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�Ä´��XÊ�!ÊU9Ê°�pEâ+
��uÐ
�5�ú³��, §î­»�Åì��
$1�­½5Ú��5, ��Åì5U�Jp. Ï
d, 3�OL§^ÒAT�Ä��Ä��Ú³�¯
K [1]. 7á��´d7áj�E�õ�(�á�,

ÏÙäkaq����5
�¶. du§��þ´
�«7áÄ�õ�{Z(�á�, äk7á!��
9õ�á���Ó`:: {Z5UÐ!�¸·AU
år!´u¤.�«/G!­þ�!�N!fÝ
�, 7á��wÍ�{Z5UÚ3���¸e�±
ûÐ5U�`:, ¦Ù3�«ó§Å��~�+�
¥äk�~2��A^cµ.

7á��´�«��5{Z(�á�, Cc5
éõÆöl÷*þïÄÙfÝÚ{ZA5�õ, ¿
����½�¤J [2−9]. 
l��N(�þïÄÚ
�«7á��á���5fÝÚ{Z~��Ôn
��, ¿���O(�£ã, ´ïÄÚ�O7á�
�{Z~�ì�­�Ä:5ó�. 8c�k]:ù

�.!�I�.!�����.Úõ�á��.
� [10−12]. �´ù
�.Úý��{½Ôn¹ÂØ
²(, ½ý�ëêLõ, I��þ�Á�(J, Ïd
éfÝ��5�CzÅnÚ�ÞÑU�ÔnL§
@£�8�Ø�¡, �?uÅì¹¢Ú�õ��ã.

ÿ"��«U�ß£ã7á��fÝÚ{ZÔn
����.±9¯$k��fÝÚ{Zýÿ�{.

ÏdXÛïá��'��¡�nØ�., ´���
�)û�¯K.
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5���., lnØþ)º
fÝÚ{Z��5�
�)Ån. ÏLÁ��nØÚÁ�(Jé', �y

nØ�.�·^5.
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7á��Á�·�´¢£�Xã 1 ¤«, �¹
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\1­�Ú�1­�. 7á��É1�, duSÜ
7ájÚ^òL¡�m�éwÄ
�)��Þå,

��\1­�Ú�1­�ØÓ. \1��Þå{N
C/�O\, Ïd¦7á��¢SfÝO�. �1
��Þåò{N�5C/�¡E, Ïd¦7á��
¢SfÝ~�. \1Ú�1­��¤�¡È=��
Þå3��Ì�S�Ñ�õ. bXØ�Ä�Þå�
K�, 7á��\1­�Ú�1­�ò­Ü��5
å­�.
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 F
/
N

x/mm

ã 1 7á���´¢£�

ÏdÏL7á���´¢£��±��±e
'Xª:

PL(x) = L(x) + F (x), (1)

PU(x) = L(x) − F (x), (2)

K(x) = dL(x)/dx, (3)

η =
∆W

πU
, (4)

ª¥, PL(x) �\1å (N); PU(x) �\1å (N);

L(x) ��5å (N); F (x) ��Þå (N); K(x) �7
á��²þfÝ (N/mm); η �7á���ÑÏf;

∆W �´¢£��¤�¡È, L«��Ì�±ÏS
ÑÑ�Uþ [13] (N·m); U �´¢£�¥��î¶�
¤�¡È, L«C/L§¥���5³U (N·m).

�â (1) ª,(2) ªÚ (4) ª, �ÑÏf�L�
�eª:

η =

∫ A

0

PL(x)dx −
∫ A

0

PU(x)dx

π

( ∫ A

0

PL(x)dx +
∫ A

0

PU(x)dx
)
/2

=

∫ A

0

F (x)dx

π

∫ A

0

L(x)dx

. (5)

,
, 7á��É1L§¥SÜÚ^ò,Ï©
Ù, éJO((½�Þå�oK�, Ïdk7�l
7á��Ä�(�Ñu, ¦ÙU3�½ºÝÚ'~
þ��O(�[7áj��m�oÜ!w£��
p�^.

3 7á����N(�©Û

3.1 ������NNN(((���

d7á���\óó²��, 7á���Ä:
�á��7ájÚ^ò. Ú�òÉåC/���5
A�UNy7á���fÝA5, �Ù¦Ú^ò�
>���ÞA5qUNy{ZA5. Ïd7ájÚ
^ò´�«=U
Ny7á��Ä�(�, qUL
�7á��åÆA����N(�.

ã 2 7ájÚ^ò��N(�

7á��\ó¤.�, 7ájÚ^ò���´
Ø5K�. �du�7Ú?��ó², ¦�ÙSÜ
òkü«�Ä��Ú^òü�/ª: p�Úî�ü
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�. p�Ú^òü�/ª�Ú^ò�¶����1
Ö��²1, î�K�¶����1Ö��R�,

Xã 2.

ã 2 ¥, dS �7áj�j» (mm); DL �Ú^
ò��» (mm); LJ �Ú^ò�Úå (mm); α �Ú
^ò¶����1Ö���Y� (rad).

�âá�åÆÚ�ÎÚ^Ø ���Ä�n
Ø [14], �í�Ñü«ØÓü��ª��N(��
fÝ.

p�ü���N(�fÝ

KV =
Ed4

sπ cos α

32D3
L(π cos2 α(1 + u) + 2 sin2 α)

; (6)

î�ü���N(�fÝ

KT = Ed4
s/

(
32D3

L cos α

[
1 + (1 + u)tg2α +

1
3

×
( LJ

DL

)2(
1 + u +

1
cos2 α

+ tg2α
)])

. (7)

ª¥, E �7ájá���5�þ (MPa); u �7á
já��Ñt'.

ã 3 7á��SÜÚ^ò�>G�

3.2 ØØØÓÓÓ���>>>GGG���������NNN(((���ÉÉÉåååCCC///

d7á��á��SÜ(��±wÑ, ²L.
����|p�Úî�Ú^ò3¤.Øå�^e
�3n«�>G�: ��>!w£�>Ú@Ø�
>. ��>G�´�|Ú^ò�m�3mY; w£
�>´�>é�m�u)�éw£; @Ø�>´�
>é�m?uÅ¢½@ØG�. n«G��ã 3.

��>G���|Ú^ò, þàp�Úeàî
�Ú^ò�mk�½�mY. É�¶�1Ö���
^å FZ �, eàî�Ú^ò©ªØÉå��^, Ï
d�|Ú^ò�C/=�þà�p�Ú^ò��
5C/. \1�ÉåG�Xã 4.

ã 4 ��>G�Ú^ò

Ïd\1L§¥�â (6) ª, �|Ú^ò��
�ofÝ�

K ′
L = KV. (8)

3�1L§¥, ��>�Ú^òé�mÓ�Ã
�^å, K�1�Ú\1�fÝ��, = K ′

U = K ′
L.

�X1Ö�O\, p�Ú^òØä÷X1Ö�
�C/, �p��Ú^òÚî�Ú^ò�mvkm
Y�, üÚ^òm©�>. �>:m���å��
�O\, ���å�L·�Þå�.���>:�
)wÄ, Ú^ò=�¤w£�>G�. d�, þàp
�Ú^ò÷Xeàî�Ú^ò��Î¡w£, �p
�>Ú^ò�m31Ö����é�^{z��
�|�å FN Ú�éw£�)��Þå Ff , �Þå
d¥Õ½Æ½Â Ff = µFN, åÆ�.X 5 ¤«.

KV

β

KV↪ KT

A

A

Fz

z

Fz

FN↪ Ff

Ff FN

z

Fz

z

ã 5 w£�>G�Ú^ò

d´¢£�©Û��\1Ú�1ü«�¹�
�Þå�^�JØÓ, É�Þå�K�, w£�>
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�Ú^ò3\1Ú�1�fÝØÓ. �âåÆ�.
Ú (6), (7) ª�¼�w£�>G�e�|Ú^ò�
\1 K ′′

L Ú�1��fÝ K ′′
U �

K ′′
L =

KVKT(
1 +

sin a − µ cos a

cos a + µ sin a
tan a

)
KV + KT

, (9)

K ′′
U =

KVKT(
1 +

sinβ + µ cos β

cos β − µ sinβ
tanβ

)
KV + KT

,

(10)

ª¥, µ �7ájá���ÞXê.

p��Ú^òÚî�Ú^òw£�ã £�,

üÚ^òÃw£�m, �>G��@ØG�, üÚ
^ò�mG�e�'XXã 6 ¤«. d�1Ö FZ

Ó��^up�Ú^òÚî�Ú^ò, ��uü«
Ú^ò¿é.

KV

KV↪ KT

ã 6 @Ø�>G�Ú^ò

Ïd�â (6), (7) ª, @ØG���|Ú^ò\
1���fÝ�

K ′′′
L = KV + KT. (11)

ü@ØG��Ú^ò, 3\1Ú�1��>G
�ÃCz, Ïd K ′′′

U = K ′′′
L .

4 7á��åÆ�.

7á����¤.�, Ä��±@�´�«�
þ!�0�. 7á���±b��÷�Ø¤.��
õ��¡�¤, z��¡þk NA ���N, ¤.
��þk NL �. z��¡þ�«��Nê8Ú�
>G��Ó, Ù�p'X�¿é; ����m�X
C/�UC�>G�ØÓ, Ùm�p'X�Gé.

K £� x e\1½�1�o��fÝ�

KL/U(x) = B
NA

NL
Ke

L/U(x), (12)

ª¥, Ke
L/U(x) = 1

n1(x)
K ′

L/U

+
n2(x)
K ′′

L/U

+
n3(x)
K ′′′

L/U

©O�Ø

Ó1Öez���N\1½�1����fÝ;

ni(x) =
Ni

Nmax
��zXê (��>G�éê8/�

�Noê8); B �?�Xê.

�â (4) Ú (12) ª�ÑÏf�

η =

A∫
0

(K ′′
L − K ′′

U)K ′
LK ′′′

L n2(x)xdx

π
A∫
0

(K ′′′
L K ′′

LK ′′
Un1(x) + K ′

LK ′′
LK ′′

Un3(x) + (K ′′
L + K ′′

U)K ′
LK ′′′

L n2(x)/2)xdx

. (13)

d (13) ª��, 7á��SÜ�Ú^ò�ê8
Ú�>G�û½
���fÝÚ{ZA5. duá
�!ó²Ú(��ëê�ØÓ, ÙÚ^ò�oê8
9�zXêÑØ¦�Ó. �7á����3�Ä1
Öeó��, Ú^ò�m��>G��3��UC,

�zXê�m�p=��ªLy�7á����
�5fÝÚ{ZA5.

4.1 ������NNN(((���CCCzzz555ÆÆÆ

�ê!éêÚ�zXê�ëê�(½´7á
��åÆ�.�'�¯K��. ù
ëêÉ7á�

�á�ëê!ó²ëêÚ(�ëê�K�. �>�
/¤L§Ñ´m©u���Ý«, �X1Ö�O\

*Ð���Ý«, G��Cz�Å��> — w
£�> — @Ø�>ù�Ä�5Æ.

d\óó²��, ��N(�ØUCcJe,

7á��äk���é�ÝÚ���é�Ý (�é
�Ý = 7á���Ý/7ájá�Ý). ���Ý�
7áj.�?�ó²���é�Ý, =f.��é
�Ý, Xã 7 ¤«, f.±���>é�mÑU.
�ó²G���Ú^òþ!�©Ù. d�Ð©G�
Ú^òÑ���>G�, =d� n1 = 1, n2 = 0,

n3 = 0.
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�â.���Ú^ò�(�, ��7á���
��Ý�

ρ̄min =
d2
S

D2
L sinα

. (14)

���Ý�Ú^òó²¤.����é�Ý
½ö�Ä�5��S, Ú^òÃ�5C/�me
��é�Ý, Xã 8 ¤«. =d� n1 = 0, n2 = 0,

n3 = 1. �â�þ�¤.Á�Ú²� ρ̄max 3 0.30—

0.40 �m.

ã 7 ���é�Ýü�«¿ã

ã 8 ���é�Ýü�«¿ã





ρmin ρs ρmax

ρ

ρm ρmid

n

ã 9 ØÓ�é�Ý�>G��zXê�Cz

7á�����¤.��é�Ý ρ̄m ÚÉ1
��½C/���é�Ý ρ̄x o3���é�Ý�

���é�Ý�mCz, = ρ̄min 6 ρ̄m, ρ̄x 6 ρ̄max.

�zXêK3��>� 1 → n1 → 0, w£�>
� 0 → n2 → 0, @Ø�>� 0 → n3 → 1 �mCz.

b��zXê���CzL§��5L§, �3�
�¥m�é�Ý ρ̄mid =

ρ̄max + ρ̄min

2
, ���zX

ê�X�é�Ý�CzXã 9 ¤«.

�â±þb�, 7á����±�½��é�
Ý¤.�, �±(½��>G��Ð©�zXê.

��É1C/�, �é�Ý�u)Cz, �±(½
��>G�ØÓC/��zXê.

4.2 777ááá������fffÝÝÝÚÚÚ{{{ZZZ

�O�½�é�Ý�7á����, �w�3
���é�Ý�f.Ä:þ, Uì¤I�Ú^òê
83ü ¡ÈÚ�Ýþþ!�O\, ���ª�O
f.�Ú^òêþÚ�þ.

3���é�Ý�, 7á����f.S¡
È A þÚ^é�oê� NA0 =

4A

πD2
L

, �Ý L þ

oê� NL0 =
rL

LJ
(r �f.�pÝÚ¤.pÝ

�'�).

Ïd7á�����é�Ý� ρ̄m �, f.
��é�Ý� ρ̄r =

ρ̄m

r
, 3Ó�f.NÈeO\

�Ú^òê8� NM =
ρ̄m

rρ̄min
. Kü ¡ÈO\


 N
2/3
M , ü �ÝO\ N

1/3
M .

=�é�Ý� ρ̄m �, 7á����f.z�
�¡þ���Nê8�

Nm
A =

4A

πD2
L

( ρ̄mD2
L sinα

rd2
S

)2/3

. (15)

f.þÝ����Nê8�

Nm
L =

rL

πDL tanα

( ρ̄mD2
L sinα

rd2
S

)1/3

. (16)

�â (12), (15), (16) ª, 3C/� x e, 7á�
���\1Ú�1�o��fÝ�L«�eª:

KL/U(x) = BmK
e
L/U(x), (17)

ª¥, m =
4A

L

tanα sinα4/3ρ̄
4/3
m D

5/3
L

r7/3d
8/3
S

�Xê.

�âã 9 b���>G��zXêCz5Æ,

��ØÓ�é�ÝefÝ�L�ª.

� ρ̄m < ρ̄mid �, �âC/�ØÓ, �U�²
L��> — w£�> — @Ø�>ü�G�L§,

ÏdfÝ�C/�©ã¼ê.
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KL/U(x) =



Bm

[
K ′

L/UK ′′
L/U

K ′′
L/U

(
1 − B1(Lmin − L + x)

L − x

)
+ K ′

L/U

B1(Lmin − L + x)
L − x

]
, x < L − Lmid,

Bm

[
K ′′

L/UK ′′′
L/U

K ′′′
L/U

B2(L − Lmax − x)
L − x

+ K ′′
L/U

(
1 − B2(L − Lmax − x)

L − x

)
]
, x > L − Lmid,

(18)

ª¥, Lmin =
Lρ̄m

ρ̄min
�7á���é�Ý�� ρ̄min ��pÝ (mm); Lmid =

Lρ̄m

ρ̄mid
�7á���é�Ý�

� ρ̄mid ��pÝ (mm); Lmax =
Lρ̄m

ρ̄max
�7á���é�Ý�� ρ̄max ��pÝ (mm); B1 =

Lmid

Lmin − Lmid
,

B2 =
Lmid

Lmid − Lmax
�Xê.

� ρ̄m > ρ̄mid �, �kw£�> — @Ø�>��G�=�L§, ÏdfÝÓ (18) ª¥ x > L − Lmid �
¹�Ó.

� ρ̄m < ρ̄mid �, �â�ÑÏfL�ª (13) (Üþ¡�fÝL�ª (18) ���7á���ÑÏf�

η =



A∫
0

K ′
L(K ′′

L − K ′′
U)

B1(Lmin − L + x)
L − x

xdx

π
A∫
0

(K ′′
LK ′′

U

(
1 − B1(Lmin − L + x)

L − x

)
+ K ′

L(K ′′
L + K ′′

U)
(

B1(Lmin−L+x)
2(L−x)

)
xdx

,

x < L − Lmid,

∆Wmid +
A−Amid∫

0

K ′′′
L (K ′′

L − K ′′
U)

B2(L − Lmax − x)
L − x

xdx

π

[
Umid +

A−Amid∫
0

(K ′′
LK ′′

U

(
1 − B2(L − Lmax − x)

L − x

)
+ K ′′′

L (K ′′
L + K ′′

U)
B2(L − Lmax − x)

2(L − x)

]
xdx

,

x < L − Lmid,

(19)

ª¥

∆Wmid =
∫ Amid

0

K ′
L(K ′′

L − K ′′
U)

×B1(Lmin − L + x)
L − x

xdx;

Umid =
∫ Amid

0

K ′′
LK ′′

U

(
1 − B1(Lmin − L + x)

L − x

)
+K ′

L(K ′′
L + K ′′

U)

×
(B1(Lmin − L + x)

2(L − x)

)
xdx.

5 nØ�Á�é'©ÛK�

7á���¤.��·�åÆA5Á�3O
�Å��� WDW3100 >f�UÁ�Åþ?1. Á
��, ���½�\1�Ý (0.25—0.5 mm/s) Ú�
1�Ý (50—100 N/s), þ!ÃÀÂ, ^ 0—1 kN �
åDaìÚÿþ�� 0—10 mm �>fZ©Lÿþ

1ÖÚC/.

ã 10 7á�����ÿÁXÚÚ��

L 1 Á����ëê

?Ò dS/mm DL/mm ρ̄m m/g

0. 12 1. 2 0. 10 3. 06

2 0. 12 1. 2 0. 15 4. 2

3 0. 12 1. 2 0. 20 5. 6

4 0. 12 1. 2 0. 25 7.0
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K�7á��fÝÚ{Z�Ì����ëê
��é�Ý. �
�ynØ�.�·^5, Á�é
'ØÓ�é�Ýe7á���´¢£�. Á��7
á����Î/G, 7ájá�þ� 0Cr18Ni9, �
» 15 mm, pÝ 20 mm, Ù¦��ëêXL 1 ¤«.

Á�ÅÚÁ��Xã 10 ¤«.

ã 11 ¤«3ØÓ�é�Ýe\1­�nØ�
.ÚÁ�­��é', é'L²ØÓ�é�Ýen
Ø�.�Á�ÑU�Ð�[Ü, ��7á��´¢

�A5, AO´�é�Ý����¹. I�5¿�
´ØÓ�é�Ý¤æ^�?�Xê B ØÓ. ©ÛØ
�5
: ¢SÁ�L§¥, \1Ú�1´��ëY
L§, �1Ð©G�k��ãÊ¢G��w£G�
�=�, =w£éÄ«�. �´��é�Ý���,

fÝÌ�5gu��>Úw£�>G��Ú^ò
C/, ¿��Äw£éÄ«�, ÏdØ���. ��
é�Ý���, ®²kÜ©w£�>�Ú^ò=�
�Å¢G��Ú^ò, ÏdØ���.

ã 11 ØÓ�é�Ýe´¢£� (a) �é�Ý 0.1; (b) �é�Ý 0.15; (c) �é�Ý 0.20; (d) �é�Ý 0.25

6 ( Ø

�©ïá
7á���´¢A5���., n
Øþ)º
fÝÚ{Z�)��5Ån, ��±e
(Ø:

1. ïá�7á��fÝÚ{Z�.¿©�Ä

7á�����Ä�~^Ônëê, ¿�UéÐ
�£ã7á��fÝÚ{Z�Ån.

K, η = f(ES, dS, DS, ρ̄m, r, A, L, x).

2. Ú^ò�m�>G� “��> — w£�
> — @Ø�>” �=�´E¤7á��fÝÚ{
Z���5Ì��Ï.

3. w£�>Ú^òê8��zXê¤�ïþ
{Z�­�Ï�.

4. nØ�.ÑU�Ð�©Û)ºÁ�(J, U

�ÐO(�£ã7á�����åÆA5.
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Abstract

Metal rubber (MR) material is a new-type of damping material. Its raw material and fabrication process have same unique features.

Wire helix is considered as the unit cell geometry of MR. Combining cylindrical compression coil spring theory, a mechanical model

is established for individual wire helix which is located in the horizontal or longitudinal direction. Three contact statuses are analyzed

for the neighboring helixes and mechanical models are derived for these cases according to the Kulun model. The arrangement and

the spatial distribution of the microelements are assumed to be located evenly and periodically inside the MR. A mathematic model

is established to characterize the damping behavior of MR. It came from the unit cell geometry and the fabrication process of MR

materials. It is easy to explain the mechanism of hysteresis loop and the nonlinear stiffness and damping characteristic of MR by

analyzing contact states and contact number of unit cell wire helixes. Finally, a comparison is made between theoretical results and

experimental results. This model is valuable for the analysis of the material mechanics and the design of MR. It provides theoretical

support for the further engineering application of MR in the field of vibration reduction.

Keywords: metal rubber, wire helix, hysteresis loop, nonlinear stiffness and damping
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