
Robotic Rotational Positioning of End-Effectors for
Micromanipulation

Songlin Zhuang , Member, IEEE, Changsheng Dai , Member, IEEE,
Guanqiao Shan , Graduate Student Member, IEEE, Changhai Ru, Zhuoran Zhang , Member, IEEE,

and Yu Sun , Fellow, IEEE

Abstract—Precise rotational positioning of end-effectors under
microscopy is crucial for robotic micromanipulation. However, the
end-effector is presently limited to a fixed orientation, which is man-
ually set before a given micromanipulation task, lacking accuracy
and versatility of in situ reorientation. In this article, we present
a unified framework for rotationally positioning the end-effector
in three dimensions by establishing a general rotational model,
developing a detection method within the limited field of view under
microscopy, and designing a three-loop control strategy that adapts
to different experimental requirements and model parameters.
In experiments, a standard angled micropipette was used as the
end-effector to verify the validity of the proposed methods. The
performance was evaluated experimentally where the micropipette
was robotically rotated to an arbitrarily desired orientation with
an average orientation error less than 2◦. In the experiments of
sperm manipulation, the in situ micropipette orientation control
capability improved the success rate of sperm immobilization and
achieved dexterous robotic sperm orientation for facile aspiration.

Index Terms—Cell manipulation, end-effector, micro-
manipulation, rotational positioning.

I. INTRODUCTION

ROBOTIC micromanipulation is used for manipulating
biological samples in biomedical research and clinical
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Fig. 1. Micromanipulation tasks that require rotational positioning of end-
effectors under microscopy. (a) Misalignment error between the micropipette
tip and the micropipette body must be eliminated before it taps the substrate
for sperm immobilization [5]. (b) Different orientations of the sample attached
to the end of a nanomanipulation system are required for 360◦ imaging [6].
(c) Rotary injection exerts lower damage than straightforward embryo injec-
tion [7]. (d) Class of general rotational positioning problems under microscopy
where the rotational axis has a tilted angle to the microscope focal plane and the
feature points (such as the end-effector’s tip) are far from the rotational axis.

applications, such as in vitro fertilization [1], patch clamp
recording [2], cloning [3], and imaging [4]. It is desired to
have the end-effector to possess the capability of rotational
positioning for placing or orienting a sample. For instance, in
intracytoplasmic sperm injection (ICSI), an angled micropipette
tip must be aligned with the micropipette body to eliminate the
misalignment error before sperm immobilization and oocyte
injection [5] [see Fig. 1(a)]. For multidirectional imaging of
a sample, 360◦ rotational positioning of the end of a robotic
nanomanipulation system is required [6] [see Fig. 1(b)].
Fig. 1(c) shows that embryo deformation and penetration
force can be reduced during zebrafish embryo injection
when the injection micropipette rotates homocentrically [7].
Other micromanipulation applications that require rotational
positioning of an end-effector can be found in [8]–[13].

These tasks can all boil down to the rotational positioning
problem of end-effectors under microscopy where the rotational
axis has a tilted angle to the focal plane of the microscope
[see Fig. 1(d)]. Compared to the translational positioning under
optical microscopy [14]–[17], rotating end-effectors can easily
move the tip out of the field of view (FOV) and depth of focus
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(DOF). This problem becomes more challenging when the target
points, such as the end-effector’s tip or feature points on the
sample, are far from the rotational axis. In this more general
case, a very small rotation of the end-effector can induce large
horizontal and vertical translation.

Presently, the rotational positioning of an end-effector under
optical microscopy is manually performed. The drawbacks of
manual operation include low accuracy and high risk of damage
because the rotation of an end-effector changes the tip position
and blurs the tip. It is difficult to handle these two problems
particularly under high magnifications where the microscope’s
FOV is very limited.

Several techniques have been reported for robotic rotational
positioning under microscopy. In [6], a triple-image alignment
(TIA) approach was proposed to identify a kinematic rotational
model, where the end-effector needs to be oriented to no less
than three positions far from each other for calibration. In
micromanipulation, the end-effectors, such as micropipettes,
are frequently replaced; thus, model updates and recalibration
are needed every time of end-effector change, making the TIA
approach cumbersome to use. Additionally, the TIA approach
yields large model errors when the end-effector’s tip is far
from the rotational axis (see Section VI-A). In [18], a double
closed-loop servo repetitive controller was developed and
achieved better rotational positioning results than the TIA
approach, with the sacrifice of costing more time to identify the
dynamic model. In [19], a PD controller was applied to axially
rotate a zebrafish larva for the injection and imaging of different
organs; however, this approach was only able to evaluate a
limited number of orientations (e.g., ventral and dorsal) and
cannot characterize 360◦ orientations. To date, no effective
method exists for the challenging case where the end-effector’s
tip is far from the rotational axis. In another class of rotational
positioning methods (e.g., [11], [20], [21]), the rotational axis
is parallel to the microscope’s optical axis; thus, the rotational
motion of the actuators does not blur the image, which can be
viewed as a particular case of our interest.

The challenges to overcome in this work include the
following:

1) A model and metrics suitable for the general case in
Fig. 1(d) that can characterize 360◦ orientations of the
end-effector in three dimensions (3-D) are lacking.

2) The end-effector’s tip is far from the rotational axis, and
the axis has a tilted angle to the microscope’s focal plane.
In this general setup used in the majority of practical
micromanipulation tasks, the end-effector’s tip is eas-
ily moved out of the microscope’s FOV and depth of
field.

3) Recalibration after replacing an end-effector must be
avoided to improve efficiency. Therefore, the developed
control framework needs to be general and adaptive to
uncertain model parameters.

We tackled these problems by establishing a general rotational
model and defining the end-effector’s orientations in 3-D; de-
veloping a detection method within the limited depth of field
of a microscope and proposing the metrics of 360◦ orientations;
designing a three-loop control framework that adapts to different
environmental requirements and model parameters.

Fig. 2. General micromanipulation system setup that includes a micromanip-
ulator and a camera attached to an inverted optical microscope. The microma-
nipulator has three translational axes Xm, Ym, Zm and an added rotational axis
Tm.

To verify the validity of the technique, we integrate an angled
rotational degree-of-freedom on a standard micromanipulator
that only had translational degrees-of-freedom. We used a stan-
dard ICSI micropipette as the end-effector for testing because
it has an angled tip far from the micropipette body which
approximately coincides with the rotational axis. We tested the
performance under 4× and 20× microscope objectives, and
performed sperm immobilization and orientation under 20×
microscope objective. The performance was demonstrated ex-
perimentally that the angled ICSI micropipette tip can be rotated
to an arbitrarily desired orientation with an average orientation
error of less than 2◦. Moreover, the micropipette tip can always
be maintained in a small region in the microscope’s FOV center
during orientation. The small region size (the average area ratios
to the microscope’s FOV are 0.6% and 0.04% under 4× and
20× microscope objectives, respectively) indicates the strong
servo capability of the controllers. Sperm immobilization was
performed after aligning the micropipette tip to the micropipette
body. The success rate of immobilization was 98% under 20×
microscope objective, significantly higher than that of 90% by
manual alignment. Sperm orientation for aspiration was also
achieved by dynamically rotating the micropipette tip to differ-
ent orientations, which is difficult to achieve by human operators.

II. SYSTEM SETUP

The system is comprised of a standard micromanipulator
(MX7600, Siskiyou) and a camera (scA1300-32gm, Basler) con-
nected to an inverted optical microscope (Nikon Eclipse Ti-S),
as shown in Fig. 2. The micromanipulator has three translational
degrees-of-freedom (resolution: 0.1 μm along each axis). The
camera captures images (resolution: 1200×900 pixels) at 30
frames per second. A standard ICSI micropipette (MIC-50-35,
Origio) with an angled tip (35◦ to the micropipette body) for
clinical use was mounted on the micromanipulator.

To enable the rotational positioning of the end-effector, a
hollow shaft stepper motor (ST4118M1804-L, Nanotech) with
positioning accuracy of 0.1125◦ was integrated to the micro-
manipulator such that it has three translational axes, denoted
by Xm, Ym, Zm, and one rotational axis, denoted by Tm. A
mechanical part was designed to mount on the central axis of
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Fig. 3. General rotational model where the end-effector axis is not required
to be collinear with the Tm axis, and the end-effector’s tip is far from the Tm

axis. (a) Relationships among the micromanipulator coordinate frame {M}, the
tilted circle in 3-D, and the image plane coordinate frame {I}. (b) Definitions of
360◦ orientations in 3-D (side view). U±ā and D±ā are limit angles in upward
and downward directions. (c) Misalignment angles of upward and downward
directions in Oi − UV (top view). 360◦ orientations in 3-D only correspond to
a limited misalignment angle range [−ā, ā], ā ∈ [0, 360◦].

the hollow shaft motor by the fixture on the micropipette holder.
It has a structure of a hollow half-cylinder so that the central
axes of the micropipette holder and the motor approximately
coincide. This design facilitates safe and fast replacement of an
end-effector by easily rotating a knob.

III. GENERAL ROTATIONAL MODEL

As illustrated in Fig. 3, the end-effector’s tip rotates along
a tilted circle in 3-D when the micromanipulator rotates about
the Tm axis. Note that the end-effector axis is not required and
not possible to be exactly collinear with the Tm axis due to
machining and assembling errors. Existing rotational models
can be considered as a particular case of our proposed model.
For instance, if the Tm axis is parallel to the Xm axis, then
rotation about the Tm axis does not move the end-effector’s tip
along the Xm axis; thus, our model reduces to the models in [6]
and [18], which only involve Ym,Zm, and Tm axes. On the other
hand, if the Tm axis is parallel to the Zm axis, then our model
reduces to the models in [11], [20], [21] where a rotary plate is
installed under microscopy.

A tilted circle in 3-D can be represented by a parametric
equation of α

⎡
⎣ px
py
pz

⎤
⎦

︸ ︷︷ ︸
Pt

= r sinα

⎛
⎜⎜⎜⎜⎜⎝
⎡
⎣ cos ξ cosϕ
cos ξ sinϕ
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+ r cosα

⎡
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cosϕ
0
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︸ ︷︷ ︸
Va

+

⎡
⎣ pxc
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pzc

⎤
⎦

︸ ︷︷ ︸
Pc

, α ∈ [0, 2π] (1)

where Pt denotes the end-effector’s tip on the circle edge; r
denotes the circle radius; α denotes the rotation angle within
the circle plane; ξ denotes the included angle of Tm and Om −
XmYm; ϕ denotes the included angle of Xm and the projection
of Tm on Om −XmYm; Pc denotes the circle center. Va and
Vn are two orthonormal vectors used to characterize the circle’s
orientation in 3-D. The projection of the tilted circle in 3-D on
Oi − UV is an ellipse. Generally, only a small part of the ellipse
appears in the microscope’s FOV by rotating about the Tm axis
for 360◦ under high magnifications. All the model parameters
are marked in Fig. 3(a). The micromanipulator coordinate frame
{M} involves Xm, Ym, Zm, and Tm axes. The image plane
coordinate frame {I} involves U and V axes.

We define the misalignment angle by the included angle of
the end-effector’s tip and body in {I}. The misalignment angle,
denoted by am, takes values in [−ā, ā], where ā ∈ [0, 360◦]
is a limit angle, i.e., an upper bound of misalignment angle
depending on the system setup. In our system, the length of
the ICSI micropipette tip is 400 μm. If ξ = 35◦, then ā ≈ 40.5◦

by basic algebraic operations. Intrinsically, the misalignment
angle is the projection of a 3-D angle on {I}; hence, one am
corresponds to two orientations in the 3-D circle (except±ā). For
instance, if am = 0◦, then the projections of the end-effector’s
tip and body on {I} are collinear, and the tip points to either
upward or downward directions. Here, we use symbols “Uam”
and “Dam” to discriminate these two directions, as shown in
Fig. 3(b), where ten different orientations in 3-D are marked.
The corresponding ten misalignment angles and the limit angles
ā in {I} are shown in Fig. 3(c).

Integrating the translational displacements to the model in
(1), we can obtain the following general rotational model of
end-effectors under microscopy:

Pt = r sin(α0 + pr) (Vn ×Va) + r cos(α0 + pr)Va

+Pc +Pxyz (2)

where Pxyz denotes the translational displacements along Xm,
Ym, and Zm axes; pr denotes the rotational displacement about
the Tm axis; and α0 denotes the initial rotation angle within the
circle plane. Taking derivative of the model in (2) with respect to
time t, we can eliminatePc and obtain the following continuous-
time model:

ṗx = ux+urr (sin (α0+pr) sinϕ−cos (α0+pr) cosϕ sin ξ)

ṗy = uy−urr (sin (α0+pr) cosϕ+cos (α0+pr) sinϕ sin ξ)

ṗz = uz + urr cos (α0 + pr) cos ξ

ṗr = ur (3)

where ux, uy , uz , and ur denote the velocities of Xm, Ym,
Zm, and Tm axes, respectively. The outputs of the system are
considered as

yx = λxpx, yy = λypy, yz = pz, yr = am (4)

where yx and yy denote coordinates of the end-effector’s tip in
{I}; λx and λy denote the ratio of pixel and displacement along
Xm and Ym axes, respectively; yz denotes the displacement
along the Zm axis; and yr denotes the misalignment angle am.
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In fact, yr can also be derived based on the model in (2) and
the specifications of the end-effector, but it is not possible to
obtain a general expression since yr heavily depends on the
geometric dimensioning of the end-effector or the concerned
feature points on the end-effector. For instance, ā ≈ 33.7◦ holds
under ξ = 30◦, so we even cannot set am to 40◦ in this case.
Thus, it is not significant to present the model-based equa-
tion of yr. It should be underscored that the parameter vector
Ψ := [r, α0, ϕ, ξ, pxc, pyc, pzc]

T updates every time when the
end-effector is replaced.

Based on basic algebraic operations, the model in (3) can be
rewritten to the following compact form, which is convenient
for later controller design:

ṗx = ux + ur sin prδx1 + ur cos prδx2 (5)

ṗy = uy − ur sin prδy1 − ur cos prδy2 (6)

ṗz = uz + ur cos prδz1 − ur sin prδz2 (7)

ṗr = ur (8)

where

δx1 = r

√
sin2 ϕ+ cos2 ϕ sin2 ξ cos(α0 − tan−1(cotϕ sin ξ))

δx2 = r

√
sin2 ϕ+ cos2 ϕ sin2 ξ sin(α0 − tan−1(cotϕ sin ξ))

δy1 = r

√
cos2 ϕ+ sin2 ϕ sin2 ξ cos(α0 + tan−1(tanϕ sin ξ))

δy2 = r

√
cos2 ϕ+ sin2 ϕ sin2 ξ sin(α0 + tan−1(tanϕ sin ξ))

δz1 = r cos ξ cosα0, δz2 = r cos ξ sinα0.

IV. VISUAL DETECTION

The objective of developing visual detection algorithms is to
directly obtain system outputs independent of model (3). This
provides the feedback channel for the system, which can be
used to eliminate the output error and attenuate the uncertain
parameter vector Ψ.

The outputs yx and yy can be determined by visually locating
the end-effector’s tip [22]; yr can be computed by designing
image processing methods targeted to the concerned structures,
such as embryo yolk [23], membrane [24], and sperm [25]. These
methods work well and only need a few updates from existing
literatures for a given task under different imaging conditions.
Thus, we will focus on measuring yz in the rest of this section.

As in (4), yz equals to pz , but we cannot directly measure pz
in the vertical direction under an optical microscope. A class of
promising methods for indirectly measuring pz is to character-
ize the model of pz and image sharpness offline, and develop
an online visual algorithms to evaluate the image sharpness.
According to this idea, a high number of autofocus techniques
based on depth-from-defocus have been developed [26], [27].
However, this technique requires the object to have a fixed geo-
metrical shape. This is not suitable for the rotational positioning
problem since the end-effector constantly changes its postures
during orientations. Another class of autofocus techniques does
not characterize the model, but uses the gradient information

Fig. 4. Principle of the detection method within limited depth of field. (a) Three
positional relationships (marked by A1, A2, and A3) between the tilted end-
effector and the microscope’s limited visible region. (b) Images corresponding
to the three cases in (a), marked by B1, B2, and B3.Yz is an update output vector
to measure pz which consists of N normalized values of image sharpness on N
segments of the end-effector. ialarm is an alarm lower bound of image sharpness
in the focus loop in Section V.

of the captured images at different pz positions, see [28] and
[29], for examples. However, it is time-consuming to move
the end-effector upward and downward for focus at each new
orientation.

To solve the autofocus problem during rotational positioning,
we propose a detection method within limited DOF that can
obtain the gradient information without moving the end-effector
upward or downward. As illustrated in Fig. 4(a), the end-effector
is commonly mounted at a tilted angle with one side down in
micromanipulation, and the microscope has a limited FOV and
DOF. We can classify the positional relationship between the
end-effector and the microscope’s visible region into three cases,
as marked by A1, A2, and A3. A1 corresponds to the case where
the end-effector is above the microscope visible region, so the
image sharpness along the end-effector is low, as shown by B1

in Fig. 4(b). On the other hand, if part of the end-effector enters
the microscope’s visible region, then that part becomes clear
and the rest is blurry. A2 and A3 correspond to this case, and the
most in-focus region is the end-effector’s tip and partial body,
as shown in B2 and B3. According to this observation, we define
a new output vector Yz to measure pz as

Yz = [i(1), . . . , i(N)]T =
[I(1), . . . I(N)]T

max (I(1), . . . , I(N))
(9)

where I(·) is a function to evaluate image sharpness, and i(·) is
the normalized value. Commonly used functions of I(·) include
squared gradient, normalized variance, entropy algorithm, as
summarized in [30]. The input of I(·) is the image of the jth
segment on the end-effector, j ∈ [1, N ], and N is the total num-
ber. For instance, I(1) and I(N) evaluate the image sharpness
of the end-effector’s tip and root, respectively; i(1) and i(N) are
the normalized values.

The gradient information of image sharpness at different pz is
used for autofocus evaluation. In our method, two main reasons
remove the commonly required back-and-forth movements of
the end-effector. One reason is that the end-effector is always
tilted; the other reason is that the depth of field of the opti-
cal microscope is limited. Under these conditions, only one
image can provide sufficient image sharpness at different pz
positions. For a same misalignment angle am, the orientation of
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Fig. 5. Three-loop rotational control framework. (a) Orientation loop rotates about the Tm axis such that current orientation reaches the desired one. The position
loop moves the Xm and Ym axes to maintain the end-effector’s tip (px, py) at the desired position or to trajectory. The focus loop keeps the end-effector within the
microscope’s depth of field for focus, and the range of Yz discriminates the directions. In each loop, the detection and controller block diagrams can be replaced
to concrete approaches to account for practical requirements. (b) Current and desired orientations (Uam and Uadm, respectively) belong to the upward direction.
A saturated proportional controller can rotate the end-effector to the desired orientation. (c) Current and desired orientations (Uam and Dadm, respectively) belong
to different directions. A clockwise or counter clockwise rotation of the end-effector is determined with the purpose of minimizing the rotation angles before it
turns to the case of (b).

“Uam” has a “smoother” Yz than “Dam” since more parts of
the end-effector appear within the microscope’s visible region.
Here, we use the range of Yz , i.e., max(Yz)–min(Yz), as the
metric to discriminate the upward and downward directions for a
same am.

V. THREE-LOOP ROTATIONAL CONTROL FRAMEWORK

The requirements for rotational positioning control include
the following:

1) maintaining the end-effector’s tip [px and py in (5) and
(6)] within the microscope’s FOV;

2) keeping the end-effector’s tip [pz in (7)] within the micro-
scope’s depth of field; and

3) rotating the end-effector to a desired orientation [am in
(4) with upward or downward directions].

In this section, a unified framework is designed with three
loops, respectively, corresponding to the aforementioned three
requirements, as shown in Fig. 5. This general control strategy
is suitable for the end-effector alignment problem by setting
the desired orientation in the orientation loop to U0◦ [6]. It can
also be reduced to the case where a rotary stage is installed
under microscopes by removing the focus loop [11], [20], [21].
Moreover, this control framework has the capability of in situ ro-
tational positioning of the end-effector to different orientations,
which is convenient for complex micromanipulation tasks, e.g.,
sperm orientation for aspiration (see Section VI-E).

The orientation loop steers the current orientation (denoted
by φ1am) to the desired one (denoted by φ2a

d
m). φ1 and φ2

represent the end-effector’s direction (upward or downward)
and take values in {U,D}. The current orientation is visually
detected depending on both the concerned features of the end-
effector (for the value of am) and the range of Yz (for the
value of φ1), which can be seen as a direction discriminator.
The orientation controller is designed based on the rotational

model and the orientation error. As illustrated in Section III, am
is not involved in (3) as involving it breaks the generality of
the derived results. Hence, the following error-based saturated
controller is designed:

ur =

⎧⎪⎪⎨
⎪⎪⎩

φ1 = φ2 :

{
kr

(
adm − am

)
,
∣∣kr (adm − am

)∣∣ < ūr

sgn
(
kr

(
adm − am

))
ūr, otherwise

φ1 �= φ2 :

{
ūr,

∣∣adm∣∣ < |am|
−ūr,

∣∣adm∣∣ ≥ |am|
(10)

where sgn(·) is the sign function; ūr is the upper bound ofur; and
kr is the proportional gain. According to (10), if φ1 = φ2 indi-
cating that current and desired orientations have a same direction
[see Fig. 5(b)], then a saturated proportional controller can
effectively eliminate the orientation error; however, if φ1 �= φ2

implying different directions, then the end-effector rotates at a
constant velocity until φ1 = φ2, which turns into the first case.
The rotational direction depends on |adm| and |am|, as shown
in Fig. 5(c). The values of |am| and |adm| can be seen as the
distance to the nearest U0◦ or D0◦. Hence, |adm| < |am| implies
that counter clockwise rotation [the purple arrow in Fig. 5(c)] is
smaller than clockwise rotation (the green dashed arrow). Thus,
ur is set to ūr in this case where “−” and “+” correspond to
clockwise and counter clockwise directions, respectively. Ad-
ditionally, rotation about the Tm axis also changes the position
of the end-effector’s tip (one input injected to the position loop)
and the image sharpness of the end-effector’s tip (another input
injected to the focus loop).

The position loop maintains the end-effector’s tip at a desired
position or trajectory during orientation control. The values
of px and py can be visually located [22], and the position
controller is designed based on (5) and (6) and the output
error. In micromanipulation and particularly the manipulation
of biosamples, the end-effector needs to be frequently replaced
due to contamination concerns. Therefore, the parameters in (5)
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and (6) change after each replacement. To meet this practical
requirement, a controller must be designed that work for a
class of models with different parameters but described by a
same structure. Here, we employ the adaptive robust controllers
(adaptive to the model parameters and robust to the external
disturbances) commonly used for servo control of nonlinear
systems with uncertainties [31]–[33].

Define the positioning errors by ex := px − pdx and ey :=
py − pdy , where pdx and pdy are desired values for px and py . We
set pdx and pdy to the center of the microscope’s FOV because the
FOV center has a large distance to the FOV boundaries. Define
δ̂x1 and δ̂x2 as the estimated values of δx1 and δx2 in (5), and let
δ̃x1 = δ̂x1 − δx1, δ̃x2 = δ̂x2 − δx2 be the estimation error. Then,
the adaptive robust controller is designed as

ux = −kxex − ur sin pr δ̂x1 − ur cos pr δ̂x2 +
1

λx
ṗdx (11)

with estimators{
˙̂
δx1 = Projδ̂x1

(λxexur sin pr)
˙̂
δx2 = Projδ̂x1

(λxexur cos pr)

where Projδ̂(τ) is defined by [34]

Projδ̂ (τ) =

⎧⎨
⎩ 0, if

{
δ̂ = r and τ > 0

δ̂ = r and τ < 0
τ, otherwise

.

The asymptotic stability of the closed-loop servo system
can be proved by establishing the Lyapunov function of the
form Vx := 1

2e
2
x + 1

2 δ̃
2
x1 +

1
2 δ̃

2
x2. The proof is similar to our

previous work [33] and, thus, omitted here. The other adaptive
robust controller uy of parameters ky , δ̂y1, and δ̂y2 with similar
structures to (11) can be applied to drive py to pdy , and is also
omitted for simplicity.

Based on (7), an adaptive robust controller can also be
designed in the focus loop. However, as stated in Section IV,
pz cannot be measured, and the precise relationship between pz
and image sharpness cannot be characterized. Thus, we update
the output in this loop to Yz in (9). To keep the end-effector’s
tip within the microscope’s depth of field during orientations,
the following proportional controller is developed according to
the three cases in Fig. 4:

uz =

⎧⎪⎪⎨
⎪⎪⎩

kz
(
id(1)− i(1)

)
,

{
B1 : max (Yz) < ialarm

B2 : pos (max (Yz)) = 1

kz
(
i(1)− id(1)

)
,

{
B3 : max (Yz) > ialarm

pos (max (Yz)) �= 1
(12)

where kz is the proportional gain; id(1) is the desired image
sharpness value of the end-effector’s tip; ialarm is an alarm lower
bound of the image sharpness value of the end-effector’s tip;
and pos(max(Yz)) is a function to return the index of the most
in-focus region.

An analysis of the relationship between the derived con-
ditions in (12) and the three cases B1, B2, and B3 is made.
B1: max(Yz) < ialarm indicates that the image sharpness on
each segment of the end-effector is low; thus, the end-effector
needs to move downward for focus. This is enabled since

id(1)− i(1) > 0 holds in this case. B2: pos(max(Yz)) = 1
implies that the most in-focus region contains the micropipette
tip; thus, the end-effector needs to move downward for further
focus. B3: pos(max(Yz)) �= 1 means that the most in-focus
region is not the end-effector’s tip, and the end-effector needs
to move upward for focus. It seems that pos(max(Yz)) = 1
and pos(max(Yz)) �= 1 contain all the possible cases. However,
pos(max(Yz)) �= 1 may also hold under max(Yz) < ialarm be-
cause in this case (B1), elements of Yz are low and close to
each other. Therefore, we cannot definitively determine which
segment is the most in-focus region.

It should be noted that other controllers can also be applied
under the proposed unified three-loop control framework. For
instance, sliding-mode control [35] or model predictive con-
trol [36] may also perform well in the position loop, due to their
strong capabilities of resisting uncertainties and explicitly han-
dling constraints. Additionally, extremum seeking approaches
may be used in the focus loop [37].

VI. EXPERIMENTAL RESULTS

Human sperm samples used in experiments were obtained
from CReATe Fertility Centre (Toronto). The approval was
obtained from Research Ethics Board of University of Toronto
(application number UT35544).

A. Model Validation

To verify the validity of the proposed model in (2), we
first identified the model parameters, and then rotated the end-
effector about the Tm axis with translation compensation in
open loop, to see whether the end-effector’s tip was maintained
at the initial position (i.e., the FOV center) and kept within
the depth of field during 360◦ orientations. Parameters iden-
tification was conducted via an iterative procedure: rotating the
end-effector about the Tm axis for a small angle, and moving
the end-effector’s tip back to the microscope’s FOV center and
the focal plane. The coordinates of Xm, Ym, Zm, and Tm axes
were recorded for further identification. A least squares method
was applied to fit the derived model in (2) by the recorded data.

As shown in Fig. 6(a), all the experimental data (i.e., the
recorded data) were approximately located on a tilted circle
in 3-D, and well fitted the model in (2). We also implemented
the TIA approach [6] to identify the model parameters, but the
resulting model yielded large errors in the tilted angle (ξ) and
the radius (r). This is because when the end-effector’s tip was
far from the rotational axis, a very small rotation induced a large
translation. Hence, having three points far enough from each
other is a rather stringent requirement in the TIA approach, and
the three points close to each other cannot capture sufficient
characteristics of the model. For illustration, we also plotted a
cube with the size of the microscope’s FOV, 2.16 mm×1.62 mm
under a 4× objective. The height of the cube is 200μ m. Three
images of the end-effector’s tip captured within the cube were
marked by M1, M2, and M3 in Fig. 6, where the tip at the M1

and M3 positions was blurry.
We then rotated the end-effector about the Tm axis and

compensated for the induced-translation by moving the Xm,
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Fig. 6. Model validation. (a) Models were identified by experimental data
and the TIA approach [6], and visualized by two circles in 3-D. (b) and (c)
Positions (px and py) and image sharpness (i(1)) of the end-effector’s tip
in the microscope’s FOV by 360◦ orientations and model-based translational
compensation. Small positioning errors of px, py and large i(1) verified the
validity of the derived model.

TABLE I
MODEL PARAMETER VECTOR Ψ AFTER REPLACING THE END-EFFECTOR

FIVE TIMES

Ym, and Zm axes as derived by the identified model. As shown
in Fig. 6(b), px and py were close to the microscope’s FOV
center during 360◦ orientations, and the ranges of px and py
were as small as 68 and 32 pixels, compared to the image size
of 1200 × 900 pixels. In Fig. 6(c), i(1) has a small range
during orientations (minimal value: 0.78), indicating that the
end-effector’s tip in the vertical direction was maintained within
the microscope’s depth of field. These results verified the validity
of the identified model parameters.

Table I shows five groups of identified parameters in model (2)
after replacing the end-effector five times. The values ofPc in the
last three rows varied much; however, they were removed in the
continuous-time model (3). The values of ξ andϕ varied slightly
around the end-effector’s mounting angle (38◦) and installation
angle (0◦). The value of α0 indicates the initial position of the
end-effector’s tip within the tilted circle in 3-D; therefore, it
can be any degree belonging to [0, 360◦]. The circle’s radius (r)
changed much (range: 0.5 mm); thus, control methods based on
the precise model without reidentification after end-effector re-
placement may result in the poor performance or even instability.

B. Performance Evaluation of Visual Detection

The performance of the proposed visual detection method for
measuring pz was evaluated. The algorithms for determining yx,
yy , and yr in (4) are not discussed here since they are similar to
existing methods [22]–[24].

Fig. 7. Evaluation of the proposed detection method. Yz captures the gra-
dient information of image sharpness from one image. The range of Yz can
discriminate upward and downward directions for a same misalignment angle.
“range” means the value of max(Yz)–min(Yz). Scale bar: 100 µm.

As discussed in Section III, the limit misalignment angle
ā ≈ 40.5◦, i.e., am ∈ [−40.5◦, 40.5◦]. In the experiment, we se-
lected ten orientations within this range to test the performance:
U0◦, U±20◦, U±40◦, D±40◦, D±20◦, and D0◦, where U±40◦

and D±40◦ were very close to the limit misalignment angle.
The function I(·) was selected as the normalized variance for
evaluating image sharpness.

The value of Yz was calculated according to (9) (p > 0.05,
n = 10), and shown in Fig. 7. For downward directions, such
as D0◦, D±20◦, D±40◦, pos(max(Yz)) was equal to 1. This
indicates that the tip was in the most in-focus region and much
clearer than the other segments of the end-effector. For the other
three cases where the end-effector’s tip pointed upward, the
first several segments on the end-effector all had high image
sharpness; thus, pos(max(Yz)) was not equal to 1 for U0◦ and
U±20◦. According to (12), the end-effector moved upward for
focus (B3) until Yz reached the condition in the B2 case; then
the end-effector moved downward until Yz returned to the B3

case. This feedback mechanism kept the end-effector’s tip in
the neighborhood of the microscope’s depth of field. Thus, the
design of Yz can effectively measure the image sharpness along
the end-effector and obtain the gradient information from only
one image. It saves time cost without moving back-and-forth
and meets the requirement of dynamic rotational positioning.

For U±40◦, the range of Yz , i.e., max(Yz)–min(Yz), was
0.63 and increased significantly to 0.81 for D±40◦. This result
demonstrated that our method was also effective to discriminate
the upward and downward directions with a same misalignment
angle, even if they were very close to the limit misalignment
angle.

This section presents the performance evaluation results of the
proposed three-loop control framework. The evaluation metrics
were selected as the values of px, py , Yz , and am, as labeled in
Fig. 5. The final value of am was used to evaluate the orientation
error. The average distance between (px, py) and microscope’s
FOV center during the whole orientation process (i.e., average
positioning error) was used to characterize the position servo
capability. Yz was used to test the focus capability. Ten orienta-
tions (D0◦, D±20◦, D±40◦, U±40◦, U±20◦, and U0◦) were set
as the desired orientations in the orientation loop. Before each
experiment, the end-effector’s tip was placed to the FOV center
for a fair comparison with an arbitrarily initial orientation. All
the experiments were performed under 4× and 20× objectives.
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Fig. 8. Performance evaluation of rotational positioning control. Ten orien-
tations, ranging from D 0◦ to U0◦, were set as the desired orientations. (a)
and (b) Orientation error and positioning error under 4× and 20× microscope
objectives (p > 0.05,n = 10). (c) and (d) Microscope FOV images after robotic
orientation to desired values. Scale bar: 100 µm.

Fig. 8(a) shows the orientation errors for the ten desired
orientations under two magnifications. The average errors were
less than 2◦ for all the cases. Moreover, the average errors
under 20× objective were smaller than 4× objective for up-
ward directions (U±40◦, U±20◦, and U0◦), but were larger for
downward directions (D±40◦, D±20◦, and D0◦). This is because
higher magnifications provided more details for calculating the
misalignment angle for upward directions [see U0◦ and U−40◦

in Fig. 8(c)], but the end-effector under high magnifications also
became more blurry for downward directions due to the more
limited depth of field, which also resulted in large variances of
orientation error [D0◦ in Fig. 8(c)].

The end-effector’s alignment (i.e., aligning the tip to the
micropipette body) is a basic requirement in micromanipulation.
This operation is presently manually conducted and can easily
cause damage to the fragile end-effectors. The alignment prob-
lem is a particular case of our proposed rotational positioning
(U0◦). In our experiments, a smaller average orientation error
with a lower standard deviation was achieved under 20× than
under 4× [0.5◦ versus 0.7◦ for U0◦ in Fig. 8(a)].

Fig. 8(b) shows the positioning error of the end-effector’s tip
during orientations. The positioning error was defined by the
distance between the end-effector’s tip and the FOV center dur-
ing the whole orientation process, and the error was visualized
by a square with the side length of the error value [see Fig. 8(d)].
Under 4× and 20× objectives, the average positioning error was
less than 20 pixels (36 μm) and 80 pixels (29 μm), respectively,
where the area ratios of the error square and the microscope’s

TABLE II
SIX GROUPS OF CONTROL GAINS FOR COMPARISON

#1 and #2 are for position loop; #3 and #4 are for orientation loop; and #5 and #6 are
for focus loop.

TABLE III
EVALUATION METRICS FOR THREE CONTROL LOOPS UNDER DIFFERENT

CONTROL GAINS

The metric in #1 and #2 is positioning error (i.e., distance between end-effector’s tip and
FOV center during orientations, unit: pixel). Metrics in #3 and #4 include positioning error
(unit: pixel) and time cost (unit: s). The metric in #5 and #6 is the ratio of average and
maximal values of i(1). The indices 1 to 6 correspond to the control gains in Table II.

FOV were 0.6% and 0.04% (p > 0.05, n = 10). These errors
were significantly smaller than those by manual operation.

We also tested the control performance under different kx,
ky , kz , and kr(ūr) in controllers (10)–(12) (see Supplementary
Video). As shown in Table II, six groups of control gains includ-
ing kx, ky , kr, ūr, and kz were assigned to the controllers in the
three loops. Table III summarizes the resulting control perfor-
mance. In the experiment, the desired orientation was set to U0◦.
In the first test, the values ofkx,ky in the position loop were set to
10 in #1, and 100 in #2. The positioning errors for the two cases
were 226.3 and 35.2 pixels, indicating that large kx and ky can
improve the servo capability. In the second test, the values of kr
and ūr in the orientation loop were set to 10 and 100 in #3, and 10
and 500 in #4. The positioning errors were 35.9 and 136.4 pixels.
Although large ūr resulted in large errors, it also achieved
significantly faster alignment (11 s versus 21 s). In the third test,
the value of kz in the focus loop was set to 50 in #5 and 500 in #6.
The average (and the maximal) values of i(1) during orientations
were measured to be 12 (34) and 22 (35). The ratio of the average
and maximal values of i(1)was 36% and 63%, respectively, indi-
cating that the end-effector in #5 was much further from the focal
plane than #6, and large kz can yield a better focus capability.

C. Robotic Sperm Immobilization

We applied the derived rotational positioning control ap-
proach to micropipette alignment, which was a prerequisite for
sperm immobilization. Human sperm samples in the experi-
ments were obtained from CReATe Fertility Centre (Toronto)
and informed consent was obtained from the subjects.

Since a smaller orientation error at U0◦ can be achieved
under a high magnification [see Fig. 8(a)], the micropipette was
aligned under 4× and realigned under 20× [see Fig. 9(a)]. After
the human operator selected a swimming sperm via computer
mouse clicking, the micropipette was moved to be above the
sperm tail and tapped the substrate to immobilize the sperm.
Sperm immobilization was considered successful if the sperm
lost its motility [see Fig. 9(b)]. However, when there was a
misalignment error such as U-4.1◦ [see Fig. 9(c)], a gap existed
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Fig. 9. Sperm immobilization. (a) Robotic micropipette alignment. (b) Immo-
bilized sperm. (c) Manual micropipette alignment resulted in a misalignment
error and a gap between micropipette and substrate. (d) Sperm escaped. Scale
bar: 25 µm.

TABLE IV
AVERAGE ORIENTATION ERROR, TIME COST, AND SUCCESS RATE OF SPERM

IMMOBILIZATION BY THREE TYPES OF MICROPIPETTE ALIGNMENT: ROBOTIC

ALIGNMENT UNDER 4×, MANUAL ALIGNMENT, AND ROBOTIC REALIGNMENT

UNDER 20×

(Total number of sperm: 300).

between the micropipette and the substrate, through which the
sperm could escape, resulting in immobilization failure [see
Fig. 9(d)].

Robotic sperm immobilization was conducted on 300 sperm
by three types of micropipette alignment (100 sperms in each
type). The first and second types were robotic and manual
alignment under 4×, and the third type was realignment under
20× after the first two types. The third type can be seen as
a coarse-to-fine operation of micropipette alignment under a
higher magnification, which is difficult to achieve by human
operation due to the very limited FOV.

Table IV shows the average orientation error, time cost,
and success rate of sperm immobilization by these three types
of micropipette alignment. The initial misalignment error was
adjusted to be U-20◦ in each experiment for a fair comparison.
Realignment under 20× achieved the smallest orientation error
(0.5◦) because more micropipette details were captured under
a high magnification; however, the time cost of 20.5 s was
much higher than that by robotic alignment (8.2 s) and manual
alignment (13.8 s) under 4×. Although the success rate of sperm
immobilization by robotic realignment under 20× (98%) was
only slightly higher than that by robotic alignment (97%) under
4×, it was significantly higher than that by manual operation
(90%). In summary, robotic alignment under 4× increased the
success rate and improved the efficiency of sperm immobi-
lization, and robotic realignment under 20× provided a higher
success rate at the expense of higher time cost.

Fig. 10. Sperm orientation for aspiration. (a) Sperm tail must be aligned to the
micropipette tip before aspiration. (b) and (c) Sperm tail cannot be aligned to the
micropipette at U0◦. (d)–(f) Three steps that align sperm tail to the micropipette
tip by dynamically rotating the micropipette to different orientations. (g) Side
view of micropipette at U0◦ and U-20◦. In the case of U0◦, no gap existed
between the micropipette and substrate; hence, any movement along the Ym

axis aligned sperm head (b), and any movement along the Xm axis tapped the
sperm hard, which cannot exert sufficient forces to orient the sperm (c); in the
case of U-20◦, a gap existed so that the micropipette can contact the sperm tail
without tapping the sperm hard. Scale bar: 25 µm.

D. Robotic Sperm Orientation for Aspiration

In clinical ICSI, an immobilized sperm needs to be aspirated
into the micropipette for deposition into an oocyte. As a clinical
requirement, the sperm tail must be aligned to the micropipette
tip before aspiration so that the sperm head is first-out during
deposition [see Fig. 10(a)]. In the sperm orientation process,
since sperm DNA is all contained in the head, damage to sperm
head must be avoided. Under these requirements, a sperm with
its head very close to the micropipette is difficult to be aligned be-
cause the movement of the micropipette along theYm axis makes
the micropipette tip contact the sperm head first, and eventually
aligns the sperm head to the micropipette [see Fig. 10(b)]. On
the other hand, if the micropipette is lifted, is moved to be above
the sperm tail, and directly contacts the tail, then the movement
of the micropipette along the Xm axis would tap the sperm tail
harder, without being able to exert sufficient forces to orient the
sperm [see Fig. 10(c)]. For this difficult case, clinical operators
often use the micropipette to slide the culture medium rapidly by
trial and error until the sperm tail is aligned to the micropipette.
However, this operation is laborious, time-consuming, and may
damage the fragile micropipette.

To address this sperm orientation challenge, we developed
a method consisting of three steps by dynamically rotating the
micropipette to different orientations [see Fig. 10(d)–(f)]. In the
first step, the micropipette was intentionally rotated to generate
a small misalignment error, such as U-20◦ [see Fig. 10(d)].
This operation yielded a gap between the micropipette and
the substrate. Then, the micropipette was controlled to contact
the sperm tail and move along the Xm axis until the sperm
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tail was well aligned [see Fig. 10(e)]. At this orientation, the
micropipette tip was able to rotate the sperm without tapping
the sperm tail hard because the gap accommodated the sperm.
The micropipette tip was then realigned to U0◦ for sperm
aspiration [see Fig. 10(f)]. Fig. 10(g) shows the side view of
the micropipette tip at U0◦ and U-20◦. Note that U0◦ was not
suitable for sperm orientation, and U-20◦ was inconvenient
for sperm immobilization and aspiration. Instead of relying on
a fixed orientation of the micropipette, these tasks were well
addressed by the versatility of in situ orientation control.

E. Discussion

Based on the experimental results, several guidelines can be
given to implement the proposed rotational positioning tech-
nique in other applications. First, visual detection and control
methods in each control loop can be revised. For instance, model
predictive control may be more appropriate for manipulation
under high magnifications, since it can absolutely constrain the
end-effector within the FOV at the expense of high online com-
putational burden. Second, one can further reduce the orientation
error from the following three aspects.

1) The orientation detection accuracy can be improved by
developing more targeted algorithms.

2) Mechanical vibration can be attenuated by replacing the
hollow shaft stepper motor to a high-performance direct
current motor.

3) Dual-mode control [36] can be introduced to reduce motor
vibration in the neighborhood of the desired orientation.

Third, collision detection is necessary in practical applica-
tions, which can be achieved by using contact detection meth-
ods [38]. The concept of contact detection is to visually sense the
abrupt changes in the motion pattern upon the contact between
the end-effector and substrate. Additionally, relatively small
controller gains are recommended to avoid collision of the end-
effector with the environment, for instance, a small ūr in (10) can
lower the rotational velocity and, thus, reduce the requirement
of the bandwidth in the position loop and the focus loop.

VII. CONCLUSION

This article reported a rotational positioning method of end-
effectors under microscopy for micromanipulation. The general
and practical conditions considered include: the rotational axis
of the end-effector is at a tilted angle to the microscope’s
focal plane, and the end-effector’s tip is far from the rotational
axis. We also considered other practical requirements, such as
frequent replacement of the end-effectors and the very limited
microscope’s FOV. A general rotational model was established,
which can be reduced to other rotational models in the literature.
A detection method within limited depth of field was developed
to determine the focus direction based on only one image.
A unified three-loop rotational positioning control framework
was proposed, which covers existing control methods as partic-
ular cases. Experimental results demonstrated that the proposed
method was able to rotate the end-effector’s tip to an arbitrarily
desired orientation with an average orientation error less than
2◦. This small orientation error improved the success rate of

sperm immobilization (≥97%), which was significantly higher
than the success rate achieved by manual orientation (90%). The
approach also enables versatile in situ control for orienting the
end-effector to multiple desired orientations.
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