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A control method for puncture with flexible needle
based on reachable decision
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Abstract: Because of the tiny trauma and rapid recovery, punctures have been widely adopted in clinics. The flexible
needle is an improvement of the traditional steel needle. We firstly build the kinematic model of a flexible needle and
use unscented Kalman filter (UKF) to estimate the states of the flexible needle tip. Then, a control method based on
the reachable region of flexible needle is developed according to the characteristic of the kinematic model of the flexible
needle. We analyze the reachable parameter’s effect on the puncture trail. Simulations and gelatin puncture tests show that
this control method is precise and robust. The tip error will be confined to 0.5 mm when the insert distance is 100 mm.
Simulation results also indicate that the control method can achieve high-precision puncture when the error between the
model parameter and actual value is within a certain range.

Key words: nonlinear system; flexible needle; puncture; unscented Kalman filter

1 ÚÚÚóóó(Introduction)
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^AÛ�{é�.ëê?1E£. Wooram�[2]òg

1��.{z�ÕÓ��.. Park�[3]�éBeL§

¥�Å5éÕÓ��.?1U?,�E�Å���5
ÕÓ��.,¿¦^Ø�DÂnØé�.ëê?1E
£,¢�L²T�{U
r�.E£Ø�l26.1%ü
$�6.55%. ëÿô�[4]3ÕÓ��Ä:þ?�ÚJ

Ñ��§�ÕÓ��.. Reed�[5–6]ÏL�þ¢�ï

Ä�k�¢��Ý¯K,JÑ
Äuk���Û=�
.. Wood�[7–9]éÕÓ��.?1U?,ïÄÓ�'
(duty-cycle)�Be�»�'X,�ö�ÑÏL��Ó
�'U
��Be�». Ø
$ÄÆ�.,�
ïÄ
<
[10–16]éR5�ÄåÆ�.?1
ïÄ. Misra S
�[10]¦^w�º*	BeL§�k�|���p,©
Û��ÉåÚUþ,3dÄ:þïáÄuUþ�Äå
Æ�.. T�.O��k =ål��ÿ¦^]:ù
�.. Orcun�[11]JÑ3«�.,ü«¦^k�ü�Ú
��5ùü��ï�.,�«òR5�À�õãd�
�ë��f5\,¿ÏL¢�é�.ëê?1E£.
�öÏL¢�é'�Ñ©ã���.O��Ç�p,
¿�°Ý�Ð. Ali�[12]éR5�BeL§?1©Û,
rR5�©�N	ÚNSüã,òN	Ü©À�f5
\,NSÜ©¦^]:ù?1ï�,¿ÏL¢�?1
�y. 8c,R5�ÄåÆ�.��E,,õÊ33n
Øï��ã,
ÕÓ��.{ü¢^,3R5�Be
5yÚ��¥A^�õ.

Be�°ÝK��ä�O(ÝÚ£���J,�
�û½
Beâ�¤}. 8céR5���mÐ�ï
Ä��. Kallem�[17]ïáR5��G��m�.,¿
l¥J�Ü©XÚ�O
²¡�±��ì. �ö¦
^backstepping�"�5zò��5XÚ�5z,3
dÄ:þ�OG�*ÿìÚ��ìòR5��±3

��²¡S.�é�.ëêØ(½5, Motaharifar
�[18]3dÄ:þ?1
U?,é�.ëê?13��
O.�é��²¡S���¯K, Bernardes�[19]�â

R5��$ÄA:JÑArc-RRT´»5y�{,¦^
Ó�'���kJl5y�´». Hauser�[20]�O


��4���ì,¦��k÷Ú^�c?,¦^�.
ýÿ��(model predictive control, MPC)ÀJ^=�
�þ,¦�ýÿÚ^�;,�8I ��ål��.
3|�/C��¹e,�éum���T4���ì
U
~�88%�Ø�. Rucker�[21]�âR5��$Ä

A:�O
��Ã�.w���ì,©ÛT�{�Ø
�þ.,ÏL�ý¢�ÚlN|�¢��y
���

{�°Ý. Abayazid�[22]JÑ
¦^Ù.�1n1»

Daì­ïR5�/G��{,¿ÏLÀúÓ¼?1
�y. �öò­ï�R5�G�A^�R5���,

3Be110 mm��¹e,T�{U
¢y1.3 mm�

Be°Ý.8c,éR5����ïÄ'��,®k�

ïÄ�kéõ¯KI�)û.

�©�öòÃÚk�ùÈÅ(unscented Kalman fi-
lter, UKF)A^�R5�G��O,,�Äu����
Vg�O�«��ì,¿?1�ýÚ¢��y. �©
SüXe: 12Ü©0�R5��.ÚUKF,¿©Û�
.ëêéu�OÚ���K�.13Ü©0����
{,¿?1�ý. 14Ü©0�¢�²�,¿?1¢�
�y,�Ñ¢�êâ©Û.��,o(�©,JÑe�
Ú�ó�.

2 RRR555������...999GGG������OOO(Model of flexible
needle and states estimation)
�.´��XÚ�Ä:,�ÙÄk0�R5��

�.,,�0�¦^UKFé�.G�?1�O.
2006c, Webster�[1]JÑR5��Vg,¿�Ñ


R5��XÚ�.. Kallem�[17]­#?ng1�

�.,ò��¤
G��m/ª,¦�yk?n��
5¯K��{U
A^uT�.. Xã1¤«,½Â­
.�IXAÚN�IXB,K�k3�IXB¥��

Ý� [
ν

ω

]
= u1V1 + u2V2, (1)

Ù¥: u1�R5�Be�Ý, u2�R5�^=�Ý,�

V1 =
[

e3

ke1

]
, V2 =

[
03×1

e3

]
,

ei�ü �þ, k�Be­Ç.

ã 1 R5�$ÄÆ�.[1]

Fig. 1 Kinematic model of flexible needle[1]

½Â�k ^�q = (x, y, z, α, β, γ)T, x, y, z�

�k3­.�IXA¥� �, α, β, γ©O�7�I

XA�x, y, z¶^=�Ý.K�k3­.�IXA¥

��Ý

νA = q̇. (2)

dä�'Ý
�� [
ν

ω

]
= JνA, (3)

Ù¥:

J =
[
RT

AB 03×3

03×3 S

]
, S =




cosβcos γ sin γ 0
−cosβsin γ cos γ 0

sinβ 0 1


 ,

Ù¥RT
AB��IXA, B�m�^=Ý
.
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òª(1)–(2)�\ª(3)��

q̇ = J−1u1V1 + J−1u2V2 =


sinβ 0
−sinαcosβ 0
cosαcosβ 0
kcos γsecβ 0

ksin γ 0
−kcos γtanβ 1




[
u1

u2

]
, (4)

Ù¥β 6= kπ + π/2. ¢SBe�,Be�»��,��
3200 mm�m,�Ä�K<NBe,Be�Ý��
3150 mm±e,
�β = π/2�,Be�Ý���B
e�»r,=200 mm�m,�3�KþT^�¤á,�
ý¢��ÏLÜn��8I: �ÚBe�Ý,½U
�yT^�¤á.
dª(4)��,R5�XÚ����5XÚ,äk

r��5,�G�ÚÑÑrÍÜ,Ã{¦^yk�5
z�{�5z?n,�©¥�ö��¦^��5�{
éXÚ?1?n. �
�±Be��R5,R5��
N�[,3�kþ��Daìÿþ�k^�JÝ��,

�k ��±æ^ã�½ ��ª¼�,ß²�ý
á�¢�¥¦^V8Àú½ �k,lN|�½ö�
Kþ�±¦^C.:!CT�¼��k �.�
¼�
�k^��Ý,�ö¦^UKF[23]é^��Ý?1�

O.6§�: 1)Ð©z,�½L§D(ÚÿþD(,�
½�kG��Ð�Ú���Ý
; 2)O�sigma:,,
��âþ�ÚG�Ú��þýÿ�cG�; 3)¦^ÿ
þ�?�ýÿG�,O����Ý
. �£Ú½2),?
1e�Ú�O.

ÏL�ý�yUKF�OG���J.�½L§D
(ÚÿþD(���©O�0.1Ú1,K �Ú^��
�OØ�Xã2¤«.

ã 2 UKF�O �Ø�Ú^��ÝØ�

Fig. 2 UKF estimation error of needle tip’s position & posture

dã2��, UKFØU��/�ØD(�K�,�
�±¼�é�k^��Cq�O.3ØI�°(� 
�Ú^�e, UKF�{�±÷v�¦.

3 RRR555���������555ÚÚÚ���������{{{(Reachability and
control method of flexible needle)
duR5��.�rÍÜÚr��5,yk��

��{Ã{éÐ/°Ä�k�8I �.�©ÄuR
5��$ÄÆA5,ÄkéR5���«�?1©Û,
,�3dÄ:þ�OR5����{.

3.1 ������555©©©ÛÛÛ(Analysis on the reachability)
duR5��$ÄA:,ó��mS�:Ø�½

��.�½Be�»�r,K�âWood�[7–9]�ïÄó

�,ÏLduty-cycle��,�±¦­Ç30∼k�mCz.

�©æ^�Rotate-Stop-Insert°Ä�ª���
uduty-cycle��,=ÏL��^=�ÝÚBeål
¢yBe­Ç���.�,U
^­Ç�C�A5©
ÛR5�����.KN´��Be�Ý�0∼L�,
��²¡S�k�����Xã3¤«. ?1n�B
e�,�k�±^=�?¿�Ý,K3Be�Ý�
0∼L�,�k�����ã3¥÷/7z¶^=¼��

��.ÏL·����,�k�±��þã«�S�
?¿�:. �
{ük���ä8I �´Ä3��
«�±S,�©é��«�?1Ø ,Xã3¤«,�
�Ä«�A,
�ï­¡Ü©,n�BeeÓ��Kc
¡�­¡Ü©.

ã 3 ��Be�k����

Fig. 3 Reachable region of needle tip in 2D

¦^12Ü©��{,�±¼��k� �Ú^�
�Ý,âdïá­.�IXA��k�IXB��I

CzÝ
RAB,®�8I:3�IXA¥� �pA
t ,

U
¼�8I:3�k�IXB¥� �pB
t =

R−1
AB × pA

t . Xã4¤«,�½�����&ÿ�Ý�
LV ,�
(�8I:3��«�±S,�zpB

t
< LV

�,-LV = zpB
t

, zpB
t
�pB

t�z�.dd/¤��¡�
&ÿ�±,�±�»�&ÿ�»rV ,dAÛ'X��

rV = r −
√

r2 − L2
V . (5)

Xã4¤«,�8I:���,:pB
t u&ÿ�±

±S,=

r2
V > x2

pB
t

+ y2
pB
t
, (6)

ÄK,8I:Ø��.
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ã 4 8I ����5

Fig. 4 Reachability of target

duD(�Z6,�kG���O¬�3�½�
 �,XJUìþã�{�ä8I:´Ä��,�U
¬�ä�Ø.�,�©�
(��ä�O(5,ò��
��?�Ú �,-r′V = ε× rV , ε ∈ (0, 1),���
5��Xê. Xêε���òK�Be;,�/G.

3.2 ���������{{{(Control method)
?1Be�,�k¬ ���¡�������,

�©Äud¦^�«�*����{,=ÏL^=�
�°Ä�k�¡��8I �,¦�Be��k��
8I �$Ä,Xª(7)¤«.




u1 = λ,

u2 =

{
0, pB

t ∈ A,

θ, pB
t /∈ A,

(7)

Ù¥: λ�BeÚ�, θ�^=�Ý,dpB
tO��5, A

���«�.

�
¦�k�8I:c?�ål��,�©æ^
rotate-stop-insert�°Ä�ª,=Äk^=R5��ý
½�Ý,,�?1?�Ä�.

?1Be�,Äk¦^UKF�O�c�kG�,,
�ò8I �C���k�IXS¿�ä8I:´

Ä3&ÿ�±±S,XJ3,KØ�^=��,?1B
eÄ�;XJØ3,KI�O�^=þ,¿^=R5�
¦��k�¡��8I �,,�?1BeÄ�.�
�6§Xã5¤«.

ã 5 Be��6§ã

Fig. 5 Flow chart of needle puncture control

�8I: u&ÿ��>��,��ìòO�I
�^=��Ý.dã4��,ò�k�¡^=���8
I �I�^=��Ý�

θ =





π−arctan(
xpB

t

ypB
t

), xpB
t
>0, ypB

t
>0,

− π−arctan(
xpB

t

ypB
t

), xpB
t
<0, ypB

t
>0,

− arctan(
xpB

t

ypB
t

), ypB
t

< 0,

(8)

Ù¥: xpB
t
, ypB

t
�8I:3�k�IX¥x, y�; λ�

BeÚ�, λ���,BeÚê�,U
¯�/�¤B
e?Ö,�´°Ý�; λ���,BeÚêõ,I��þ
�^=��,�´°ÝÐ.²L©ÛλéBeÚêÚB

e°Ý�K�,�ö¦^�Cλ?1Be��,ù�Q
�����Ä�qUJpBe°Ý.Xª(9)¤«,�
â�k�8I ��ål©ã�½λ�,Ù¥dtt��

k�8I ��ål.

λ =





λ1, d1 < dtt,

λ2, d2 < dtt 6 d1,

λ3, dtt 6 d2.

(9)

��5��XêεK�Be;,. �ε���,&ÿ
�±��,8I:pB

tÊ33��«�S��m��,
ù�^=����,Be;,��²w;�ε���,
8I:pB

t²~?u&ÿ�±±	,I��õ���Ä
�,
Be;,�\²�.

Xã6–7¤«,�âI�ÀJ·��Xêε�,��
¦k���^=gê�,ÀJ���ε�;
��¦B
e´»�á�,ÀJ���ε�.

4 ���ýýýÚÚÚ¢¢¢���(Simulations and experiments)
�Ù0�R5����'��ý¢�!Be²�

Ú²�Be¢�. Äk?1�ý¢�éõg�ý(J
?1ÚO©Û,¿é�.ëê�3 ����XÚ�
Be°Ý?1�y. ,�0��©¦^�Be²�,
���O²�Be¢�¿?1êâ©Û.

ã 6 Xêε = 0.9Be;,Ú��ÝXê

Fig. 6 Puncture trail and angular velocity when ε = 0.9
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ã 7 Xêε = 0.1Be;,Ú��Ý

Fig. 7 Puncture trail and angular velocity when ε = 0.1

4.1 ���ýýý¢¢¢���ÚÚÚ©©©ÛÛÛ(Simulations and analysis)
�!0�D(Z6eR5����ý¢�. �©

��ý¢�¥,R5��ý�.�Be�»�½�
r = 165 mm,BeÚ�λ = 1 mm,�½å©:�(0,
0, 0) mm,8I:�pA

t = (10, 0, 100) mm. XÚÿþ
D(ÚL§D(Ñlpd©Ù,���©O�1Ú0.1
�xD(. ��5��Xêε = 0.8. ��XÚ�°Ý
É�Be�»!BeÚ�Ú������XêK�,
)övk�ÑBe°Ý�nØ©Û.ùp�O�ý¢
�©Û3þã^�e��XÚ�Be°Ý.duÉÿ
þD(�Z6,zg�ý�(J¿Ø���Ó,�©
?1
õg�ý,é�ý(J?1ÚO©Û.�ý
1000g�°Ý©ÙXã8¤«.

ã 8 ­E?11000g�ý¢��R5�Be �

Fig. 8 Puncture errors of 1000 times simulations

lã8�±w�duÿþD(�K�,Be°ÝØ
ð½,Ø�30.5 mm±e�Ó
�C90%. duÿþ
D(þ��½�1 mm,¤±3¼��k ��,k�
U�¢S ���;
UKFÈÅØU���ØD(�
K�.� �Ñy3BecÏ�,�±ÏL�Ï��
�Ø �;
� �Ñy3Be�Ï�,duR5�
�$ÄÆA5�å���kÃ{°(��8I �.
=¦3ù«^�e,R5�Be100 mm,�k ��
�=�1 mm,²þ �0.2346 mm,U
÷v�Kþ

éBe°Ý��¦.

R5��.�Be�»ÏLAÛE£��{[1]l

�¼�,
?1Be�,du�¸Ú|�A5UC,¢
SBe�»�U¬u)Cz,���.ëê�¢Sk
 �. �
©Û�.ëê�3 ��XÚ�Be�J,
�ö�O
�ý¢�ÿÁ�3 ��R5�Be°

ÝCz�¹. ��XÚ¦^��.ëêð½�r =
165 mm,
�ýXÚ�.ëê�re,-

rErrorPercent =
re

r
× 100,

©O�

rErrorPercent = 40, 50, · · · , 190,

zg?1100g�ýÁ�,��ý(J�þ���B
e �,�ý(JXã9¤«.

ã 9 Be�»�3 ��R5�Be �

Fig. 9 Puncture errors when the re deviates from r

dã9�±wÑ,�ýXÚ�.ëêre380%rÚ

190%r�mCz�,Be ��þ�U
�±3
0.5 mm±e. Ù�ÏÌ�kü:: �´UKF�{¥ÿ
þ�éG��O?1
?�,ü$
�.ëêé�O
(J�K�;�´��üÑ¥¦^
������X
ê,TXê�°
é�.ëê°Ý��¦,��5�
�Xê��,�.ëêé���K���. dd�©
�Ñ±e(Ø:��¥¦^�Be�»�XÚBe�
»k��� ��,T���{E,U
¢yp°Ý
�Be,=��XÚéu�.ëê�Czäk�½°
�5.

4.2 ÁÁÁ���²²²���(Test platform)
Xã10¤«,Be²��)3Ü©: �1Å�!À

ú½ Úþ Å.�1Å�k?�Ú^=ü�gdÝ,
?���æ^F�MISUMIúi�RS102B��>Å,
^=��æ^F�FAULHABERúi�1331T024S
�6>Å.Àú½ ¦^ü�IAMGINGSOURCEú
i�ó���Å;þ Å¦^¨Êó�ÕZ800,¢y
�k�£OÚ­ï!��üÑ�O�±9�1��·

-. R5�æ^qvÜ7,"à��30◦,�»0.8 mm.
¢�¤^��ý|��90%�²�Ú10%�k.�.
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ã 10 R5�Be¢�²�,�)^=>Å!��>Å
ÚV8½ �Å

Fig. 10 Test platform including rotate motor, linear motor

and binocular camera

ó���Å©EÇ�740× 480,�À����
297 mm×210 mm,zÎ�Sk2.5���:. R5�
�»�0.8 mm,k���:=�2�.�k£O��
(J,�ö�éR5�¤�A:�O
�k½ �{,
¢�y²T�{äk�p�£O°Ý,Xã11¤«.
�
JpO��Ç,�ö±þg�k ��¥%)¤
��30× 30�����/,=12mm× 12 mm�ó
�I�,3dI�S?1�k|¢,T�{ò½ �
mØ 32 ms±S.��Åó�ªÇ�30 Hz,
�k
Ó¼ªÇ�10 Hz. �
�±�k3ó�I�S,üg
Ó¼�m�k�� £�6 mm,=Be�Ý���
60 mm/s.

ã 11 �k£O«¿ã

Fig. 11 Recognition of needle tip

�©¦^ü���Å¢y�k�n� �Jl.
�ö¦^Ü�lI½{?1��ÅI½,¼��ÅS
	ëê,ïá�Å�IXC. ½ �,k¼��k3ü
���Å¥����I,,�¦^�ÅS	ëê­ï
�kn� �,äNI½9­ïL§ë�©z[24].
BeÐ©z�ã,Äk¼��k�Ð© �,âdï
á­.�IXA,,��½8I �3­.�IX¥
� �,Xã12¤«. �IXA�z¶ÚC�y¶²1,
A�x, y¶©OuC�z, x��,ù��IXAÚC�

C�é�ß,=xA = −zC, yA = −xC, zA = yC. �
k3�IXA¥�Ð© �Ú^�Ñ�½�",�¢
Sþ¬k��� �,�©òù ���D(Z6,

¦^UKFÈÅ~f ��K�.BeL§¥,��Å
Jl�k3�Å�IXC¥� �,,�ò�k�I
C��­.�IX¥,¿ò�A^���XÚ¥,¢
y�k�4���.

ã 12 �Å�IC!­.�IAÚ�k�IB«¿ã

Fig. 12 Camera coordinate C, world coordinate A and

needle tip coordinate B

4.3 ²²²���BBBeee¢¢¢���(Gelatin puncture tests)
4.3.1 888III:::BBBeee¢¢¢���(Target-hitting tests)
�©3²�S?1Be��¢�. Äk?1²¡

Be,J�Be;,,¦^AÛ{[1]�OBe�»�

r = 165 mm,K�.ëêk = 1/r = 0.0061,Be¢
�¥¦^Tëê,�
�y�ýÚ²�¢����5,
�©3�c��ý¢�¥�æ^Tëê. ±�kÐ©
 �ïá­.�IXA,©O�½8I �3�I
XA¥� �,L�1¤«. ¢�¥,BeÚ��©ã
�½,Xª(9),��5��Xêε = 0.8. ª�Be^
���k�8I �� �Error < 0.5 mm,½ö�
k�L8I �,=ztip < ztarget. �
~�®�3B
e;,éBe�K�,zgBeÑ¬ÀJ�¬ZÀ�
«�?1Be. Be(JXã13¤«.

ã 13 R5�3²�¥�Be;,

Fig. 13 Trails of flexible needle punctured in gelatin

BeØ��L1. ?1
9gBe,�kÑUéÐ/
��8I �,²þØ��0.2638 mm. ¢�êâL²
�©JÑ����{äkéÐ/���JÚ­½5.
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L 1 BeØ�
Table 1 Errors between needle tip and target

Á� 8I / mm BeØ� / mm
1 (−5,−10, 100) 0.2684

2 (−5, 0, 100) 0.2616

3 (−5, 10, 100) 0.2238

4 (0,−10, 100) 0.4127

5 (0, 0, 100) 0.1239

6 (0, 10, 100) 0.4378

7 (5,−10, 100 0.3337

8 (5, 0, 100) 0.2191

9 (5, 10, 100) 0.0928

4.3.2 XXXêêêεéééBBBeee;;;,,,���KKK���(Effect of parame-
ter ε on puncture trails)

��5��Xêεé��Ä�ÚBe;,kwÍ

�K�.�ö�O¢�é'ØÓXêεe���Ä�

ÚBe;,. �½8I ��(0, 0, 120),��5��
Xêl0.1�0.9,z�¢�?1�gBe,P¹��
þ!Be´»ÚBe �. Ù¦¢�^���c�±
��,¢�(JXã12¤«. n�;,ãXã14(a)¤
«, εl0.1�0.9Cz�,Be;,Åì�CÐ© �
Ú8I ��m���ë�.d��üÑ�,3?1
8I ��(0, 0, 120)�Be?Ö�,;,¬�¦þ
�±3­.�IX�Y –O–Z²¡S,d�¢��ê
â��±y¢ù�:. �
Ð«εé;,�K�,�ö
xÑY –O–Z²¡S�Be;,ã,Xã14(b)¤«,
dã14�±�ß/w��Xεd0.1�0.9Cz�;,
�Cz.

(a) (b)
ã 14 ������Xêε�0.1�0.9�,²�Be;,ã

Fig. 14 Trails of Flexible needle punctured in gelatin

when ε changes from 0.1 to 0.9

��5��Xêε�¬K��¤Be?Ö¤I�

�^=Ä�,XL2¤«, εd0.1�0.9Cz�,��Ä
�¥^=ö�¤Ó�z©'d50 %ü$�14 %,=¤

I��^=gê��~�. 
Be´»��Ý=d
120.16 mmCz�121.89 mm,=XêεéBe;,�

ÝK�é�. �´ε���,^=����,¬K�B
e�°Ý,�¢�¥, ε = 0.9�Be ��0.93 mm,
ε = 0.7Ú0.8� �©O0.38 mmÚ0.39 mm,
�ε

< 0.7�,Be �þ30.2 mm±e. �©�±þï�
ÄBe°ÝI¦Ú^=Ä���ÀJ��5��X

êε,3?1Be¢��ÀJXêε = 0.8. I�5¿
�´,du�¢�¥zg�?1
�gBe,duD
(Z6�Ï�K�,¢�(J�UØäkÊH5. '
XnØþXêε = 0.7��^=Ä�¤Óz©''ε

= 0.8��,�¢�êâ��.âd,�ö�,ÀJ0.8
����5��Xê.

L 2 ε�0.1�0.9�,^=Ä�¤Óz©'M

Table 2 Percentage of rotate actions when ε

changes from 0.1 to 0.9

ε 0.1 0.2 0.3 0.4 0.5

M 50.0 42.7 38.2 31.7 32.3

ε 0.6 0.7 0.8 0.9

M 30.0 23.2 25.0 14.0

5 (((ØØØ(Conclusions)
�éR5����5ÄåÆ�.,�©JÑ�«

Äu��5����{,T�{é�.ëê�¦Øî
�,�|�A5u)Cz�,E,U¢y°(�Be
��.

?1Be���,I���R5���c �Ú
^�. 
�
�y��R5,Be��»��,Ã{¦
^ã�½öSCDaì��ª¼��k^�,�©¦
^UKF�O?1�k �ÚG���O,¿ÏL�ý
¢��y
T�{�k�5. �é|�A5Ú�¸U
CE¤�.ëêCz�¯K,�ö©Û
�.ëê�
3 �éG��OÚ���K�,�Ñ3�©JÑ�
���{e,�.ëê �é���K�é�,Ï
LMATLAB�ýÚ²�Be¢�?1�y,õg¢�
�BeØ�þ30.5 mm±e.

�©vk�Äó��mS�3æNÔ�¹e;æ

Ú´»5y¯K,
ù´Beâ7,���¯K,�
öòT¯K���5�ïÄSN.e�Úò3��5
�Ä:þ?1;æÚ5yïÄ,¿ò&?ÄuC.:
��kn� �½ �159�{,�|�lN¢�
�O�.
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