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Abstract 

Development of Microscope Three-Dimensional Tracking System 
 and  

Reflective Analysis of Product Development Process

 The purposes of this thesis are the development of a three-dimensional tracking system for use with 

optical microscopes and acquisition of knowledge about efficient product development process 

management. 

 First, the author proposed a new three-dimensional position detection method using the astigmatic 

lens method with a profile sensor. The proposed method enables high-speed, real-time 

three-dimensional position detection within a wider detection area than that of a conventional 

tracking technique, although the target for observation is limited to having a simple spherical shape.

A position detection unit was developed using the proposed method with integrated control software 

and the unit was assembled for use with a three-dimensional tracking system for optical 

microscopes. 

 The author is a member of staff at a precision optical equipment manufacturer and has designed and 

developed system products related to biotechnology. In recent years, sluggish sales have become 

more noticeable because of a variety of factors, including saturation of the optical microscope 

market and the entry of several competitors to an already busy market. Under these circumstances, 

the author was dispatched to study at the Graduate School for the Creation of New Photonics 

Industries (GPI) with the aim of developing a "microscope three-dimensional tracking system". The 

author was admitted to GPI after preparing a business plan and taking the entrance examination. 

 The author analyzed the company’s existing products, the general optical microscope market, other 

microscope tracking products, and the types of objects to be observed. As a result, the author 

adopted the following policies for development of the microscope three-dimensional tracking 

system: 1) a new microscope was not to be developed; 2) a drive unit from an existing product was 

to be adopted; 3) the developed product was to be unitized to enable connection with existing 

products; and 4) the product was to be available for sale in a competitive price range. The 

microscope three-dimensional tracking system is composed of three units: a "detection unit" that 

recognizes the target to be observed and estimates its three-dimensional position, a "drive unit" that

adjusts the field of view and the focus, and the “control unit,” which integrates the first two units and 

executes the tracking procedure. The development procedure adapts the company’s existing products. 

The author developed new detection units with different performance capabilities and a new control 



unit. These newly developed units enable selection of units according to an individual user’s needs 

with costs in a competitive price range. Specifically, the author developed a low-speed and low-cost 

tracking and detection unit, a high-speed tracking and detection unit, and software that integrates and 

controls both the detection and the drive units. 

 The author developed a simple position detection unit using camera images and personal computer 

(PC) image processing software. Position detection software using the CamShift method was 

implemented to enable automatic recognition of an observation target based on color information,

along with a feedback control process for the microscope stage. These units were assembled to 

produce a simple tracking system. Tracking experiments were carried out using a yeast fungus with a 

diameter ranging from 5 to 10 μm as an observation target to confirm the accuracy of the tracking 

performance. For observation of a slowly moving object, high-speed position detection and feedback 

processes are not required and the slow tracking system is thus useful for applications such as 

long-term tracking of a slowly moving target. 

 Next, the author developed position detection units using the astigmatic lens method and a profile 

sensor. The three-dimensional position of a target under observation can be detected using the 

astigmatic lens method via simple calculations. The profile sensor is a high-performance 

complementary metal-oxide-semiconductor (CMOS) image sensor that outputs the required 

projection profiles at a data acquisition rate of 3.2 kHz. The combination of these two units allows 

rapid detection of the three-dimensional position of the target under observation over a wide 

detection range. The author developed a profile sensor module that contained a control circuit 

composed of a profile sensor chip, PC communication functions, an arithmetic calculation circuit, 

and a signal output interface to the drive unit. In addition, a prototype high-speed position detection 

unit with new illumination, imaging optical and mechanical systems was also designed. As a result 

of experiments using a 45-μm-diameter polystyrene bead as a target, the detection area range 

parameters were confirmed to be −90 μm < X < 90 μm, −90 μm < Y < 90 μm, and −9 μm < Z < 9 

μm. 

 Finally, using the developed tracking system, tracking of a 10-μm-diameter polystyrene bead that 

was suspended in water for 40 min was demonstrated. Use of the proposed method is currently 

limited to simple spherical targets, such as Chlamydomonas. However, by attaching or embedding 

fluorescent proteins, beads and quantum dots to act as fluorescent markers, the developed tracking 

system can also be applied to arbitrarily-shaped targets. 

 The second purpose of this thesis was to acquire knowledge about more efficient processes for new 

product development management. The process used at GPI for development of the microscope 

three-dimensional tracking system was analyzed reflectively, and the author describes this process as 

a self-ethnography. The analysis focused specifically on two subjects, "motivation" and "team 

building", and a research question was set for each subject. In the analysis, the author adopted the 



concepts of intrinsic motivation theory, dialogue theory, and community of practice. From the 

motivation viewpoint, it was found that the words of speakers must have the power to convince 

others. Those speakers who are strongly and intrinsically motivated are reliable and have the power 

to persuade others. In addition, from the team building viewpoint, it was demonstrated that the 

power to convince other people and the density of information exchange are both important. In other 

words, high-density communication plays an important role in team building. The author also 

offered suggestions to both individuals and organizations with the intention of improving social 

practice in business fields in the future, using knowledge that was reflectively derived from the case

study based on the author’s own practical activities. 

 This study was carried out with considerable support from the affiliated company, other 

organizations including GPI, and other related individuals. In the product development phase, the 

author was able to realize new three-dimensional position detection technology for microscope 

observation targets. In addition, through reflective analysis of the product development process, the 

author found that "intrinsic motivation" is important to enable results to be achieved in practical 

activities. In further practical activities, including future product development processes, the author 

will pay attention to the "internally persuasive discourse" that leads to motivation. The author is 

convinced that this approach will provide a more effective practice for product development 

management and will eventually contribute to increased creativity in the photonics industry. 

  



��������

���� 1�������� �������� .......................................................................................................................... 1 

1-1.� ���	
��
����	
��
����	
��
����	
��
� .................................................................................................. 1 

1-2.���� ���������������������������������������������������������������� ........................................................................ 1 

1-3.���� �� �!"#$%�� �!"#$%�� �!"#$%�� �!"#$% .................................................................................................. 3 

1-4.� �� �&'�� �&'�� �&'�� �&' ............................................................................................................. 4 

���� 2�������� ��(�)*��+,��(�)*��+,��(�)*��+,��(�)*��+, ............................................................................................. 7 

2-1. -./
-./
-./
-./
 ...................................................................................................................... 7 

2-2.����01234���������01234���������01234���������01234��������� ................................................................................. 7 

2-3. ���56�78���56�78���56�78���56�78 ....................................................................................................... 8 

2-4.�����������������56����������������56����������������56����������������56��� ................................................................. 10 

2-5. ������9:;<������9:;<������9:;<������9:;< .............................................................................................. 12 

2-6. =���	(�)*�=���	(�)*�=���	(�)*�=���	(�)*� .............................................................................................. 15 

���� 3�������� >?@ABCDEFG+HIJ����	>?@ABCDEFG+HIJ����	>?@ABCDEFG+HIJ����	>?@ABCDEFG+HIJ����	 .......................................................... 19 

3-1.� -./
-./
-./
-./
 .................................................................................................................. 19 

3-2. >?@A
K�FG+HLM>?@A
K�FG+HLM>?@A
K�FG+HLM>?@A
K�FG+HLM ................................................................................... 19 

3-3.� NO#P:NO#P:NO#P:NO#P: ............................................................................................................... 22 

3-4.���� N�N�N�N� .......................................................................................................................... 24 

���� 4�������� QRFG+HIJ����	QRFG+HIJ����	QRFG+HIJ����	QRFG+HIJ����	 ................................................................................ 26 

4-1.���� -./
-./
-./
-./
 .................................................................................................................. 26 

4-2.���� QRFG+HIJ���&'QRFG+HIJ���&'QRFG+HIJ���&'QRFG+HIJ���&' ................................................................................. 27 

4-2-1.� STUVW
K�FG+HSTUVW
K�FG+HSTUVW
K�FG+HSTUVW
K�FG+H .............................................................................. 29 

4-2-2.� *XYZ1[)�\]^_`[*XYZ1[)�\]^_`[*XYZ1[)�\]^_`[*XYZ1[)�\]^_`[ ....................................................................... 32 

4-3. FG+HIJ���+HabcdefFG+HIJ���+HabcdefFG+HIJ���+HabcdefFG+HIJ���+Habcdef .................................................................... 32 

4-4.���� N�N�N�N� .......................................................................................................................... 37 

���� 5�������� ������������ 3gh������������	gh������������	gh������������	gh������������	 .......................................................... 39 

5-1.���� !"!"!"!" .......................................................................................................................... 39 

5-2.���� ijkY�lmn��	ijkY�lmn��	ijkY�lmn��	ijkY�lmn��	 ......................................................................................... 39 

5-3.� ������ef������ef������ef������ef�NO#P:�NO#P:�NO#P:�NO#P: .............................................................................. 42 

5-3-1. opBijqE9:;<�������opBijqE9:;<�������opBijqE9:;<�������opBijqE9:;<������� .......................................................... 42 

5-3-2. rst`u�������ef�NO#P:rst`u�������ef�NO#P:rst`u�������ef�NO#P:rst`u�������ef�NO#P: ................................................... 50 

5-4.���� N�N�N�N� .......................................................................................................................... 53 

���� 6�����������	*X)��v:"78���	*X)��v:"78���	*X)��v:"78���	*X)��v:"78 .............................................................................. 55 

6-1.  -./
-./
-./
-./
 .................................................................................................................. 55 

6-1-1.  !"!"!"!" ................................................................................................................... 55 



6-1-2.  ��������	
���
��������������	
���
��������������	
���
��������������	
���
������ ................................................. 55 

6-1-3.  �������������������������������� ............................................................................................. 56 

6-2. ���������������� .................................................................................................................... 56 

6-2-1. ��� !"#$ %&��� !"#$ %&��� !"#$ %&��� !"#$ %& 1 ................................................................................. 56 

6-2-2. ��� !"#$ %&��� !"#$ %&��� !"#$ %&��� !"#$ %& 2 ................................................................................. 56 

6-3''''()*+�*+,-()*+�*+,-()*+�*+,-()*+�*+,- ................................................................................................. 57 

6-3-1. ./0�1./0�1./0�1./0�1 .......................................................................................................... 57 

6-3-2.  234567!8967234567!8967234567!8967234567!8967 .................................................................................. 58 

a. :;0234567:;0234567:;0234567:;0234567.............................................................................................. 58 

b.� 8967896789678967 .............................................................................................................. 59 

6-3-3. �1<=>��?�1<=>��?�1<=>��?�1<=>��? ............................................................................................... 60 

6-3-4. @AB#$CDEBF�GHI*+J@AB#$CDEBF�GHI*+J@AB#$CDEBF�GHI*+J@AB#$CDEBF�GHI*+J .............................................................. 61 

6-4.KKKK�1LM�1LM�1LM�1LM .................................................................................................................... 62 

6-4-1. �������� ..................................................................................................................... 62 

6-4-2. LMLMLMLM ..................................................................................................................... 63 

6-5.KKKKNO�P/NO�P/NO�P/NO�P/ ................................................................................................................ 70 

6-5-1. ��� !"#$ %&��� !"#$ %&��� !"#$ %&��� !"#$ %& 1Q8RSNO�P/Q8RSNO�P/Q8RSNO�P/Q8RSNO�P/ ............................................... 70 

6-5-2.KKKK��� !"#$ %&��� !"#$ %&��� !"#$ %&��� !"#$ %& 2Q8RSNO�P/Q8RSNO�P/Q8RSNO�P/Q8RSNO�P/ ............................................... 72 

6-6.KKKKT7T7T7T7 ........................................................................................................................... 75 

UUUU 7VVVVKKKK T7T7T7T7 ........................................................................................................................ 78 

WXWXWXWX ....................................................................................................................................... 81 


YZ[
YZ[
YZ[
YZ[ ............................................................................................................................... 83 

 

���� ����



1 

 

���� 1�������� ������������

#

1-1.� �����������������������������	�	�	�	�

��������	�
����
	������
���������������

��� !"�#$�%	&'���() !*+,-	��./	���0
0��1

%��
2�345'����#67
8
9:!;1%���<=><?�<�@�:

A�!B����9�CD�4E!;F
�
�G����#(	������!&9�

��H�IE;������9��JKL()MNOP1%�BQ<=>�RS45';T

JKL()MNOP1%�	UV�WXY��Z !!���%�#$�%��"�3

'$[��S4E!;F
�
\]C !#$�^34	_`�ab%�!c�\&'9

:!;&�WXYC*+XYNO
dMNOP���()e1%9:!;��������

fg�M
h���*ij�kZ+le�mn�,S4E';

'-3op�	��mZn.�qrsb\tuvw�4E!;)+ !�/WXYxy

�z{	012|�*+}�34F
�
51%\67	~�7
8
�xy��	��

0����\89A�'\	�le�:=;��� c��95��S';

c�k�����	UVNO
dMNOP�<�!�1%\='�4E';JKL()

MNOP1%�F
�
&>%�A?�1%��!@
N\:!;pAB	CD3'��

�3�^� !�
��E\��AF�!c�\:S';���	GH�^/�
�	8

7������3'�����./F������NO
d�)+D�	*+,- !c

�9	��./^��IJ�HK�"�3	L�����R�&>	�9:!;c���

�MN} !'���	./^��*+?������NO
d5���
OJ�P,-

��\Q�9:S'\	RJ�������������=>�^�35�4E��S';

��k�������JKL1%�ST\:Z	��\ 2015
 4UkZ�@��[G�

�G����	�@�G�� ¡D�!c���S';cc9WXY 3 ¢£���¤
¥

MNOP���=> !c���S';

1-2.



 ��
���������������
���������������
���������������
��������������

��

�





 ��WXY��/<VW������0CD�4¦Z	D&X&��YZ��[H�\

 §g�./<Q]	��^¨9:!;'-3	��./_`�©I�aª	�H«¬9

bc� 100μm	L�dRie�� μmf�9	�H«¬�g94h+ !^��i­e�.

/�j3E;c�k��kl�^34	./^��I�*+e��H�"�mn !��

�¤
¥	�\=>D�';

H.C.Berg� 1971
�Gop�./ !'�	WXY�¦!! 3¢£���¤
¥MNO

P�=>3'[1];c�\qr�2�D�'WXY���¤
¥MNOP9:!;./^�



2 

 

����������	
������
� 6 ������������������	


������� !��"������ !�#$�%&'�(�%	)�*+,-.

/01�234��567,-./018&'9�����$��	�%:
����


�;��
$��
<���[2]4

����=>�?�(01@A*BCDE�9����@A��F$GH�=>I?-


�����������BCDE�9JK��@A�;�L��M567,-./01

@A�NOP<���[3,4,5]4=>I?-���M��8&'9��H.C.Berg�567��

8&'9*Q���RST���ST�U)�4�������
V������@A�

 �W!X$��W�567��Y�6"#�;$���$Z��[\]@A�%
�=

�^_�&����4

567 3`a,-./018&'9��L'�(��b�Wc)���d��e�dJKe�

df%e�ghi.,����d567e+jkP<�4* 1.1��567,-./018

&'9�jk�&����4��hi.,�������lm���� 3 `a�� !�

no)�4=>I?-W+$p�P<�4JKhi.,����hi.,*f%hi.,

�JK�234,-./01�23q[$����hi.,+"
<M�� !�#$�

�����rs�,-$$ZW[3G3$f%hi.,$./�0�4PCF�t�,uv

C+JK�23q[��./�12�M
�����$�)�w3x^�1y��4��

+�=>E�z+����hi.,	
4{f%hi.,$./�0����b�4�<

��w3>5�>P�"	�M�����=>,-./01�;$6�P<�4f%hi

.,��567$�H78
<� XYZ&'�(+�9:��&'�(�JK)�;-��|

}0,~�-��.,*��<=�4>?�4{@�)�q[
��#A0��;���

�B������23q[�;Wb�4

�

* 1.1� 567,-./018&'9�+Xjk

������������������������ 

��	
����
���	
����
���	
����
���	
����
�



 

������������������������������������ 

����������������������������

XYZ�������������������������

��

�

 ! ! ! !��������������������

��"#��"��"#��"��"#��"��"#��"$$$$����

 !������ !������ !������ !�������

��

�

%&'%&'%&'%&'�

��������	
� 



3 

 

1-3.���� �������������������������	
�	
�	
�	
����

� �������� 2�	
��
���� 

 

���� 3����������� �!"#$%& 

�'()!"*+,���-�./0��1234�5()!"6789��.:#$;

<�=$%& 

 

> ?@A 1	
��B$C��� 3����������� �!"#$%&D.E�F�

GH	/0&���IJ	/0�KL	���������()	/0�M-EN	/0

�OP�Q%RST�	 4�	!"UV&()W�,*��X���� 

 

> Y>�����KL9Z[Z()�\]>

> ^>GH_`ab��()cXYZ��Z8�d�ef�.g]>

> h>!"�ab��i��GH�()&	jkl��m>

> n opq	B$rst�uv 

 

Q%�%	!"UV&()W�,*��w.�2��	xyz{ab��	!"�O|��

!"#$xyz{ab����	
	[9�& PC��]���
��.1$�}�~�r

5xyz{ab��&������&*+����,����]���}xyz{ab�

��B$����������5U���}. 3 ��xyz{~���B$~���	 4

/�������Z��z{�.]P$U���������������� &�F�

z{��~�P�Q%�'�5z{�.*+����,���]P$%&���}l��

���??z{��������2��	ab���\P/�$%&�����5���M

-EN� �W���	��bZ�.E���$�!".��ab��	!"�OP�G

H	_`ab��&!"��xyz{ab������� F���� 3 �������

���� �¡¢£ �� 

�.A 2	
��B$C1234�5'()!"6789��.:#$;<�=$%&D

.E�F��¤�#$����� 3 ����������� 	!"*+,���-�.

/0��Q¥�,��%�&���'(&�F)�{���*./0	+�C`¦,�D

&C-Z §2D	 2 �..
��1234�.()!"�6789��#$�¨	©�

Z-ª/%�-0��Q¥1¥T�	1«.
���� 

 

2©�Z-ª/%�-0� 1 

C{3�4RS5¥F67�489:¬­£¥$;<	`¦,��®	1«.�F¯¢£

¥�=>�FP°	RD 

 



4 

 

������������ 2 

�����		
��

���������������
��������� !" 

�#$%��&��'(�)* 

 

+��+(�(���,-./0��11	2'(3#4567%89:;<=�>�

��?��@A�����B��.���3CDE���FG���.�� �H!�H"

����.��I 

J

1-4.� ����������������������������

J KLM�NO�P��QR�#$��IJ % 1.2!KLM�NO�&�S�%.��"�

3��	T�IJ

J U 1 �	!�K'(�)*.���VWX�YSZ�[\�]^�:;)*.�VWX

�YSZ�[�+_��`3,�KLM�a7�"�3I-,�KLM�NO�"�3IJ

J U 2�	!�b89:;c�d���e��P���`3IJ

U 3�	!�f>Y�.. ���#��./0�g�3127	3h4&5i%jkel

mnS��:;��+�6i�
o3IJ

J U 4�	!�pqrst.��uvwBd���g�3xhjkelmnS��:;��

+�7y6i�z{�"�3IJ

J U 5 �	!\�]^�|}~u�����:;��U 2 �	:;�3xhjkelmn

S�.
E��mnS���/��VWX 3 ���YSZ�[\�]^��O��3I�

'��8�������������.���YSZ�[�
��+�7y6i�z{�

"�3IJ

J U 6 �	!�#4567%b89:;<=�>���?��@A�2�3C�U 2 �)

'U 5 ��	�K�	�9�3VWX 3 ���YSZ�[\�]^�:;��d��:�

7�,-��+(�dBu��;[Yu<=.��>�l�3I+1)'2'(389:

;<=�>���?��@A��E���F��3C����.�� �H!.���.

C3IJ

U 7�	!KLM��.C��3�,��?�P���/0���`3IJ



5 

 

�

� 1.2 ��������
  

���� 1���������������� 

���� 2�����	
��
��������	
��
��������	
��
��������	
��
����

��

�

���� 4���������������������������������

��

�

���
���
���
���
����������������

���� 5�������������������� 3� 
!�"
#� 
!�"
#� 
!�"
#� 
!�"
#�

$%&'���$%&'���$%&'���$%&'����

���� 6�����

��

�

������(�%�������(�%�������(�%�������(�%��

��

�

� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � � ))))*+,-*+,-*+,-*+,-�

���� 7��.���.���.���.��

���� 3��/��/��/��/012345012345012345012345�

��

�

�������
�������
�������
�������
�������������

��

�



6 

 

������

[1] H.C. Berg, How to Track Bacteria, Rev. Sci. Instrum 42(6), 868-871 (1971)

[2] L. Turner, L. Ping, M. Neubauer, H. C. Berg, Visualizing Flagella while Tracking Bacteria, 

Biophys J. 111, 630-639 (2016)

[3] B. Liu, M. Gulino, M. Morse, J. X. Tang, T. R. Powers, K. S. Breuer, Helical motion of the cell 

body enhances Caulobacter crescentus motility, PNAS 111(31), 11252-11256 (2014) 

[4] Y. Arai, K. Wakabayashi, M. Kikkawa, H. Oku, M. Ishikawa, Three-Dimensional Tracking of 

Chlamydomonas in Dark Field Microscopy, Journal of the Robotics Society of Japan 31, 

1028-1035 (2013) 

[5] M. Maru, Y. Igarashi, S. Arai, and K. Hashimoto, Flourescent Microscope System to Track a 

Particular Region of C. elegans, IEEE/SICE International Symposium on System Integration, 

347-352(2010) 

  



7 

 

���� 2�������� ��	
��
�����	
��
�����	
��
�����	
��
����

��

�

 

2-1. �����������������

�������������	
�� 3 
��������������������

 !���" 

# $%��&'�()*+,��������-�
��./�
�� 3 
������

�������0123456�789:�!� ;<"$63�$=>�45?@ �

A0��BC�����	
�� 3 
�������������������� DE

6�F>0���G ��0��" 

#

2-2.�������	
��
���������	
��
���������	
��
���������	
��
����������

HIJKL��MN���
��0�O�	P
Q �RA6PS�������� 

�O��32�"
 2.10�����$���TU������V�"%=>����
�

������WX�()�A63��TU�� S��Y32�" 

# 
 2.1(a)�
��Q&Z XY��[\������
���� ]^_�0`a�b��

���V�"$�4�c� 0.1μm �VO�d`�UefDg	�h �1"ij�
��

01232�kZXY��[\��lO0��O�	3mQ��%AJ�n�"�0o)�

���78Up0
QF=32�"qr�stuvwJxc�V�"# #


 2.1(b)�
��Q�
�o[��������y��y� ���63 ON/OFF��z

c @P�"
�����y��y��!"0
{63mQ��"�0��#$ �a0

vw|�%��/}0~���&y78�Q!Up0
QF=3�O�qr�stuvw

Jxc�V�"#


 2.1(c)�
��9'(��Q�)���[\������9'(���*�}l�0


QF=�"4�c� 10nm�d2*�}l�c�A	�h �1"ij
���9'(��

0�O�	3mQ��"%=�o)����78Up�
��Q&ZXY��[\����

A��}l�3
QF=�"qr�stuvwJxc�V�"#


 2.1(d)���+���,����������,����F=P��-. ��+�(

[/[ 0y6���������V�"i��
��1[�02�6�([/[y 3

{��"qr�stuvw0�9�632U2"#


 2.1(e)���)4����5([�6���������+�([/[��A�[��

b ;<"([/[y�����786P��0963�Y�O9�6�	Up ;<%

AJxc�V�"i��
��1[�02�6�([/[y 3{��"qr�stuv

w0�9�632U2"#

%%��KLMN�()*+,����- �3nP"$=:=J
��������
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(��,�,��jk,(�.+BS�X
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X [\]^�3456F��*lmabc�������;n���
A� o��#�

M�7 A�abc�p1��qWEK��r��
�"sM��p1t��,e �M

��p1Euv���
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#$�AA7��N ��Euv�
�y#abc�!" �#�$%0&7�z�ab

cEuv���
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 2.2  �{''S%��UdB�|UV6Fp1�(}G)��qWX 2016~�
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*w����/��h,+''UVM,*�-�#{#�abc�p1� �.~�/��

�
�20140�
!�1,&7 2000!23�"#1,&7 60$4%23��:&)7�

.��s��2030 0y7A�&) �?��'���
�abc 3456F�$%7 

(d) (a) 

(b) (c) 

(e) 
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� 2.3� ������������	

�������	
��
������������	������� !"#$% &'()*+,�

	

	

2-4.�
��

���������	
��
��������	
��
��������	
��
��������	
��
������������������������


���
���������������������
� !"#

	 ������$%������&��'� 2.4(a)�	(#)������
*+���'


��,-./�
���0
XYZ 12��3%
4� PC 5678����������

����98#&:;<�
=�>����?�@A6AXYZ��3%��BCA8#&

:;<�&������D�,-./�
���0��	 1000
�ECA
��0���

�����
'FG#)��56&:;<�H0I 1msJ��./CA
KL PC��6A

8#)�KLPC�&:;<I�����MN
��O8PG�XYZ��3%'KL(8#

XYZ ��3%�H0QMN��&:;<�H056
&:;<I=�>����?���

���R�PG�2�"5I�58"S
T��2��� 
(8)QIUV�98#�

�(8�WX����2Y�Q!� 2 Z[98�� 3 Z[��������'F\"!"

[1]I]�CA��8#

	

	 ^#_`7�,-ab�c700�774 pixel , 1kHzd
,-�
���0cFPGAd
���c$

e��fb3a3�d
XYZ ��3%c���=g%56�@d
��3%

h��i3�
4� PC 

	 ^�������&�20��'j 700μm/s()
20�� 542�539μmMN
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%&	'�#$%��'�#$%�
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)*�+,�	
-./�'-

01234����&XY/XYZ)�56789�:;�<��=.
��
��>�
�-

0:;�?�@ABCD
��E,��@ABCD
�F-0GH���������I

�:;�?��J�56789�
1234����&XY/XYZ)�:;���K0 ��

����!�GH�������L���MN��������OPDQR�S*�GH

��������MN�������� PDQR�S� 2 �!�"#4TU$%	,V

/��U&'
W��


��&C.elegans)�(�)*�+,�X��Y�Z[0-.[2]U\�E,V/��


 �/]���@ABCD�@A�����?&56789�:;)�#$%&	'�^_

C�B��)�XYZ ����&#$%`9(a	�b)�0�8(D9c�

?�0d8�&8Q1��5��)


 �PDQR�S�2�3/�MN/�(
"4���� /�O"4�ef


 �����3�E,V/./U(�)5�������62�Ig!@/��*7%	,�

� 2.4 ^_�#$%PDQR�S������

(a) (�)5���������&��)�(b) (�)����������&������.)�

��*�GH��8�@APDQR�S���*����
W��@ABCD�<�@

h9��9�P�:��F��3�:���ij�
�-0�����?
:��F*6

������-VGH���L?�@Akl-�XYZ ����8�h;�(cQ�:;�

Zm����klg��<4A=��!��n��o-VpJ�>?ef��.��*-

V!@�q�=�@/��
W��0A-�#$%MNB�C[�JDA�<4��<m

.GH���rs!����@APDQR�S�>U���2
t�P�usv.�.�

(a) (b)
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2-5. ��������	
��������	
��������	
��������	
#

# ������������$��	
�%�&���"��
'$�()��*��"

1mm��� C.elegans*��+���,-��� 60~90μm���	 10~20μm�.���/

01��� 10& μm�������2���"& 2�4μm�3��$."���#

��4� 2.5(a)5%��6�	
�7 8+9�"����:��
�! ;"���<

�#:�1=$%��2*��+���� 1 !�����>��&�$9�%�

Caenorhabditis elegans, �� C.elegans:�����'$%��2��$.*���*"?��

$%��2��%�� 1mm�����:����%�*(.)*:���+�(,$$@

* �+��?�AB4��#5$.(�-��(�.C� ��(��$"- S �D�

�C(���25��/0E:3��$.($@* �����* 3 � 1:F�G:F�

��[3]�2H!�I��3J���:C��*:�)4�56*7G
�"#8K9'$

%L��&C('*��2H�?M8+�����(N:���):(;<��AO'P

(N:���5Q=R(;<��AO$.�2H>?:������ST"@U
����

# ��/014� 2.5(b)5%�*+�� 1 !:��/01V#�������#�,�(A�AO�

���3C8% 60�90μm��:����(B�2W�8X$"-4�Y��Y�-�5�

400μm/s�����:Z-�G[ 1C�" 1�:(�.D�$../�������2H!

:�01"?E:���*,-�\OF'*+-��'*$.�FG�M�-+����

��/01�AO��#(N��:<�):(;< �������(]
AO"?��

# ������24� 2.4(c)5%3C8"�� 10~30μm�.:�2^/01$.*HY3�

�	�7 8+��*+(_
�I	< 100μm/s 1���:45�*"`-+��I6'

��#��7 \OF(]��89H�:���������2%JK�L:� ;<= "K

a8+[�	:����\OF'�/�*+-��5�\>�4\�.,
[�?�[4

55�5�b��FG$.(]
AO��Mc�	�N�:���������2�AO�

�#(N��:<�):(;< �������(]
AO"?��

# 3��4� 2.5(d)5%�>+��N!:�� 2�4 µm�@�AD�J+O�	:���H

Y�*+(_
��I	< 30μm/s 1���:45�*"`-+��+O7B�	�./

 �d��/���3��%eCD DNA�D,* ��dM:���EP� DNA�)�

460 �Ff��GH"�>�'I8+���#� 4288 C�g�Q�R(h=���"#8

"���*"*-,�$
[�"#8Si2H�%J,X$��Mc�	�N�:���

3���AO%�P(N��:<�):(;< �������(]
�#

##T\j=k4� 2.5(e)5%�K�" 0.05~150µm *	l�"�N78���[m�LM'

+OHN�7OiM�n�	�5�PB��Uo$.pnqE:]U+�?Q$FG�M

�-+����#
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/012345&6�7
�8

9:;
����)��
��� ()*<+���������� 
�=��>?@

A5B�-)����:;��CD�
��)EFG?/�HI(J)��5�� �)*

�����������)	
��� �=-)KL5EF-)���J(�	
��


=M�NO5�<KL5PQR�S �(����
��������)*T

� 2.5 /01234	
U��� !VJ����

T � 2.6 ��2-4 ���W�/01234>?@A�NO� 2-5 ���W�	
����,

.��	
���X"5+�7�
��Y)*	
�Z[0 1 \#]A$���,�%�

�&
'�-)

�	
����
�	
����,.�5!� �)*(�����

)��\#]A#]/�Z[05^���I�	
����,.��Z[0 1 \#]A$

���,�%�X"5�� �)*���	
��
�-)/01234_OJ 1 \#]

A$���,.��`�5�� �)*+���*�������)��	
�����

�,.��	
���ab5�� �)*������	
���.��	
���/0

1234
+cJZ[0�NO�X"�d�)* 

,�� 2-5���������]-ef.3g�,���Z[0\#]A#]/ 200fps� 5

�	
��I�650um/s�h��,.�5�<��
/01234�I)*��iR�/0

jA>�-0/012?�H34�5ke]�Jl
�=�I)�����)*2-4���

�� 2g��m�	
��
�=�I)��67�	
��
���J�8�J)*T

T ���nKLEF���1<�>?@A�� �	
��5Zo]Sp�qrO5NO�

�
st1/u� q��	
��9�=vS)*<+��:.�,���J�	
��


�:.�89:;st1/5�w.�,5�6	
��
�w.�89:;st1/5

^�)*��st1/u
x����Jst1/5y�
PQR�S)����	
��


zR��G?/�/01234>?@A5B�_O�J)*T

(a) (b)
(c)

(d) (e)�
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2-6. ��������	
��������	
��������	
��������	


���� ���������	
��
�������������������������

 
����!"#�$%&'()*+,+-./0123(�45(6789��:�

�� 3;<����� 
���=�67>�?@�2ABC9/D

D AE�FG�HIJK��	
��
����������(�L��+MN89��

�OL������L�P+*Q*/R.SP+�6789��� 3 ;<����� 


����.C(4.(���26789���QT�������(�L��UVQWX

��BR+6789/A.�2-2����R.B!L�HIJK����(�L��UVQ

YZ	��2�([\R+*9.C�YZ	�01]���2^N89/D

D ;( 2-5����R.B!L��������� (�_`�
Z89&'A.�_�a

�$%b]�c`�ZT&'2��a��
�$�89Qd�e*XfgSO9/h12

�)�
����&i89(�_jQ_`����� 
���(QP+RAkS��`

����� (&R+�����BQ9/0h��6789��� 3 ;<����� 


�����lm	Bno	2�WX��BR�pqXfg(ir+WX���st2UV

B89hB���2su9"k(89/h1("P+�vwx�O9jyz��{|2}

�8/D

D A.456789��:��� 3 ;<����� 
���=��~���~2��(

	689/h1���Wf�f
��B�dS�������(IR+*9hBB��T

��89.C����BR+���Q*B !9/h�B-��������"#�m


��� 2000�� 5��� 100��2����B�cR�672�C9/hhA�2�$R+�

67��2ABC9B����B!LBQ9/D

D

D ���������2MND

���YZWX����2���(^ND

�67�WX���R���%��B����2&[D

�vwx�O9jyz�{| 

D A.�' 2.7��67>�?@�2'��R.���O9/D

D AE�������2MN89/����()��TO9S�hh�������2�

�(!T/h�����������������*�Qd�($%�2���N�+�

,��UVBQ9/D

D YZ	BQ9��f�B0�>�� f�()*+������2MN89/�*��

(�0���f���S�-R+*9/���2��(���(�L��9b.¡��XY

��f�B Z��f��sc2¢k/h1�������{|���(�)QS9/A.�

�(����f���2H\R+*9Wf�fS�6789����� 
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4-3. ��������������������������������������������������������������������

���� W��1	'(��XYZ[\8E�F�"�L&	]^_`����a�� �b0

c�Z[\8� 3deZ[fg�!h�i"KP+-�	jklmn�"o#" XY		$

p%Ko#" Z	�)*+O�	jkl�XY�q0/��_
&"�X, Y�	_' �c

�r(� Z�q0/��_
&" Z�)*+s>�	
��
��������)* 2	

���
��
��1	�" xo#	�" yo#��	�8st� 3defgZ["�x, y, 

z��)*+

���� � 4.6�'(��XYZ[\8E�F�")�*+�jkl���"
)+Ou 0,-

�v0.�LD:532nm�=>w"]^_`�x/=>0
�	]^_`=>�12w"-�

���F�3U0��
s%	y4 �c�f200��z�
��
������y4s%�+

y4 �c�56��[st�{a�.a|� �c1}p~�"7�)*+x�z� yo

#���
��
��1	PC�8>t	]^_`� 3deZ[AJ�st*+O�|�U

�Number of pixel : 256 ×256 

�Pixel pitch : 7.8 [μm] 

�Device size : 2 ×2 [mm] 

�FPS(Max) : 3.2 [kfps] 
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�OptSigma STC-MCA5MUSB3�image size 5.7×4.2mm������Olympus IX71���	
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�-4����()�5

�������(��3�
�-4��
�6��#$�� x�y 
0127������

8�9���� 8:2�x;!< y/����=>?@AB�7�������x, y�*�

��+,���
+0�23���/�7����*�5���*��C�x/�
D< 

��
E�F�x /��7����*�G��y /��7����*	
���y /�
D

< ���*��H��IJ��7�����KLMN z/��������O��


 4.6 ��� 3���
&PQRS%TU

�

��

� VQ=B��QW��
��XY �Z%��Q[�4���+,F�����\XY%

T�]�OptSigma BIOS-Light, ^
_�0.1μm�F+��Q4\ Z7 �%T�]�OptSigma 

SFAI-OBL-1R, ^
_�0.01μm��!`�2�a�"���F 3�������#b�.:

 �c�$d
!��e-fghF=>?@ABiQV�jk5lY mn��#$op

&�����+,� 3�������9`%q�.: �

Jr�st� mn��#$op&�8uvw� 3��������8�O�cF�%

q� �&' φ45μm��Z%��Q[�4��(+,F�2x\��VQ=B��QW�

��
��� �c�FO�10��+��Q4�x\� ����yz*� 0.57×0.42mm

�H��


 4.7(a)���(b)�����	
����
��������������������

��������	
 

Sample chamber 

XY stage 

Detection signal 

Control circuit 

Profile sensor 
Microscope 

Laser illumination unit 

Cylindrical lens 

Imaging lens 

PC 

Control Software�

Camera�

Objective�

XYZ stage controller�

feedback signal�

Z stage�
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�
*��	��� !"�+����,-��
�
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� 4.8(a)�.�(b)��/012�,-345����6XY7��89:;<��	��

� !"�+����,-6x, y7#
9����� 4.8(a)���/012�,-X#-90μm

=& 90μm��>?@�%�;</012�,-Y� 0μm;9:�� 4.8(b)���/01

2�,-Y#-90μm=& 90μmA��>?@�%�;</012�,-X� 0μm�
B:�

�	��� !"�+����,-6x, y7��� 180×180μm�CD�����E:B�/

012�,- X�.� Y�1F$�%;#�G9:�

� 4.9(a)��/012�,-3�H�I��6Z7��89:;<��x�.� y����

	��� !"�+����#
9�%�;</012�45�
,-�
B:�� 4.9(b)

��Z = -12, -6, 0, 6, 12μm�/012�JKL()���#
9�EM=N�HO�3/0

?�:�/012��H3PB���;<�x�.� y����	��� !"�+���

���Q�
B:�/012� Z ,-3M��;�����	��� !"�
����

N*+����3�	9:�A:����	��� !"�R3*�+�����
�9

:�-9�9μm� Z,-�ST���x�.� y����	��� !"�+������/

012�,- Z ��	��B������ �U�
���	9:�%�3VHWXY�

.���� !"Z	[�\]�
��x�.� y����	��� !"���� y�.

� x ����B:^!��
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����N�;+�

���3�	$�%;�N��"#�!)�_Z	[�`P�
;+����;�$��

%�.aNbcNd%�e&9N��f
�gh��%���� !"Z	[#ij$�

%;��x�.� y����	��� !"�+����=&/012�CD�'��k#

lm;9�CD$�%;3�<��nA*�+�����o=&/012,- Z #pq$

�%;3�<��/012,- Z�pq��10�1(�	O�`P�-90μm < X < 90μm�

-90μm < Y < 90μm�-9μm < Z < 9μm�ST�Ia%;3�<�%;#�G9:�

� 4.7 '��)�	r�O�()��	�;�	��� !"CD*�!)�_

�������������

��

�

����a����� ����b�����

50μm�
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� 4.8  X(a)��� Y(b)������	
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� 4.9  (a) ���������Z��	
� x, y�����
�����������

(b) (a)�	�
�����
�����
��������������� 


  

-12μm� 12μm�6μm�-6μm� 0μm�

����a�����

����b�����

25μm�
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