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Study on high thrust densification of pencil size cylinder 
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���� ����[N] 	
��[N] ��
��

[mm]
��[mm]

2.5 � 30 φ 16
5 18 30 φ 20
10 30 40 φ 25
217 744
458 1860
0.29 1.2
0.45 1.8
0.5 2.1
1.8 7.2
2.7 11
3.5 14
4.5 18
6.6 27
8.9 36
10 40
15 60
20 81
18 72
28 112
38 152
40 160
60 240
75 300
140 560
56 226
85 338
113 451
104 416
148 592
190 760
100 400
150 600
200 800
116 464
175 700
233 932
289 1156
440 1760
585 2340
420 1700
610 2400
780 3100
34 138
52 207
69 276
55 218
82 327
109 436
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100�3000

100�1550

�60100�2000
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���� ����[N] 	
��[N] ��
��

[mm]
��[mm]

1.2 4.0 φ 10
2.6 10.0 φ 15
4.3 18.0 30 φ 20
1.03 2.74 10 40 �8
3.6 10.7 20�120 �12.5
9.2 27.6 40�220 �20
0.8 2.6
1.7 5.3
2.3 5.1
4.7 10.4
5.4 9.4
11.4 19.3

11 51
16 75
25 117
28 126
59 267
90 403
118 532
150 700 233�1253 �60
17 60
25 90
34 120
30 150
45 225
60 300
70 280
105 420
140 560
90 420
135 630
180 840

E�(1-17)

D�(1-16)

I�(1-21)

�34

�44

�54

�64

180�660

210�770

270�990

360�1320

�52117�1041
H�(1-20)

�32199�1045

G�(1-19) C���

30

F�(1-18) �19

6.5�26.5

12.5�32.5

8.0�38.0



 

 

 

� 1	� 
��
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  12� � � � � � � � �

���� ����[N] 	
��[N] ��
��

[mm] ��[mm]

33.7 93.7 100
29.4 141.0 200
33.8 141.0 320
55.3 183.0 100
33.8 202.0 200
42.1 202.0 320
47.9 202.0 400
217 744
458 1860
3.5 10.7 �12
9.2 27.6 �20

11 �

17 �

22 �

40 �

50 �

60 �

1.03 2.74 10 40 �8
3.6 10.7 20�120 �12.5
9.2 27.6 40�220 �20

2500 � 4000 φ 140

�32

�40

50,130,
210,290

50,125,
200,275

φ 20

φ 37

�1500 �72

40,60,80,
100,120
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����[N] ����[N] �	
��[mm] 
�(��)[mm]
0.45 1.8
0.50 2.1
1.2 4.0 30 φ 10
2.6 10.0 20 φ 15
2.5 � 30 φ 16
1.7 5.3 26.5
4.7 10.4 32.5
1.8 7.2
2.7 11.0
3.5 14.0
5.0 18.0 30 φ 20
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X�|¯1 1.8 y�nM�Ð��vwW·±6�¯nM�Ðyz®­§�2012
��y¯�«Ök^·�°���2013 ��§r
¥�r�s��±²³iy³
�C��2014��]�´½®�­®��|(1-31)¯
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��

�� 2010 2011 2012 2013 2014 2015

���	
� 4,162 4,552 2,363 3,635 3,853 3,660
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���[%]
�
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G
 [
�

10
6 N

2 /W
m

3 ]

�� V [�10-3m3]

Coreless 
Cylinder LSM

Shaft Motor

Cylinder LDM

�òÖ·×ª6�Ø��"�×Ø�ÙÂ·�O6����	 2 V���3Y%
·±6�¯Ï�3Y%·Ú¼�Ù)�y§���	 2 V��� 0.028×106 [N2/ 
(Wm3)]Í¤|ÏÍ·���Í6­·�6�¯ 

mPV
FG

2
max=  [N2/ (Wm3)]                                          (1.1)

ÏÏy G   ���	 2V��[N2/ (Wm3)]�
Fmax

�

ST�� [N], 
P    r��� [W], 
Vm   
��)' [m3 ] 

 

° 1.7×Ø��×|³´y)'�íXª¤|ÛÜ����	 2V���íXª
¤|Ì��×|¯Ï�§���45&'�X���S�Í®ñ�
���)'

y�Á²|���|¯Ýy§+Þ��ß�#à|��
���í
AÍW��

§�á²|¯

° 1.7� �Ðyz{|¹ÒÓ¥¦`
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MNO�����
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�

��� 

3Y% 


��)'� Vm [×10-3m3] 

y=0.108x+0.0187  
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� ¹ÒÓ�¥¦`P�
��yz®­§�Ï�ð�y|Ä¤ûüi+XµÆ�

�õX�­®|¯M��p��æ|¹ÒÓ¥¦`P�
��yz®­§�Ù)

�y1 2.1yðÍ�� 2XH�ûüyT�X�| z̄tY�45cÍX»/[k

�[�8ÔÍ®ñ�Z®§�|����úû§Ï� 2 XH��[;\r�ÚÛ
A]®§��A�X�­®|òÖ��|(2-1)(2-2)(2-3)(2-4)¯b.�o
��u\p/

oè\
��¢ºy³|��d�yÎ6�$%B�y�`·cÊ²|Ì��Ý

¤|��d�·°ñ������`�¹ÒÓ¥¦`P�
����|¯  

1 2.1� ¹ÒÓ¥¦`P�
����Ðyz{|1�ûü
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2.1.2 ������������������������������������������������������������

MNO�¹ÒÓ¥¦`P�
��§2345Ó����J�K§�`è\�

�`�� 2 XH�l:K�45cÍ· 2 XHÍ6�� 4 XH�¥¦`P�
�
���|¯1 2.2yØ��H·^�|¯�`è\ RLSM'(�`è\ HLSM§
J�K�`�Ô®���`���y³|�-DE��Ô®¯S�W����_

�Ë|�§�l:K·Ì�»/Ì45cÍ�¢C6�J�Ky�`·�{��

`� HLSM��| �̄Ðyz®­§��`è\ HLSM'(�`� HLSM�l:
Ky¢CX�|Ì�»/Ì45cÍ�ÚÛAu��AX��Ì»§Ô®¯

`6NO��<�§�¹ÒÓ¥¦`P�
��yz{|Ì�»/Ì45cÍ

��	y�®­§a	��X�­®|¯(2-5)(2-6)(2-7)(2-8)(2-9)(2-10)� Ø�¯µ��)U

ý12(NI φ10)�	yz{|Ì�»/Ì45cÍy³|NOCþ�¥1§Ô®¯
MNO�)Uý12 �¹ÒÓ¥¦`P�
��yz®­�Ï�ð�y�C�ã

��S�W����_X��R�� 1��±6����	 2V�� G =0.028×106 

[N2/ (Wm3)]· C²|Ì��_X�|�§�J�Ky�`·�{�l:K·Ì
�»/Ì45cÍ�¢C²|�`� HLSM��|¯ð� 4XH�¥¦`P�

��·�	²|Ì��W��A��<�^y>ðØæ�J�K�`è\'(J

�K�`�bÄyz{|Ì�»/Ì45cÍy³|eþ�J�K�`�8Ôy

³|eþ·FÁ²|Ì�lêÍ¤|¯

Ýy§¹ÒÓ¥¦`P�
��·1 2.1��H��¼���\p/oè\
�
���H��|�`è\ HLSM��`�¹ÒÓ¥¦`
����H��|�`
� HLSM yz®­�Ì�»/Ì45cÍ·¥¦`
��)Uý12êNI φ10ö
�òú²|Ìy���·8²|¯
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1 2.2 LSM��HÍ��

2.1.3  LSM������ !�� !�� !�� !

° 2.1y��q� LSM��M¢º·±6� �̄`è\ LSM�J�B§$%Ã

cDÍ»/[k�[×Ø¤��l:B§l:45Íl:M×Ø¢CX�­®|¯

l:45§l:MNfycÊX��l:45�Ç4µd�Z®y³��mn`

�45cÍ(�`è\ RLSM)�Ì�»/Ì45cÍ(�`è\ HLSM)Í¤ñ­®

|¯���§$Ë%ÃcDycÊX�­®|¯�`è\ RLSM �l:45§�

mn`�µdy4AX��d_Í S _�45��ey 8 _�cÊX�­®|¯

�`è\ HLSM�§Ç4µd� 90fg¤ñ�45��eycÊX�|¢CÍ¤

ñ­®|¯�`� LSM�J�B§���ÍJ�k�[×Ø¤��l:B§l:

45Íl:M×Ø¢CX�­®|¯l:45§l:MNfycÊX��l:4

5�Ç4µd�Z®y³��mn`�45cÍ(�`� RLSM)�Ì�»/Ì45

cÍ(�`� HLSM)Í¤ñ­®| (2-11) �̄��§J�k�[LycÊX�­®|¯

J�k�[§Ôµd��4(h·¬®|¯�`� RLSM �l:45§�mn`

�µdy4AX��d_Í S _�45��ey 8 _�cÊX�­®|¯�`�

HLSM �§Ç4µd� 90fg¤ñ�45��eycÊX�|¢CÍ¤ñ­®|¯
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2.1.4  "�#"�#"�#"�#��������$%$%$%$%����&&&&''''

° 2.2(a)y��`� RLSM·iy������¤®ó�49���·±6�¯
l:45�49§�ç`-./0�J�k�[y��l:45yj|¯Ï�4

9��-DE���kÍ¤|¯° 2.2(b)y����y��·�6���49��
�·±6�¯��·�²Í�l:45�49§��y³|49Í,yJ�k�

[L�ç`-./0�l:My��|¯-./0y��|49�TËª¤��
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° 2.3y�`� RLSM·iy���·�6�����+,KL·±6� L̄SM
���§sô�Íá+�y³�+,²|(2-13)(2-14)¯���y��·�²Í�z4

_� NSÍ¤��°�³´ysô�Íá+�y³ñ­�pµd����+,²|¯
LSM ���§ø[\ù���µ�Ây³ñ­tO�Ë|¯-./0�49��
§8"�ßÆy³��t6�ø[\ù���«�Â·¬®­��·tO6�¯

LSM��� f§Â(2.1)�u¼Ø�|¯B
θ
Í Bx��§�ç`-./0yz{|�

��| (2-15)¯  

∫=
sA s

x dABBf
0�

θ
  

As :'�6�78�*&'[m2], 
B
θ
:-./0B��49��� θC�[T], 

Bx :-./0B��49��� xC�[T] 

° 2.3  LSM���+,KL
 

° 2.4y��������tDE÷.�o'(l:K�:;·±6� z̄��

�y�²�����tDE÷.�o·° 2.4(a)y±6�¯l:K�4_(N_�S
_)§l:45y³ñ­;Ø�|¯ð��J�K�4_§�����y³ñ­;
Ø�|¯�����|dË·�¼|ÍJ�K�4_§ N_×Ø S_y�¡�Ë
|¯° 2.4(b)y§�ø�v46�ÐÑ�l:K�:;·±6�¯�� A���U

[N]                                          (2.1)
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�Í V��v46­®|¯��§ U�Í V��4_y³�sô��+,6�z
4_yPÅµd����wª¯�� B ��y§�U �Í W ��v46­®|¯
��§ U��sô�ÍW��á+�y³�+,6­®| �̄����·!r²

|ÏÍy³ñ­�J�K�4_�AÍl:K�4_�A�P�6­o:²|�

��l:B�o:²|¯�M�¤:;KL§�`� HLSM��`è\ RLSM '
(�`è\ HLSM�PÅ��|¯

� � � � � � � � � � � � � � � � � �           
(i) �� t1

                                             � � (ii) �� t2

(iii) �� t3

�

(x) �� t4

(a) ��tDE÷.�o� � � � � � � �   (b) LSMl:K�:;
 

° 2.4  �������tDE÷.�oÍl:K�:; 
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2.1.6  ���������������������������� 

° 2.5y�`� RLSMÍ�`� HLSM·»y49���·±6�(2-16) (2-17) �̄

`� RLSM �§45×Ø+,6�49�-./0·É6­J�K·ã��l:
Kyj|¯(b)��`� HLSM�P|y�l:K×Ø+,6�49�-./0·
É6­J�K·ã�l:Kyj|��TËªg¤|�§�`� HLSM �§49
§l:BL%y��|ÏÍ¤ª�³�Wª�49�J�Ky��| M̄ð· S45C
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ª¤|¯54�)�M·¬®�Ì�»/Ì45cÍ¢C§49�l:KLB�

y�²|ÏÍ·./¯ 

(a) �`� RLSM 

(b) �`� HLSM 
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(2) N�{¥¦`{D�\À��µÂ
° 2.7yN�{¥¦`{D�\À��µÂ�b\��¢C»·±² M̄ÍÀ�

bDE·�mÀ/o�J�6�|�ãycÊ²|{j^��|¯° 2.8(a)y±²
³´y�\À��y§}ûy¤ñ�0m\÷/[øEÓ/oBy4wUK~(N
_Í S_����6\om�0ûyÇ4)Í¤ñ­z���/ã�Ï�4wUK
~·�^Í| »̄¼½�° 2.8(b)y±²³´¤�D[¥rD��¬� 90x#��
� A�, B�·O�²|(2-18)¯

° 2.7 N�{¥¦`{D�\À��µÂ�b\��¢C»
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(3)N�{\¥��{D�µÂ
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2.2 ����������������������������	
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���������������������

� 2.2.1 ������������������������

° 2.10y�¥¦`
����êÍ���·±6�(2-21) ¥̄¦`
���{|§

�����ê��Æ� 3 XH��×ØC�©ñ­®|¯�ê§{|�"Y·1
²�U�'(��[���|¯���§����	�uv��DZ[�D\�

����|¯¥¦`
������§�4w��k(Kf , L), ����k(m), �w
��k(R)� 3 �y�HX�|¯Ø6­�Æ§�NÓ�Æ����-./0&'
��| Ï̄�Ø���·Ñ·A6���Í6­��w���	������	�
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 !"#$��

%&K f'(��(2.2))*+
,��-
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�

[ms]
� e

  ./0
�1234(56


./0��$789!
62%
:��;)!6<)
=�-�>�6%&	�
(2.3))*+,��-

���
�

[N/  W]
K m

?@A%&	
��2BC

!DEF)G�5H!'%
I��
�(2.4))*+,�
�-?@A%&28#J��
K'	
?@A!L�'M�
!N2O4�P�-

�����������
���

C f Q
.RST
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NU
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�2� !
[N2/ (Wm3)]

GV106 
(1.1)"#$ %1&1.2"#$

P ����� [W]

L ����

��	
���[mH]

R ������[Ω]

F ��� [N],
Fc������ [N]

(2.2)

(2.3)

F ���[N]

I ���[A]

(2.4)

(2.5)

I
FK f =

R
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e =�

P
FKm =

c
f F

F
C =
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� � 2.4������	
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2.2.2 EMF ������������������������

dM)G���n*j/0+���G EMF(�z��)����+&3EMF G
U�&��Z�����A+,�)�z��+��)_+�EMF 
�
4��
l�G56=��:
I{��+�56=��:G��UV
U���6�1
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�3U�3��
�� R�1+N
&_c3�I{G¡¢
 3 n)_
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£ O;�¤¥:¦(U�=§¦��¨©%�1+) 
ª «¬

­ ��?�T§�¨

56=��:&_+�®¯F3¯F3°±�"N©²m3,
©²G�"³

�´<�µmj¶·<¸T�¦��3¹²&xº��+,���+�»¼½¾

¿
À%��+(2-28)(2-29)(2-30)���3���56�
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©%�ÔUUÕÐ
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)_+�
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Ó<Å?�¨©%&_+
,�);Ñ��U�89:;<Wg &Ù²Z�"(ÚF)θ �Ûmj©%A+N
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EF Bg
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(2.6) 

,,�3

Dgã;Ñ��ä[mm] 

EMF�n*jÖ(2.7)�×A�4��åC� n�m�æ
 EMFG3

E(n)=vΨ=vKw�m=vKwK�BmSg=vçKp(n)Kd (n)K�(n)èBmSg      � � � � � � � � é (2.7) 
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� �                                                             (2.10) 
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� � � � � � � � � � � � �    �  [N]                             (2.11) 
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Q

Rab 1���$ 2.5�STB�
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klmnopqr!sq!tuv�wx�
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4FG! LSM����
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��  HLSM&'.m

1.2C&DEB��:¡ 2¢£"!{|4#��&¤��¥ (BxB�
IJ
KL������

$ 2.7�
�[���KL!��# LSM!{|}~4���STB���¦
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��qr«¬)w� 20¯!��°z
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RLSM
����

HLSM
���

RLSM
���

HLSM


��
[N] F r 1.05 1.27 1.30 1.50

���
[N] F max 3.15 3.81 3.90 4.50

�

�[N/A] K f 1.05 1.27 2.60 3.00

���
�[N/  W] K m 0.83 1.01 2.20 2.54

�

�2���

[N2/ (Wm3)] G�106 0.019 0.023 0.024 0.028

����
[N] F c 0.03 0.03

��
�����

)�[%] C f 130 150

�	[%] D 3
�

�

�

�

HLSM &2h�������Ã
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:Ä�� Fr	:Ä>Å

ÆÇ=�+H�ÈÉ:Ä!4&'�
ÊË�� Fmax	ÊË>ÅÆÇ=�+H�

Ì=Í:Ä!4&'�(2-35)�
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����RLSM ����HLSM
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���

��	


 S45C SUS303

����	

Ne-Fe-B

N42SH(Br =1.29T)

���
�	

Ne-Fe-B

N40MA(Br =1.29T)

��


��


��

����	

Ne-Fe-B

N42SH(Br =1.29T)
��

S15C

��������

���� 3 �������� ���������������� LSM 				
�
�
�
� 

3.1 ����������������������������

3.1.1���� ���������������� 

\ÊËÏÐ 2ÑÏÒÓ�ÊËÔÕ�Ö×v(Ø%)ÙÚÊË�ÛÜ�ÝÞ 3.1
%)h�Â� LSM�ß×àá�â��Ýã²¡äo¡%Ð S15C����Ýj
Cå}~Ð)
æ�içè}~"�é
êiçè}~%ëì)íî�çï�k

×�ð�(ÝjCñÐ)h�Â� RLSM %Ð}òóÏô( S45C ���)h�
Â� HLSM%õ�ðÐö}òóÏô( SUS303���(Ý

  
Þ 3.1 h�Â� LSM�ß×àá

����

÷ø)h�Â� HLSM �ÊËùú�ûì�ü(Ýý)2 þ��}~çï%�

�(jCå�ó�Ðd¢Ïô(Ý  
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3.1.2 ����������������

ÊËù¤"�ðÐ)�o��Ç�¤"����¤(Finite Element Method)��
��(3-1)(3-2)(3-3)(3-4)Ýùú"�ðÐ)�o��Ç�¤%ðÊË�Û�)#�	 FEM

%ðÙÚÊË�ÛÜ�ÝFEM Ð)}�
¡ i��Ç
êi�
������
��3��A����%Ú�v(ÝÚ���A���� 1 õ� 1 ��"�ð)

����}�
¡ i��Ç
êi�Ë�����%õ�ð��v(�"Ï)

�����ó�}��
���(ù¤Ïô(ÝÚ�����í����}�


¡ i��Ç
êi�
Ð)&�Ï���ðË�v(Ý\��Ï ���

Femaph/Femaph3DÐ)}�
¡ i��Ç
êi A"���!
��Ç
êi
φ�"#�"�ð$%£&'�%ð)(3-5)(3-6)(3-7))#���()�Ïô(ÝA-φ¤%
ë(78£&'�)'(3.1)(3.2)%âvÝ

rot(v rot A)=JO +Je +rotvmM                                            (3.1) 

)( vBgrad
t
AJ e −+

∂
∂−= ϕσ                                           

divJe =0                                                           (3.2) 
 

* 3.1%qr���+±o�â��Ý 
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0.4
0.5hco

�� ��

���	
��
�� l rm [mm]

����	
��
�� l am [mm]

���
��� l ph [mm]

��	 ��	��� h co [mm]

��

���

lph

lrm lam

�3
lph

lrm lam

�3

3.2���� ������������������	��	��	��	
��

��

��

��
������������

3.2.1 ����������������

h�Â�%ë(�qr�,�Ø)-iã²-}~çï%ë(qr.�/0�

��v(ÙÚÊË�ÛÜ�(3-8)ÝÞ 3.2%12* 3.3%ÊË�
3op�â��Ý
í�
3op4)h�Â� HLSM�qr%56(/0���v(Ý  

Þ 3.2 ÊË�
3op

(a) 7¢å8¤129�:ê²¥8¤

 (b) jCå8¤

* 3.3� ÊË�
3op 
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START

����
���	

���
����

����������� l rm

����������� l am

����� ! l ph

END

G���

����	
�h co

�
��
No

YesYes

No

Yes

3.2.2 ������������	
��	
��	
��	
�� 

* 3.4 %h�Â� HLSM �ÊËùú�â��Ý;<� 2 ;<%�=�), 1
;<ÏjCå�8¤), 2 ;<%ðh�i�8¤"��Ý
æ�içè}~�
> lrm"�é
êiçè}~�> lam�&?Ð'(3.3)Ï56@�(Ý

lrm +2lam=3.6[mm]                                                  (3.3) 

, 2;<ÏÐ)h�i�� hco�A6)qr¢� 2BCD G���ðFEF�
GHv(ÝIJðGHKÕ"�ðÐ)

(1) F�qr
(2) qr¢� 2BCD
"v(Ý

ý)h�Â� HLSM �LM8¤12ñM8¤Ð7¢�Ø)jC}~�N� lph
�N(v�O)h�i�� hco(=h�iMP�Æo�)Ð¦(�ì)Q%jC}~
� lph�R(v�O)h�i�� hcoÐ�(�(Ý\ÊË%��ðÐ)�S%Ð
100�poÇ÷��8¤TUV'WÏË��ÛÜð�ì)X��V%ëì, 2;
<Y, 1 ;<%%Z[ì)F) G 4�(�(8¤����\o�)]^�ð�
(Ý��ÏÐ#��ð�_Ò�`���Ø)G 4F)�(�Ü���Ç %�
¢�)#�m��âvk"�ð�(Ý

 

 

* 3.4 ÊËùú�

, 1;<�
jCå�8¤�Ê

Ëv(�

�

, 2;<�
h�i8¤�ÊË

v(�



 

 

 

� 3�� !�"# LSM���� � � � � � �  � � � � � � � � � � � � � � � �  � � 55� � � � � � � � �

�� �� ��

���	
��
��[mm] l rm 1.8

����	
��
��[mm] l am 0.9

���
���[mm] l ph 1.0

3.2.3 �
��
��
��
�������������

� * 3.3%)
æ�içè}~�> lrm,�é
êiçè}~�> lam,jC}~�N
� lph��
3op"��a�qrbò�â��ÝjC}~�N� lph�N(v(

"qr�FÐ�`(�(Ýqr%õ�ðÐjC}~�N� lph4 2.0mm, 
æ�
içè}~�> lrm4 1.6mm,�é
êiçè}~�> lam4 1.0mm�a, qr4
3.93N"�`(�Ü�Ý
* 3.4%F�qrbò�hÇpo*�â��Ýc©PÏdefg�Ð)jCå

�8¤�h¢v(aiÏ�ÔÕF�qr Fmax=3.5N÷�Ïô(ÝÔÕF�qr�
jk�)qr¢� 2BCD G4�`�8¤Ð)jC}~�N� lph4 1.0mm, 

æ�içè}~�> lrm4 1.8mm,�é
êiçè}~�> lam4 0.9mm"�Ü�Ý
Þ 3.3%h¢��jCå�8¤�X"��Ý

Þ 3.3 jCå�8¤
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�������	
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�
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]

0.2 0.4
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* 3.3 jCg�8¤4qr%56(/0

* 3.4F�qrbò�hÇpo*�
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��[mm] l ph 1.0 1.0

�	
���[mm] l mg 3.0 3.0

������[mm] l sf 5.0 5.0

���[mm] l m 2.1 2.1

��
���[mm] l o 0.1 0.1

��[mm] l w 1.8 1.8

���[mm] l ch 0.3 0.3
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�����[mm] l
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 !�
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 !�#�[mm] � 0.2 0.2

 !��[mm] �
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 !�)* 114 114
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����[N] F r
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(1.38)
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(1.62) 1.27

����[N] F max
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(3.98)
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����[N/A] K f 2.72 3.18 2.49

	
���[N/  W] K m 2.22 2.65 2.10
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[%] D 6.39 9.11 4.56

�����[N] F C 0.028 0.057 0.021

����������� F/F C 141 82 178
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�� LSM/yz��.��{|}��&'(@�~�
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O 4.15��wx.� 2PQ/ LSM(
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�[mm] l am ― 0.6
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��� ��� ��� ��� ��� ���

�	
�[N] F r 1.30 1.36 1.32 1.50 1.59 1.54

�

�[N] F max 3.90 3.95 3.92 4.50 4.70 4.56


���[N/A] K f 2.60 2.72 2.64 3.00 3.18 3.08

�����[N/  W] K m 2.20 2.22 2.21 2.54 2.65 2.57


���2���
[N2/(Wm3)] G�106 0.024 0.024 0.024 0.028 0.029 0.029

�����[N] F C 0.03 0.028 0.04 0.03 0.057 0.07

�
��������� F/F C 130 141 98 150 82 65

���RLSM ���HLSM
���� ! ��
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�� HLSM+ 0.013N%MBC��
�!�ÝÆÞß`�àÓ	��áâ/��pq�� A"# Fmax� 4.5N�"#
|ã 2äåÎ G� 0.028×106 [N2/ (Wm3)]�.�$�
�� HLSM�
���;
8æ©|8�!�rs.��
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5.1 ����������������������������������������������������������������������������

 !"# !"# !"# !"#����$%&'$%&'$%&'$%&'

n 2 o+��ù7�`úvûüý)RS���T'U/�x&2���3	
����������áâ�
�	 4 PQ/RS���T'U/§�¬4�c
��5�06���������µ�æ7�\8��	¼/RS�97ú��

������:��ù7�`úvûüý)RS���T'U/01;<��	

¼/=q�pq>?��.��  

5.2 (�)*(�)*(�)*(�)* LSM����$%$%$%$%
n 3 o+��{|}
�Þ(Uv¹�
�	�5'6�7(��@ABC�

(FEM)�¤��%"#�/\]�.���}GH
v`��/����C��D
��n 3o+�.��������� 

(1)  �;<=+��
�Þ( HLSM/"#�
�Þ( RLSM�- 20%%�<=
�BC��

�
(2)  ©|<=+!�
�Þ( HLSM/"#�
�Þ( RLSM�- 20%%�<=

�BC��

(3)  �;8+��
I7J#�
�Þ( HLSM�
�Þ( RLSM �!� 0.01N
+,-�EF 0 �G��©|8+! 0.02N +,-�HIÝÆ/JKL��

I7J#�A-BM 0�G��àÓ	�

(4)  
�Þ( HLSM�
�����cd/�L lph��M�	� A"#�lm

�	$�1.0mm�ÒÓ	��Z��	����gh�`cd/� lrm�MN

	� A"#�%MB	$�lrm=1.8mm+O'���.�1.8mmDm+�"
#�Z�/¥P��Q	�  

(5)  
�Þ( HLSM �
���
v`/%L hco�%M�	�"#|ã 2 äå
Î G�A�MB	$�hco =1.4mmDm+�[RSl����cd�$KL
MB	��$BT/¥��àÓ	�

(6)  "#/©|<=�
�Þ( RLSM�
�Þ( HLSM�!���;8�-!
30%Z�<=+,C��BT�.�àÓjW	/����Ñ(�;8)+�c
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d/UVcWåÎ� Br=1.29T�.���$�XÅ�YxZ�LW�[�$
Yxúv\/�c]^��-�Br=1.04T +,C�¼�àÓ	���UVc
WåÎ� Br=1.04T �.�FEM ��	"#/_�;��C�<=,©|8�

/Æ`�
�Þ( RLSM+ 3.4%�
�Þ( HLSM+ 3.7%,C����;
<=q+,	"#|ã 2äåÎ G+23.�Ñ�_�;8�©|8�a�
1$®W	<=�BC��4�4o+���
��Uv¹+���/]^�
�R�LW�� 

5.3 (�(�(�(�++++ LSM,-.,-.,-.,-./01/01/01/0123423423423455556666(7�8(7�8(7�8(7�81111����9:9:9:9:

n 4o+��5'6�7(��@ABC�(FEM)�¤��%"#æZ
I7J
#/\]�.���}�{|}�
v`��/����C��D��n 4 o+
�.��������� 

(1)  �;<=+��
�� HLSM/"#�
�� RLSM�- 15%%�<=�B
C��

�

(2)  ©|<=+��|ÈÉÊ 100%ij|È2 330%/ËÌ�
�����}/
ÍÎ v =10mm/s+"ÏLÐ�Ñ�|È2 300%�ÒÓ�ijÔÕ.Ö�	�
��©|<=ij�
�� HLSM/"#�
�� RLSM�- 15%%��

(3)  
I7J#���;8+�
�� RLSM $ 0.028N, 
�� HLSM +�

0.057N+,-�0.03NbÎ%MBC��©|8+�
�� RLSM+ 0.04N, 

�� HLSM+ 0.07N�BC���VW!��ÝÆËÌ@+,	��!��
�;<=��?
�� HLSM�
�� RLSM�-! 0.03N%�<=�BC
��

(4)  
�� HLSM�
�����cd/�L lph��M�	� A"#�lm�

	$�1.0mm�ÒÓ	��Z��	����gh�`cd/� lrm�MN	

� A"#�%MB	$�lrm=1.2mm+O'���.�1.2mmDm+�"#
�Z���Q	�  

(5)  
��HLSM�
������ lch�MN	� A"#�lm�	$�0.3mm
�ÒÓ	��Z��	�
I7J#��������� lch�MN	EQ%

MB	�("#Û
I7J#)2+����� lch=0.3mm+ A����

(6)  
�� HLSM�
�����/.�� lo�MN	� A"#�lm�	$�

0.4mm �ÒÓ	��Z��	�
I7J#��������/.�� lo�

MN	EQ%MB	�("#Û
I7J#)2+����/.�� lo=0.1mm
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+ A����

(7)  
�� HLSM�
���
v`/%L hco�%M�	�"#|ã 2äåÎ G
�A�MB	$�hco =1.0mm Dm+�[RSl����cd�$KLMB
	��$BT/¥��àÓ	�

(8)  
I7J#/c71��
�� RLSMd 
�� HLSM�B	�

(9)  EF�
�� RLSM/e$Z�$�
�� HLSMcd/�(ù�f2�g
��cd)*�g:�	h+�EF$i[�	h��.��<=¿�cd

/�(ù�f2� R:A =5:1�.�cd/j�ijkl�liC�mnÞb
f)*��	h+�
�� RLSM �-!EF$ZMBC���W����
I�b¹k/cWåÎÂo/p�%qX$ !rsLW	¼+,	�

(10) tu+vwLW��	�xÈ�(f�'�/LSMDm/"#|ã 2äåÎ
�pq8�.�
�� HLSM �
����;GHX½;<+pq�rs�
	 G=0.029y106[N2/(Wm3)]$zjW���/8�[Ätuvw�LW��	
�xÈ�(f�'�/üý)RS�T'U�
��� !"#|ã 2 äå
Î$%�{�23.�Ñ�1.25|/ã8�B	}

5.4 ;<=;<=;<=;<=��������>?@A>?@A>?@A>?@A

(1)  � "#|ã 2äåÎ�
���pq�rs.�
�� HLSM�tu�(~�
�U�J�)/>?�23.�!/$� 5.1 +,	�T�` A,B,C �~�Y
�+,-��VW!�·�Â�
�Þ(+,	�T�` B �tu+ !�
��/%�vw�+,	$,��/
�� HLSM(wx�)�� A"#+ 2
|bÎm�C��	�¥e+�2014 ���u.�T�`  C �
��
HLSM(wx�)�"#$��.�
-�[Ñ�+�
�� HLSM$�C��
	!//�T�` C /
I7J#��U�J+��W	A-�2	m 0 +
,-��#Bgva`�B-z	�  
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MoverMover

�������	


���
���

��� ���MoverMover

�������	


���
���

��� ���

― φ 16 φ 10 φ 10
(�16)

x

D 9.11 4.56 � � �

�� F r 1.59 1.27 2.5 0.5 1.2

�� F max 4.70 3.73 � 2.1 4.0

F c 0.057 0.021 0
(�	
)

0
(�	
)

0
(�	
)

��
B
*2

��
 C
*3

30

φ 10(�12)

��
A
*1��[��] ��

��[%]

���HLSM

����
�� 
!"#$%

���&
��'

(�()�)[mm]

�*+�,[mm]

�-./0 [N]

10[N]

� 5.1 tu�(~��U�J�)�
�� HLSM/>?23(5-1)

5.5 BC4BC4BC4BC4,,,,DDDDEFEFEFEF9:9:9:9:

5.5.1���� �
���
���
���
��

�áâ/RS�T'U�
�	�T'U
v`�Î��mA8� FP(5-1)+,

	�T c = 155 deg��	�4�FP(5-2)�������RS�T'U/>?BjH

�w�¤P/S'û��-�|.��

� O 5.1 ���RS�T'U/{|}
v`�Â�T'`\£(��Þh7
EC1010)����	�T'`\£����	��+��1$�MB	¼�T'U

v`�Îm��Z[LÐ	��$+�	�  

O 5.1 �w�/�� 
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���/ÍÎ v =10mm/s +'�el�"ÏLÐ��ÉÉÊ� 0.71A(0.5Arms)
�.�����( 150×T5 �`6)�&'(¡e�®-����	�T'U�¢
�£¤¥/¦§���̈ ©|�/�Îm�8�T'U
v`ÔÕ�Î ΔT�©|
�	��Îm�8/©|��É^���C��
v`�Îm�8������

©����-�C��ª(5.1)�©����	�Îm��«�	ª���(5-3) (5-4)�

0¬GH t¬�
�	©��»W­W R0GH Rt��W®�̄ ª/�°B0±$,

	�

Rt = R0(1+²0t)    [³]                                     (5.1) 

����t � øLSM��É.�ij/Ñ� [min] 
       �0 ø´x/©��Î±ã(=1/234.51/¬)  [1/¬] 

µC��T1¬
�H T2¬�
�	©��»W­W R1
�H R2��W®�ª(5.1)
ij�R1,R2����¯ª$zjW	�

R2= R1(1+�1(T2-T1))    [³]                                        (5.2) 

²1= ²0/1+²0t1    [1/¬]                                                            


v`/�Îm��T��ª(5.4)+¶ÓjW	�

�T = T2-T1   [¬]�                                                (5.4) 

O 5.2��É^/®��·¸��.��  

�

�

�

�

�

�

�

�

O 5.2��É^/®-���

(5.3)
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�� �����R f [Ω] ��	���R l [Ω]

U-V� 8.44 11.21

V-W� 8.46 11.22

W-U� 8.44 11.24

���� �����T s[�] ���	
� T (K)

���	
� 22.0 ―

�
�� 40.0 18.0

�������� 54.1 32.1

�������� 60.3 38.3

�������� 47.3 36.1

�U-V 106.1 84.1

!V-W 105.6 83.6

"W-U 106.4 84.4

� 5.2�� 5.3�©|<=��.��w�.ÖijÔÕ�+/Ñ��
�» 2Hr
+,C��T'U
v`ÔÕ�Î��s� 106.4 ¬+,C���W�- FP�¹
º�	<=$zjW��

      � � � � � � � � 5.2 
�� HLSM/�Î©|<=

             � 5.3 ©����	T'U
v`©�8

5.5.2���� ����������������

7����x»¼��°¼�½
�áâ¸Y(R'¾97úøDT-800-L40
�¤���
�� HLSM /7�����C���´���(R'¾97ú/
8#É~�»¼�	����(R'¾97ú¿x�
�	g7��	8#É

~�©|.��O 5.3�¢ÀO��.�O 5.4�g7�
�	8#É~��.
��©|8��2	8�EFÁg+,C��  
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¯�(R'¾97ú�¤��/ LSM/µ���C��4��áâ+�7��
�$8Â	i/»¼�V�	�sÃ\gva��ÄÀÅÆ½Y SV-NETøTA8410
��¤���O 5.5� LSMµ�/�(ª«¬s�� 5.4� SV-NETøTA8410/
3B�06�����R�`�'U�Ç��C�\gva�
7f�'`.�
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