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Abstract

The use of intracytoplasmic sperm injection (ICSI), an assisted reproductive technique (ART), is increasing widely. ICSI
is currently performed by specially skilled embryologists. However, with the increasing demand for ART, the short-
age of skilled embryologists has become a problem. Therefore, we propose an immersive micromanipulation system
that requires no special skills for efficient and accurate micromanipulation. Our proposed system is composed of a
real-time three-dimensional (3D) imaging microscope and 3D operation interfaces. The 3D operation interfaces are
stationary pen-type or wearable glove-type interfaces. In this system, an operator wearing a head-mounted dis-

play (HMD) and using 3D operation interfaces is immersed in a virtual micromanipulation space. The operator can
move the pipettes by 3D operation interface and freely change the viewpoint. We verified that the proposed system
improves the speed and accuracy of operating a pipette through two types of experiments with subjects.
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Introduction

In recent years, the use of micromanipulation to inject
DNA and cells into unfertilized eggs, such as artificial
insemination and transgenics, is in great demand [1,
2]. Intracytoplasmic sperm injection (ICSI) is the most
widely used assisted reproductive technique (ART) glob-
ally with increasing demand annually [3, 4].

Figure 1 shows the ICSI procedure. Generally, ICSI is
performed under an optical microscope using motorized
micromanipulators operated by joysticks. ICSI is done
by dividing the droplet into three spaces on the dish. In
spaces 1 and 3, the cells before and after manipulation
are placed, respectively, and in space 2, the microscopic
work is performed. The ICSI operator moves one of the
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embryos from space 1 to space 2. When injecting sperm
into the egg in space 2, the injection pipette should be
inserted while avoiding the spindle. As the spindle is
invisible, the operator must estimate the position of the
spindle from the position of the polar body. The posi-
tions of the polar body and spindle in the embryo are
shown in Fig. 2. The operator moves the embryo from
space 2 to space 3 after injection. ICSI, the aforede-
scribed process, requires high-speed and high-precision
micromanipulation [5]. Particularly, the movement of
the embryo between spaces must be performed quickly
and the manipulation of the embryo in space 2 must be
performed accurately. Therefore, embryologists who
perform ICSI require advanced skills. There is a positive
correlation between the skill of the embryologist and the
rate of embryo development [6].

An embryologist must be skilled to use optical micro-
scopes and interface for moving micromanipulators. As
optical microscopes capture 2-dimensional (2D) moving
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Fig. 2 Detailed view of an embryo

images from only one direction, visual information in the
depth direction is limited; thus, operators need skills in
recognizing depth information from 2D images. In addi-
tion, optical microscopes require complicated operations
for changing a viewpoint because magnification and light
intensity are also changed when the viewpoint is changed.
Furthermore, the micromanipulator has 3-degrees-of-
freedoms (DoFs) in translation; however, the joystick
operation is a combination of 2-DoFs in translation and
1-DoF in rotation. Therefore, advanced techniques are
required to freely operate the micromanipulators.

Many studies have attempted to improve the visibility
of microscopes. The digital holographic microscope can
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obtain 3D information of microscopic objects [7, 8].
However, it requires time for 3D image reconstruction
and therefore is not suitable for ICSI as ICSI requires
precise 3D information in real-time. Aoyama et al. pre-
sented a head-mounted display (HMD)-based micro-
scopic imaging system [9]. Although the system enables
changing the microscope’s viewpoint and magnification
easily, the images produced are 2D with limited depth
visibility. Fujishiro et al. proposed a real-time 3D imag-
ing microscope using focal length adjustment [10]. The
system enables real-time 3D image presentation of
micromanipulation; however, the viewpoint cannot be
freely changed.

3D operation interfaces for micromanipulators have
also been proposed. Ando et al. developed a parallel
link micromanipulator operated by a dedicated 3D con-
trol device [11]. The micromanipulators used in ICSI
have different shapes from the micromanipulators used
in this system and therefore cannot be applied to ICSI.
Further, this system has poor depth visibility; therefore,
it offers no significant advantage to operating in 3D.
Ammi et al. proposed a method of operating a micro-
manipulator using a 3D haptic device [12]. However,
this system is designed for a static environment and is
not suitable for ICSI, which is a dynamic environment.
Onda et al. presented a system to operate optical twee-
zers with 3D haptic devices [13]. Embryos (100 um) are
too large to manipulate using optical tweezers because
they can only exert a small force. All of these 3D opera-
tion systems were incompatible with accurate real-time
3D microscopic images, and their effectiveness is still
unverified by subject experiments.

Immersive teleoperation systems using VR have been
developed for many robots in recent years. Various
tasks can be performed using immersive teleopera-
tion systems in macro-spaces, such as bottle picking
[14], assembly [15], and cleaning [16]. However, no
immersive teleoperation system has been developed for
micro-spaces. In this study, we developed an immersive
micromanipulation system that enables high-speed and
high-precision micromanipulation using our 3D imag-
ing microscope [10] and 3D operation interfaces. Fig-
ure 3 shows the concept of the proposed system. The
proposed system constructs an immersive microman-
ipulation space using the 3D imaging microscope, and
the operator is immersed in the virtual manipulation
space and operates the micromanipulators using 3D
operation interfaces. Furthermore, the proposed system
allows users to freely change their viewpoints. We veri-
fied that the proposed system improves the speed and
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Fig. 3 Concept of the proposed system

accuracy of micromanipulation through two types of
subject experiments by operating a micromanipulator.

Immersive micromanipulation system

System outline

Figures 4 and 5 show the configuration and overview
of the proposed immersive micromanipulation sys-
tem, respectively. The system comprises an inverted
microscope (IX73, OLYMPUS), an objective lens
(LWD95mm, 10X, Mitutoyo), a high-speed vision system
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(MQO003MG-CM, Ximea), an electrically tunable lens
(ETL) (EL-10-30-C-VIS-LD-MV, Optotune), a lens
driver (Lens Driver 4, Optotune), a two-axis galvanom-
eter mirror (6210HSM 6mm 532nm, Cambridge Tech-
nology), a control PC (OS Windows 10 Home 64-bit,
CPU Intel(R) Core(TM) i9-9900KF 3.60-GHz, 32-GB
RAM, GPU NVIDIA GeForce RTX 2080 SUPER), D/A
board (PCX-340416, Interface), a light source unit (LA-
HDF158AS, Hayashi Repic Co., Ltd.), micromanipula-
tors with a joystick (TransferMan 4r, Eppendorf), two
microinjectors (FemtoJet 4i and CellTram 4r Air, Eppen-
dorf), an injection pipette (Femtotip II, Eppendorf), a
holding pipette (VacuTip I, Eppendorf), a HMD (HTC
VIVE Pro Eye, HTC Corporation), a wearable glove-type
interface (MANUS Prime Haptic, MANUS VR Com-
pany), and a stationary pen-type interface (PHANToM
Premium1.5HE, 3D Systems). The inner diameter of the
injection pipette is 0.5 pwm. The inner and outer diam-
eters of the holding pipettes are 15 pum and 100 pwm,
respectively.

This system measures the 3D positions of the micro-
manipulators and the manipulated object using the
focal-point adjustment function of an ETL to construct
an immersive space. The operator is immersed in the
immersive space and operates the micromanipulator
using 3D operation interfaces. Additional file 1 shows
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the operation of an injection pipette using the proposed
system.

3D Image presentation

The 3D image presentation is based on a previous study
[10] which can be used to perform real-time microma-
nipulation. The process of the 3D image presentation is
summarized in the following sections and in Fig. 6.

(a) Capture three images with different focal lengths,
and obtain the 3D position and size of a micro-
scopic object from the images.

(b) Transforms pipettes and microscopic objects into
the immersive space coordinates.

(c) Present the user with a 3D image in the immersive

space.
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(Real world) (Virtual world) (Real world)
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Fig. 6 Process of 3D image presentation
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The immersive micromanipulation system acquires the
positions of the microscopic objects from their images
and the manipulator’s encoder and places them in an
immersive space 1000x larger than the real objects.

Pipette operation using 3D operation interface

The process of the pipette operation using the 3D opera-
tion interface is summarized in the following sections
and in Fig. 7.

(a) The user moves a virtual pipette in an immersive
space using a 3D operation interface.

(b) Actual pipette moves based on the virtual pipette.

(c) Acquire 3D position of the microscopic object.

(d) In immersive space, virtual microscopic object
moves based on actual microscopic object.

(e) Present the user with a 3D microscopic object in
the immersive space.

The user is immersed in an immersive space and performs
micromanipulation by moving a virtual pipette.

Algorithm of the immersive micromanipulation
system

Algorithm 1 shows the flow of an immersive microma-
nipulation system. p represents the position vector of the
pipette, and e represents the position vector of the embryo
to be manipulated. The subscripts w, i, and ¢ indicate that
the position vectors are in the world coordinate system,
camera coordinate system, and immersive coordinate sys-
tem, respectively. The subscript 0 indicates the initial posi-
tion. M represents the matrices to transform coordinates.
Figure 8 shows the image of each coordinate system.
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Algorithm 1 Algorithm of the immersive micromanipu-
lation system

1: pwo < initial vector
 pio  Muyipwo
Pw < Pw0
Pi < Pio
loop
Obtain images.
e. < new vector
e < Mciec
User moves the virtual pipettes in the immersive space by
3D operation interface.
10: pi < new vector
11: Pw < Pw0 + A[m'(pz - 171())
12: pu: — AI:u,-Pi
13: end loop

NI RWN

The immersive space is configured using a real-
time 3D imaging microscope [10], which corresponds
to lines 1-4 of Algorithm 1. A mapped model of the
immersive space configuration is shown in Fig. 9. P
and O represent the pipette position and the micro-
scopic object position, respectively. E and H represent
the operator’s eye position obtained from HMD and the
operator’s hand position obtained from the 3D opera-
tion interface, respectively. M indicates the mapping.
The subscripts w, i, and ¢ indicate the world coordi-
nate system, camera coordinate system, and immersive
coordinate system, respectively. The 3D imaging micro-
scope obtains the position of the pipette in immersive
space based on the world coordinate of the pipette
obtained from the encoder and obtains the position of
the microscopic object in the immersive space from the
camera coordinate of the microscopic object.

A mapped model of the micromanipulator operation
is shown in Fig. 10, which corresponds to lines 6-12 of
Algorithm 1. The real-time 3D microscope obtains the
position of the microscopic object in the immersive space

e
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Fig. 8 Coordinate images
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from the camera coordinate of the microscopic object.
The operator inputs in the system the position of the
operator’s hand through the 3D operation interface. The
pipette moves based on the position of the operator’s
hand in the immersive space. The actual pipette moves
based on the position of the pipette in the immersive
space. By repeating this process, the operator can freely
operate the pipette.

Evaluation of the operation speed

Experimental method

We conducted evaluation experiments to verify that the
proposed system improved the operation speed of an
injection pipette. Figure 11 shows the schematic of this
experiment. The subject orbited the injection pipette in
the yz-plane containing the center of the fixed micro-
bead for 15 s. The subjects were instructed to move the
injection pipette as quickly as possible. The subjects were

Micro space Immersive space| Macro space
World Camera Immersive
coordinate coordinate coordinate
Microscopic
object M. M,; Eye
0. ——>0 E+T—En
Pipette o My M,; Hand
Py P P; Hy «—T—Hp
Fig. 9 Mapped model of the immersive space configuration

Micro space Immersive space| Macro space
World i Camera Immersive
coordinate coordinate coordinate
Microscopic
object M., M., ; Eye
o, ci o; E, wi En
Pipette i My, M, Hand
P, : P, «—H; +—+——Hp,
Fig. 10 Mapped model of micromanipulators operation

Fig. 11 Experimental task to verify the operation speed
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Table 1 Experimental conditions

Condition Image presentation Operation interface
(@) 2D Joystick

(b) 3D Joystick

(@] 2D Pen-type

(d) 3D Pen-type

(e) 2D Glove-type

(f) 3D Glove-type

asked not to apply the injection pipette to the microbead.
If the microbead was dropped, it was considered a fail-
ure. However, no subject dropped the microbeads. No
limitation was placed on the distance between the injec-
tion pipette and the beads. The material of the micro-
beads was polystyrene, and their diameter was 100 pm.
The operation speed is evaluated based on the number
of laps. The experiment was conducted under six differ-
ent conditions, as shown in Table 1, with different image
presentation and operation methods. Image presenta-
tion conditions included a conventional 2D display and
a 3D image presented to the HMD. Operation interface
conditions were a conventional joystick, a stationary pen-
type interface, and a wearable glove-type interface. In
condition (a), the subjects viewed 2D images and used a
joystick as the operation interface. In condition (b), the
subjects viewed 3D images and used a joystick as the
operation interface. In condition (c), the subjects viewed
2D images and used a stationary pen-type interface as
the operation interface. In condition (d), the subjects
viewed 3D images and used a stationary pen-type inter-
face as the operation interface. In condition (e), the sub-
jects viewed 2D images and used a wearable glove-type
interface as the operation interface. In condition (f), the
subjects viewed 3D images and used a wearable glove-
type interface as the operation interface.

Subjects in each condition are shown in Fig. 12. Fig-
ures 13 and 14 show the 2D and 3D images displayed
subjects during the experiment, respectively. All five sub-
jects had no experience in micromanipulation and were
between 20 and 25 years old. Each subject performed the
task five times under all conditions. To make a compari-
son, a skilled operator engaged in micromanipulation for
more than five years also performed the same task using
a 2D image and a joystick.

We performed a Friedman test [17], a Kruskal-Wal-
lis test [18], and Dunn’s test [19] on the number of laps
for each condition with the image presentation method
and the operation interface as factors. To investigate the
highest speed operation interface in an immersive micro-
manipulation system, we also performed a Wilcoxon
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Fig. 13 2D image displayed subjects during the condition (a), (c),
and (d)

Fig. 14 3D image displayed subjects during the condition (b), (d),
and (e)

rank-sum test [20] on the number of laps for each subject
between conditions (d) and (f).
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Fig. 15 Violin plots of the number of laps

Experimental results

Figure 15 shows the violin plot [21] of the number of laps
for each condition. In the violin plot, the red and black
lines represent the median and mean values for each con-
dition, respectively. Table 2 and 3 show the average num-
ber of laps and the standard deviation of laps for each
subject in each condition, respectively. A through E in
the tables represent subjects.

Table 2 Mean laps
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The mean laps and standard deviation of laps of the
skilled operator were 4.0 and 0.4, respectively. In Fig. 15,
the blue line represents the mean laps of the skilled oper-
ator. In conditions (d) and (f), the mean laps of the begin-
ner subject were all higher than the skilled operator and
the beginner subjects’ standard deviation for laps was
lower than the skilled operator.

Subject D orbited the injection pipette the most out of
all 25 trials in condition (a), the condition using conven-
tional 2D image and joystick operation. The pipette’s tra-
jectories of the trials with the highest number of laps for
each condition for subject D are shown in Figs. 16 and 17.
Figure 16 shows the pipette’s trajectories in the yz-plane
for conditions (a), (c), and (e), 2D image presentation.
Figure 17 shows the pipette’s trajectories in the yz-plane
for conditions (b), (d), and (f), 3D image presentation.

We conducted a Friedman test and found that both the
image presentation method and the operation interface
independently had significant effects on the operation
speed (p < 0.01). The changes in conditions also sig-
nificantly affected the change in the laps (Kruskal-Wal-
lis test: p < 0.01); therefore, the multiple comparison
method, Dunn’s test, was used to investigate the best
conditions. Conditions (d) and (f) each had significantly
more laps than conditions (a), (b), (c), and (e) (p < 0.01).
There was no significant difference between conditions
(d) and (f) (p > 0.05). Conditions (c) and (e) each had
significantly more laps than condition (a) (p < 0.01).

For each subject, the Wilcoxon rank-sum test deter-
mined whether the stationary pen-type interface or the

Condition Image presentation Operation interface A B C D E all
(@) 2D Joystick 1.8 22 2.1 34 0.8 2.1
(b) 3D Joystick 3.5 3.7 238 47 25 34
() 2D Pen-type 7.2 29 3.8 43 34 43
(d) 3D Pen-type 126 9.5 6.6 89 74 9.0
(e) 2D Glove-type 40 47 43 5.7 55 4.7
(f) 3D Glove-type 122 12.7 10.1 204 6.4 124
Table 3 Standard deviation of laps

Condition Image presentation  Operation interface A B C D E all
(@) 2D Joystick 02 0.2 0.2 1.0 04 1.0
(b) 3D Joystick 0.9 0.7 0.7 04 04 1.0
(@] 2D Pen-type 12 0.7 0.8 0.7 1.2 1.8
(d) 3D Pen-type 1.5 15 0.9 0.7 1.7 25
(e) 2D Glove-type 0.5 0.7 0.5 19 0.7 1.2
() 3D Glove-type 23 1.0 16 2.8 0.9 5.0
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Fig. 17 Trajectories in the yz-plane with 3D image presentation in
the evaluation of operation speed

wearable glove-type interface was better as an operation
interface when using 3D image presentation. For subjects
B, C, and D, the number of laps was significantly higher
using the wearable glove-type interface than the sta-
tionary pen-type interface (B: p = 0.02, C: p = 0.02, D:
p = 0.01).

The operation speed of the injection pipette increased
when the image presentation method was changed from
2D to 3D and the operation interface was changed from a
conventional joystick to a 3D operation interface. There-
fore, the immersive micromanipulation system, which
combines 3D image presentation and 3D operation
interface manipulation, resulted in the highest operation
speed. The three subjects had the highest operation speed
when the operation interface was a wearable glove-type
interface in the immersive micromanipulation system.

Evaluation of the operation accuracy

Experimental method

Experiments were conducted to verify that the proposed
system improved the operation accuracy of an injection
pipette. Figure 18 shows the schematic of this experi-
ment. The subjects touched the center of the fixed micro-
bead with an injection pipette from the x-axis. The initial
position of the injection pipette tip was 150 to 250 wm in

Z/
=—Q /L

Fig. 18 Experimental task to verify the operation accuracy

the x-axis direction, 100 to 200 wm in the y-axis direction,
and —300 to 300 pum in the z-axis direction, as viewed
from the center of the microbead. The conditions, sub-
jects, and the number of trials were the same as in evalu-
ation of the operation speed. The operation accuracy was
evaluated based on the error of the pipette in the z direc-
tion from the center of the microbead at the end of the
task. The material of the microbead was polystyrene, and
their diameter was 100 pm. Because microbeads cannot
be penetrated, the task was considered finished when the
tip of the injection pipette hit the microbeads or when
the subjects reckoned that they touched the injection
pipette tip to the microbeads. Therefore, the microbeads
were not excessively pushed during the experiment. In
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Fig. 19 Violin plots of the z-axis error

addition, subjects were instructed not to move the injec-
tion pipette in the positive x-axis direction, that is, away
from the microbeads. The error was calculated using
the relative positions of the microbead and the injection
pipette measured using a real-time 3D imaging micro-
scope [10]. We also measured the time to complete each
task.

Table 4 Mean error
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We performed a Friedman test, a Kruskal-Wallis test,
and Dunn’s test on the z-axis error and the time for each
condition. To investigate the most accurate operation
interface in an immersive micromanipulation system,
we also performed a Wilcoxon rank-sum test [20] on the
z-axis error and the time for each subject between condi-
tions (d) and (f).

Experimental results
Figures 19 and 20 show the violin plot of the z-axis error
and the time to complete a task for each condition,
respectively. In the violin plot, red and black lines are
median and mean values for each condition, respectively.
Tables 4 and 5 show the mean z-axis error and the stand-
ard deviation of the z-axis error for each subject in each
condition, respectively. Table 6 and 7 show the mean time
to complete a task and the standard deviation of the time
to complete a task for each subject in each condition,
respectively. A through E in the tables represent subjects.

The mean error and standard deviation of error of the
skilled operator were 27.2 pm and 6.5 wm, respectively.
In Fig. 19, the blue line represents the mean error of the
skilled operator. In conditions (b), (d), and (f), the mean
errors of the beginner subjects were all higher than the
skilled operator.

Subject D manipulated the injection pipette with the
least error out of all 25 trials in condition (a), the condi-
tion using conventional 2D image and joystick operation.

Condition Image Operation interface A B C D E all
presentation
(@) 2D Joystick 120.0um 93.4pum 15.1um 18.1um 41.0um 57.5um
(b) 3D Joystick 186 um 16.9um 12.8m 7.7 wm 27.5um 16.6 LM
(@] 2D Pen-type 729um 71.7 pum 483 m 53.7pum 582pum 61.0pum
(d) 3D Pen-type 40pum 1.1 pm 89um 7.1 wm 17.5pm 9.7 um
(e) 2D Glove-type 36.6 M 90.0 um 67.60m 17.7 wm 1084 m 64.0 um
() 3D Glove-type 10.1um 2.6um 12.8um 8.6um 941m 8.7um
Table 5 Standard deviation of error
Condition Image Operation interface A B C D E all
presentation
(a) 2D Joystick 37.1um 464 m 103 wm 9.6 um 23.7um 51.1um
(b) 3D Joystick 125wm 70um 6.41m 36um 47 wm 10.1 wm
(a) 2D Pen-type 33.1um 126 um 539um 43.1um 37.3um 39.7um
(d) 3D Pen-type 47 wm 56um 6.2um 34um 94um 7.7 um
(e) 2D Glove-type 23.2pum 61.6pum 379um 16.2pum 64.0pm 56.0um
() 3D Glove-type 6.8 LM 1.41m 39um 6.8 LM 9.0pum 70mum




Yokoe et al. ROBOMECH Journal (2022) 9:16
—— Median
— Mean
40 Mean
(Skilled operator)
35+¢
30
25'1
=
Q L
£
[l
15+
10 . F Y
5 ——3 A
0 . . . . . .
(a) (®) () @ (e) ®
2D image 3D image 2D image 3D image 2D image 3D image
Joystick Joystick Pen-type Pen-type Glove-type Glove-type
Fig. 20 Violin plots of the time

The trajectories of the trials with the least error for each
condition for subject D are shown in Figs. 21, 22, 23,
and 24. Figures 21 and 22 respectively show the pipette’s
trajectories in the xz-plane and yz-plane for conditions
(a), (c), and (e), 2D image presentation. Figures 23 and 24

Table 6 Mean time to complete a task
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respectively show the pipette’s trajectories in the xz-plane
and the yz-plane for conditions (b), (d), and (f), 3D image
presentation.

We conducted a Friedman test to investigate whether
changes in the image presentation methods and the oper-
ation interface had independent effects on the operation
accuracy. Change in image presentation methods sig-
nificantly influenced the operation accuracy (p < 0.01).
However, changes in operation interface had no signifi-
cant effect on the operation accuracy (p > 0.05). The
results of the Kruskal-Wallis test represented that the
change in conditions affected the operation accuracy
(p < 0.01). Therefore, the multiple comparison method,
Dunn’s test, was used to investigate the best conditions.
Conditions (d) and (f) each had significantly smaller
errors than conditions (a), (c), and (d) (p < 0.01). Condi-
tion (b) had significantly smaller errors than conditions
(c) and (d) (p = 0.03,p = 0.04). For each, the Wilcoxon
rank-sum test was used to determine whether the sta-
tionary pen-type interface or the wearable glove-type
interface was better as an operation interface when using
3D image presentation. For subject B, the z-axis error was
significantly smaller using the wearable glove-type inter-
face than the stationary pen-type interface (p = 0.03).

The mean time to complete a task and standard devi-
ation of time to complete a task of the skilled operator
were 11.6 s and 3.7 s, respectively. In Fig. 20, the blue
line represents the mean time of the skilled operator. In
conditions (c), (d), and (f), the mean time to complete

Condition Image presentation Operation interface A B C D E all
(a) 2D Joystick 1125 57s 855 103 s 12.7 s 9.6s
(b) 3D Joystick 1155 90s 85s 2335 18.1s 14.1s
(@] 2D Pen-type 42s 565 635 6.2s 535 55s
(d) 3D Pen-type 39s 51s 44 s 34s 57s 455
(e) 2D Glove-type 9.1s 435 10.2s 91s 16.7 s 99s
(f) 3D Glove-type 835 445 39s 95s 625 655
Table 7 Standard deviation of time to complete a task

Condition Image presentation Operation interface A B C D E all
(@) 2D Joystick 09s 08s 3.1s 165 23s 3.1s
(b) 3D Joystick 20s 435 09s 6.2s 635 73s
(©) 2D Pen-type 08s 125 21s 155 125 165
(d) 3D Pen-type 02s 08s 08s 05s 06s 10s
(e) 2D Glove-type 255 04s 295 115 995 625
(f) 3D Glove-type 125 0.7s 09s 13s 09s 245




Yokoe et al. ROBOMECH Journal (2022) 9:16 Page 11 of 14
300 300
200 200
/
100 100
i O 7‘rv E“ 0 Q
N N
100 100
-200 -200
-300 -300
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
X [pum] y [um]
— (a) Joystick —— (a) Joystick
—— (c) Pen-type —— (c) Pen-type
(e) Glove-type (e) Glove-type
——— Microbead —— Microbead
Fig. 21 Trajectories in the xz-plane with 2D image presentation for Fig. 22 Trajectories in the yz-plane with 2D image presentation for
the evaluation of operation accuracy the evaluation of operation accuracy

a task of the beginner subjects was less than the skilled
operator.

We conducted a Friedman test to investigate whether
changes in the image presentation methods and the oper-
ation interface had independent effects on the time to
complete a task. Change of the operation interface signif-
icantly influenced the time to complete a task (p < 0.01).
However, changes in image presentation methods had
no significant effect on the time to complete a task
(p > 0.05). The results of the Kruskal-Wallis test rep-
resented that the change in conditions affected the time
to complete a task (p < 0.01). The multiple comparison
method, Dunn’s test, was used to investigate the best
conditions. Conditions (c) and (d) each had significantly
less time to complete a task than (a) and (b) (p < 0.01).
There was a significant difference in time to complete a
task between conditions (c¢) and (e) (p = 0.01). There
was a significant difference in time to complete a task
between conditions (d) and (e) (p < 0.01). Condition (f)
had significantly less the time to complete a task than (a)
(p = 0.03). Condition (f) also had significantly less the
time to complete a task than (b) (p < 0.01).

For each subject, the Wilcoxon rank-sum test deter-
mined whether the stationary pen-type interface or the
wearable glove-type interface was better as an operation
interface when using 3D image presentation. For subjects
A and B, the time to complete a task was significantly less
using the stationary pen-type interface than the wearable
glove-type interface (p = 0.01).

The operation accuracy of the injection pipette was
increased by changing the image presentation method
from 2D to 3D. In particular, the immersive microma-
nipulation system that combines 3D image presenta-
tion and 3D operation interface resulted in the highest
operation accuracy. A subject had the highest operation
accuracy when the operation interface was a wearable
glove-type interface in the immersive micromanipula-
tion system. We have found that immersive microman-
ipulation systems enable higher speed operation than
conventional systems for tasks that require accuracy.
Two subjects had the highest speed operation when the
operation interface was a stationary pen-type interface in
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the immersive micromanipulation system for tasks that
require accuracy.

Discussion

The 3D image presentation significantly improves both
pipette operation speed and accuracy. The 3D image
presentation improves the user’s depth visibility com-
pared with conventional 2D images. The improved
depth visibility allows the user to precisely identify the
position of the pipette thus improving the accuracy of
pipette operation. In addition, the improved depth vis-
ibility allows the user to view the accurate pipette posi-
tion. Therefore, the operator can confidently manipulate
the pipette, which may have resulted in higher operation
speeds.

The 3D operation interfaces, including a wearable
glove-type interface and a stationary pen-type inter-
face, increase the speed of injection pipette operation.
However, the 3D operation interfaces did not improve
the accuracy of operation independently. Conventional
joystick operation is a combination of 2-DoFs of trans-
lation and 1-DoF of rotation. Therefore, the operator
cannot move the pipette in all 3-DoFs simultaneously.

In contrast, the 3D operation interfaces allow the opera-
tor to move the injection pipette in 3-DoFs simultane-
ously. Therefore, as the operator could move the pipette
in 3-DoFs simultaneously, it may have increased the
speed of the operation. However, the 3D operation inter-
face cannot move only one axis while the other two axes
of the pipette are fixed. The accuracy did not increase
because while aligning one axis of the pipette, the other
two axes were displaced.

When the operator uses both the 3D image presen-
tation and 3D manipulation interface simultaneously,
that is, when using an immersive micromanipulation
system, pipette operation speed and accuracy are fur-
ther improved. The immersive micromanipulation sys-
tem allows beginners in micromanipulation to operate
pipettes with the same speed and accuracy as experi-
enced operators. Because the immersive micromanipula-
tion system is 3D for both visual presentation and pipette
operation, the operator is immersed in the micro-space
and can operate the pipette as if it were in macro space,
which may have further improved the accuracy and
speed.

When the image presentation is 2D and the operation
interface is 3D, both speed and accuracy remained the
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same as compared with when the image presentation is
2D and the operation interface is 2D. Although the oper-
ator is operating the pipette in 3D, the operator receives
2D images, which makes it difficult to correct the trajec-
tory of the pipette. Therefore, the operator cannot per-
form accurate micromanipulation. Inaccurate pipetting
causes unnecessary pipette movement resulting in speed
of operation being reduced.

The overall subject results show no significant differ-
ence between the stationary pen-type and the wearable
glove-type interfaces when using the immersive micro-
manipulation system. However, there were significant
differences in a few subjects between the stationary
pen-type interface and the wearable glove-type interface
when using the immersive micromanipulation system.
For three subjects, the operation speed with the wearable
glove-type interface was significantly higher than that
with the stationary pen-type interface. For a subject, the
operation accuracy with the wearable glove-type inter-
face was significantly higher than that with the station-
ary pen-type interface. The wearable glove-type interface
provides a more immersive experience for the operator
than the stationary pen-type interface. The higher level
of immersion would allow the operator to have a percep-
tion similar to being in macro-space; this would increase
the speed and accuracy of operation. However, for two
subjects, the operation speed with the stationary pen-
type interface was significantly higher than that with the
wearable glove-type interface when performing accurate
operations. The stationary pen-type interface provides
resistance to the operator, which allows the operator to
easily fix the pipette position, as opposed to the wear-
able glove-type interface, which provides no resistance
during operation. Therefore, the pen-type interface may
improve the speed and provide accurate operations for
some operators. The working space of the stationary
pen-type interface used in this experiment has a 191-
mm length, 381-mm width, and 267-mm height and the
glove-type interface used in this experiment is 5000 mm
in length, 5000 mm in width, and 2000 mm in height.
There is no significant difference in operation speed and
accuracy between the stationary pen-type interface and
the wearable glove-type interface; however, the sizes of
the workspace are significantly different, so the glove-
type interface is recommended when using an immersive
micromanipulation system.

Conclusion

We proposed an immersive micromanipulation system
that enables high-speed and high-precision microman-
ipulation. The operator immersed in the virtual micro-
space operates the virtual pipette using a 3D operation
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interface. The actual pipette is operated based on the
position of the virtual pipette. The operation speed and
accuracy of the pipette in an immersive micromanipu-
lation system were significantly improved as compared
with that of conventional micromanipulation and this
was verified by conducting two experiments. When
beginners used the immersive fine manipulation system,
both operation accuracy and speed were equal to or bet-
ter than skilled operators’ micromanipulation. Future
work will include reducing the physical burden on the
operator and expanding the 3D manipulation space.
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