine oocytes
are divided into three groups (20 oocytes in each group) to
perform the cell rotation operation. After one group of oocytes
are placed into the culture medium, a global location [33] for
oocytes is performed to get their positions (see “l.avi” in the
Supplementary Videos). And then, one by one, each oocyte is
moved to the field of the view and immobilized by the HM
automatically [34] (see “2.avi” in the Supplementary Videos).

Before rotation, the ZP Young's modulus of each oocyte is
calibrated (see the Appendix). For the first oocyte, a poking ex-
periment is performed to get the deformation parameters (see
the Appendix) and derive the relationship between F1, and Dyy,.
Then, an automated polar body recognition method [34] is per-
formed to judge the initial position of the polar body. If the
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(d)

Fig. 11. The cell rotation process (see more details in the“3.avi” in the Supple-
mentary Videos). (a) The first stage. (b) The results after the first stage. (c) The
second stage. (d) The results after the second stage.

polar body is invisible, the first stage is performed; otherwise,
the second stage is executed directly. Using previously derived
oocyte property parameters, the MT of the IM in each rotation
step is designed. Then, motion controllers move IM along the
designed trajectories to rotate the oocyte gradually (see “3.avi”
in the Supplementary Videos).

Fig. 10 gives the operation flow of the robotic rotation process
for batch oocytes and Fig. 11 gives the rotation process on one
oocyte.
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C. Experimental Results and Discussions

1) QOocyte Rotation Results: In the first stage, 59 of 60
oocytes are moved to the focal zone. One oocyte has an ap-
parent elliptical shape which makes our method cannot provide
enough rotation force to move the polar body into the focal
zone. Hence, the success rate of the first stage is 98.3% (59 of
60). In the second stage, 56 oocytes are successfully operated
and their polar bodies are moved to the desired angular posi-
tion. The success rate of second rotation stage is 94.9% (56 of
59). Three failures cases happen when their polar bodies are
abnormally small and moved out of the focal zone in the second
stage. Therefore, the total success rate of our method is 93.3%
(56 of 60). By comparison, reference [26] uses a fluidic flow to
rotate the mouse embryos. The success rate of their method is
90%.

To get the average operation speed of our method, the opera-
tion time of 20 oocytes are derived. The four subtasks of the pro-
posed oocyte rotation method: oocyte immobilization, Young's
modulus detection, first rotation stage and second rotation stage,
are 2.6, 16, 4.2, and 5.8 s, respectively. So, the average oocyte
rotation speed of our method is 28.6 s/oocyte, which is 5.8 s
longer than that of method in [26].

It is worthy to note that the operation time of the proposed
method can be reduced significantly if the Young's modulus
detection process, which costs about 16 s, is eliminated. As a
matter of fact, this process will be not required anymore when
the range of the Young's modulus for porcine oocytes is derived
through testing large number of oocytes. Hence, the average op-
eration time of our method may be reduced to about 12.6 s in
the future. At present, our method is still faster than manual op-
eration in our experiments (32.6 s). Further, our method is able
to operate batch oocytes, which is vital for applications in many
batch biological manipulations, such as NT.

2) RA Control Experiments: In order to test the control ac-
curacy of RA in each step, ten oocytes are rotated with different
Af in the second stage. For each oocyte, the A varies from 10°
(0.087 rad) to 35° (0.611 rad) with an interval of 5°. Under each
Ad, the oocyte is rotated for six times and the average value of
variation of angular position of the polar body, Aéfp, is mea-
sured to quantify the RA. As a comparison, manual operations
under the same conditions are performed by a high professional
operator.

Fig. 12(a) and (b) give the Afp of one oocyte under different
A6 by two methods. It can be found that the differences be-
tween A@ and Afp in our method are much smaller than those
of manual operation. Subsequently, averaging the value of Af
— @p under different A8 as the control errors of RA, the derived
results of ten oocytes are given in Fig. 12(c). It can be found that
the control error of RA for every oocyte is significantly smaller
than those of manual method. The average control error of RA
for ten oocytes in our method is 1.2°, while that of the manual
method is 8.3°.

The above experimental results demonstrate that our method
effectively improves the control accuracy of RA. The control
errors of our method are mainly caused by the assumption in
determining relationship between Dy, and Fy,, and using a con-
stant value of (u1, 1) to calculate MT of the IM.

Fig. 13 gives the generated Dy, in a robotic and a manual
rotation step when A4 is set as 35° (0.611 rad). From Fig. 13,
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the average value of Dy, generated in our method (with average
value of 11.7 pm) is about 0.42-folded of that in the manual
method (with average value of 28.2 pum). This result shows that
our method can generate much less cell deformations in rotation
process, which is very helpful to reduce mechanical damages
to the oocyte development competence. This is mainly because
the MT of the IM in our method is determined according to the
minimum rotation force, while the one in manual operation is
determined according to the operation experiences and is easily
to be influenced by random factors.

VI. CONCLUSION

This paper proposes a novel oocyte rotation method based on
the minimum rotation force. In this method, the minimum rota-
tion force, which can rotate the oocyte quantitatively and gen-
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erate minimum rotation deformation, are calculated and used to
perform robotic rotation for the oocyte.

Experimental results demonstrate that our method can rotate
the oocyte with success rate of 93.3% at an operation speed of
28.6 s/oocyte. This operation speed can be further improved to
about 12.6 s/oocyte by canceling the Young's modulus detec-
tion process when the range of Young's modulus of the porcine
oocytes is derived. More importantly, the control error of the RA
in each rotation step is 1.2°, which is apparently small than that
of manual method (8.3°). At the same time, cell deformations
generated in our method is only about 40% of that in manual
method.

Compared with the manual cell rotation method, our method
generates less cell deformations, has higher control accuracy
and lower requirement for operators' working experiences. As
our method is able to perform cell rotation on traditional micro-
operation system using the common IM and HM, it can be di-
rectly used as the preoperation of the biological applications re-
quiring adjusting cell orientations. Further, our method is able
to operate batch oocytes, which will make our method used in
the biological operations for batch oocytes.

After adjusting the maximum poking depth and the aspira-
tion pressure according to the mechanical properties of other
cells, the proposed method can be applied to the rotation of other
spherical mammalian oocytes or embryos other than porcine
oocytes.

APPENDIX
CALIBRATION PROCESS OF MECHANICAL
PROPERTIES OF OOCYTE

As mentioned before, the oocyte mechanical property param-
eters are required to determine the MT of the IM, such as the
ZP Young's modulus, the relationship between Dy, and Fry, pp
and pg. In these parameters, E is derived through a robotic mi-
cropipette aspiration (MA) method [31]. The relationship be-
tween Dy, and Fy,, is calibrated through a poking experiment.
Frictional coefficients pg and g are derived through a rotation
test.
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Robotic Measurement of ZP Young's Modulus:

After each oocyte has been immobilized, the aspiration pres-
sure increases from 0 to 1600 Pa with an interval of 200 Pa.
During this process, a robotic pneumatic MA operation is per-
formed to measure its Young's modulus. This MA process has
been introduced in details in [31] and will not be reintroduced
here. After that the measurement of E, the aspiration pressure
is reduced to 800 Pa immediately for oocyte rotation.

The average measurement time for each oocyte is about
16 s. This process is mainly performed during the immobilized
oocyte is moving to the appropriate operation area, and the IM
is in preparation to rotate the oocyte. Hence, it will not take
extra operation time in the cell rotation process.

Calibration of the Relationship Between the Poking Depth and
Poking Force:

The relationship between F1,, and Dy, is calibrated through a
poking experiment. After the oocyte is immobilized by the HM,
the IM is moved to the position pointing to the center of the cell
in Y direction and pokes into the surface of the oocyte with a
speed of 10 pm/s. During this process, oocyte deformation pa-
rameters are derived online through image processing methods.
Subsequently, the relationship between F1, and Dy, is calcu-
lated according to (24) and (25).

Before the poking experiment, a contour detection algorithm
[28] is performed to get the radius of the target oocyte. During
experiments, the P, is derived indirectly through the positions
of the gas-liquid-interface (GLI) Pgri[32] [see Fig. 14(a)],
which keeps a constant distance with Fi, and can easily be
derived by simple image processing methods. The position of
the HM, P, is derived trough a template matching method
[35]. Moreover, wq and a are derived, as shown in Fig. 14(b) as
follows.

First, the microscopic picture is first convolved with a low-
pass Gaussian filter to suppress the involved noises. Then, the
obtained image is binarized by an Otsu adaptive thresholding
method. After that, searching by column at Py, o is determined.
At the same time, the most right point of the oocyte, Pyig, is ob-
tained through searching by row in two rectangular areas next
to Pr,. Subsequently, wq is derived by the distance between Py,
and Pyg. Further, R is determined by the half of the distance
between Pp, and Py, in the X direction. Using (25), the rela-
tionship between F1,, and Dy, is quantified [see Fig. 14(c)].

Fig. 14(c) shows the obtained relationship between Fy,, and
D1, for an oocyte with ZP Young's modulus of 16 Kpa. A
fourth-order polynomial is chosen to fit the relationship be-
tween Fi, and Di,. The fitted result shows that the relationship
between F1, and Dr, is nonlinear, which is in accordance with
those reported in poking experiments on mouse embryos [29]
and zebra fish embryos [36].

Estimation of the Friction Coefficients:

To derive the g and pq, rotation tests are performed to derive
several pairs of (8, F1,) and use them to recognize (pg, (1)
according to (21).

As mentioned in Section III, at each contact point with an-
gular position 8, by increasing the poking depth Dy, gradually
and moving the IM along the tangential direction of the oocyte
surface to rotate the oocyte, there exists a minimum poking
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depth Dy, which can just rotate the oocyte around the central
axis without slipping incidences. (see Fig. 15).
As shown in Fig. 15(a), the poking depth is determined as

Dy, = Ry — | P — Pol (31)
where Pg is the position of O. After each rotation step, the an-
gular position of the polar body 8p is detected through the image
processing method [34]. The variation of fp in each step is used
to estimate the RA in each rotation step. If the RA is detected
more than 2° after a rotation step, the oocyte is considered to
have been moved around and the corresponding Dy, is derived
according to (31). Then, according to the derived relationship
between F1;, and Dy, the corresponding threshold poking force
F1, is calculated.

In order to reduce the calculation error of Fy; caused by
image processing in a rotation test, four pairs of derived (8, F1,)
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are used to estimate the (151, o) according to the least square
method. Fig. 15(b) gives estimated relationship between Fi,
and 8 by four pairs of (6, F1,) (1, 3, 5, and 7). The remaining
four pairs of detected results (2, 4, 6, and 8) are used to val-
idate the estimated results. It can be found that the estimated
relationship matches well with the rest of four pairs of (¢, Fi,)
(with average error less than 5%), which proves the feasibility
of the estimated result.

It is worthy to note that, although the appropriate aspiration
pressure in oocyte rotation operations is 800 Pa, it is not appro-
priate to be used in rotation test. Under this pressure, the derived
D1y, is usually too small to be precisely derived through image
processing method. The aspiration pressure in rotation test is set
as 1600 Pa.
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