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A Neuro-Muscle circuit model of C.elegans’s

locomotion

Teng Haotian (Physics)

Directed by Prof.Louis Tao

Abstract

C.elegans has a gait modulation when it navigates in different intermediate.

To quantify this relationship, we recorded free-moving worms in different interme-

diate with a HR tracking system. And we testify the consistent results obtained

before[2][1], which also reflects the reliability of our system. However, we do the ex-

periment in the much higher viscosity than before and found an unexpected turn in

wavelength-frequency curve. And though solve the former argue about if C.elegans

can -choose. a gait by themselves. We found the gait adaption is realized by

stretch receptor in the body of C.elegans, but the wavelength and frequency rela-

tionship is much complicated than what was thought before, it actually has two

phase change point, one is in the high viscosity environment, which we would see

in this paper, and the other is in the low viscosity environment, which actually has

been observed in the former article.[1]With spectral analysis, we can explain this

turning well, and with this extreme point, we get precise value of parameters in our

model.

Keywords: Proprioceptive,gait adaption,locomotion,spectral,stretch receptor
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1�Ù  ²*S�´nØ�.

1.1 êÆï�

·�Äkïá
���¹
J�üýB$Ä ²±9ÜåaÉ�"9J�³

� ²�ä��.(úª1.1)§Ù¥D,VþI©O�L�ýÚJý§·��Ñ
*

Sù�¥mL§§@�B$Ä ²ò����Ç�Cz§�,3�N0�¥§

Ç�Cz��m~ê����msþ?[12]§� ²-*S��Þ��mºÝ�Ø

õ§¤±�Ñ ²-*S�L§@� ²���^uÇ�du�Ñò´§�Ñù

�¥mL§3�¡ò¬w�¬Úåëêþ��
Cz§Ì�Ly���¦>�~

�"

c
dV V

i

dt
=−Gc

0(Vi
V − Vrest) + gG(Vi+1

V + Vi−1
V − 2Vi

V )

− r(ViD −
Ki

V

T
)− a(Vi

V − Ki−1
v

T
)− gViD(Vi

V − Vin)

c
dV D

i

dt
=−Gc

0(Vi
D − Vrest) + gG(Vi+1

D + Vi−1
D − 2Vi

D)

− r(ViV −
Ki

D

T
)− a(Vi

D − Ki−1
D

T
)− gViV (Vi

D − Vin)

τη
dKi

V

dt
=−Ki

V +mVi
V

τη
dKi

D

dt
=−Ki

D +mVi
D

(1.1)

�§¥�VL«J�üýB$Ä ²�¹ÄrÝ§GcL«¦>�§Vrest�·E>

 §gGL���B$Ä ²�m�>â>9¥mLÞ ²XAVB,AVD ²E¤�

ÍÜ�A§r��ý�ÜåaÉìé,�ý�B$Ä ²�zÆâ>ë�§a��

ý�ÜåaÉìéÓ�ý�e��N �B$Ä ²�zÆâ>ë�,gL��´
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duDa$Ä ²Úå�J�üý�B$Ä ²�m��p³��^"ùp·��

±w�duJ�üý��p³��)
��5�§��§p�k4N�Cþ§�

ù4N�CþþI����§ù���p����5�§|J±¦)§�Ã{é·

����¢�?1)º§�Ó�·�w�ù���5�äké¡5§Ïd·�ò

�	�þlýé�CþV,K=C�J���é�Xi
V − Xi

D§Ù¥X = V,K§=

·�òJ�üý�§�~§Ó�·�5¿�§�±òGc + a − r �������
¦>�§òÙ�O¢S�¦>�·¶�Gc§u´þã�4��§z{�úª1.2"

c
dVi
dt

= −GcVi + gG(Vi+1 + Vi−1 − 2Vi)− rKi + aKi−1

τη
dKi

dt
= −Ki +mVi

(1.2)

ù�z{���§��5���
§¿��§�Cþ~�
��§�§���«

¿ãXã1.1¤«§Ù¥duB$Ä ²é*S�,¯ù�L§msþ?��u*S

¦�NÇ�Â �m100msþ?�á§��Ñ
ù��^@�B$Ä ²���

^uÇþ" ²Lù��z{§�§E,Pk2N�Cþ§·�5¿�ù��§

ã 1.1: �ÄJ��é¡5�� ²*SÇ�.�«¿ã§,¯5��^^¢%
�ÞL«§³�5��^±rG�ÞL«§B$Ä ²�m�ÍÜ�A^J�L
«"

�äk²£é¡5§·�|^ù�é¡5òÙ?1?�Ú�z{"�,�ÁlÞ

Ü��Ü�°Ýu)Cz§¿���B$Ä ²�©Ù�Ø´��þ!�§ùò

¬��þ¡�§¥�þ�¶�X�Cþ§�´òù
ëþCqw�~þØ¬Ú\

���Ø�§�±w��«²þ|e�Cq"|^ù«²£é¡5§·�æ��

«�NÔn¥~^�ö�Ãã§=rlÑ� ²�a'�N¥��f¬�:
§
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¿Ú\�Å§¦�Ù�ëY0��)k���/ª§�ëY0�ØÓ�/�3u

ÙªÇÚÅ�äk�����Oþ", ²���ê¿vk�N¥@oõ§æ

^Ó����Cq§={��f����5Cq�UØ
§�du��B$Ä

 ²�m�>â>ÍÜ��Ò´������A§�·�òCq����§3�

�·�O������B$Ä ²�m�ü m�ε��·�¬uy§�����

Cq´�©Ün�§Ï�ε�þ?�0.1�m"äN�Cq�{�úª1.3

Vi+1 = V (xi + ε) = V (xi) +
∂V

∂x x=xi
ε+

1

2

∂2V

∂x2 x=xi
ε2 +O(ε3)

Vi+1 + Vi−1 = 2V (xi) +
∂2V

∂x2
ε2 +O(ε4)

Vi − Vi−1 =
∂V

∂x x=xi
ε+

1

2

∂2V

∂x2 x=xi
ε2 +O(ε3)

(1.3)

�\úª1.2��§·��±���������5 �©�§1.4"

c
∂V

∂t
= −GcV + gG

2

2

∂2V

∂x2
− aε∂K

∂x
− ε2a

2

∂2K

∂x2
− (r − a)K

τη
∂K

∂t
= −K +mV

(1.4)

Ù¥V=V(x,t),K=K(x,t),x�l0�1�Á�¥%��I·������´ù� 

�©�§�1Å)§¿�¦�Ù1Å)ªÇÚÅ��	.0�ÊÝCz�'X§

=�τη�Cz'X§·�^1.41�ª�\1�ª��V§��'u�Á$Ä��

�3��5 �©�§ 1.5"

−ε
2gGτη
2

∂3K

∂x2∂t
+ (

ε2am

2
− ε2gG

2
)
∂2K

∂x2
+ εam

∂K

∂x
+ τηc

∂2K

∂t2
+ (c+Gcτη)

∂K

∂t
+ [Gc +m(r − a)]K = 0

(1.5)

��·�b�ωÚk÷v1Å)�/ªK = K0 exp i(ωt− kx)�\�§§�±©O

��¢ÜÚJÜ��§§Ó�du1Å)��Ý����§�)§¤±¢Ü�J

ÜÑI��u0.u´·���1.6"

real part : −cω2τη +Gc +m(r − a) +
ε2gG − ε2am

2
κ2 = 0

image part : −cω −Gcτηω −
ε2gGτηωκ

2

2
+ εamκ = 0

(1.6)
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Ù¥τη�£ã0��ÊÝÚ\�þ§FangYen�<æ^åÆ�Ãã�Üp���

Å®²ÿ�
Ù3��0�¥�10Î¦þ?§�´τη�	Ü�ëþ§3ù��.

¥áu����Cþ§����ω − k�'X§g,��{´��ù�τη§�·�
k1.7

τη =
1

ω2c
[
ε2

2
(gG − am)κ2 +Gc +m(r − a)] (1.7)

òÙ�\1.6·���ωÚk��§Xe§ù��§E,'�E,§Ø|u·��*

�éÑωÚk�m�'X§�Ø|u·��Ñ�ëê�§�·�I�òù��§?

1?�Ú�z{§Äk·�éù��§?1Ãþj?n��1.8§5¿du·�®

²ò¥%�8�z§ùp¡�Åêk®²´��Ãþjê"

(ω − εamκ

2c
)2 + [

ε4gG(gG −ma)
4c2

]κ4 +
1

c2
[Gcε2gG − ε2a2m2

4
+
m(r − a)ε2gG

2
− ε2amGc

2
]κ2

+
Gc2 +Gcm(r − a)

c2
= 0

(1.8)

3þ¡��§¥§·�-c=1,m=1,¿�ò·�@��Ð�¦>�Gc
0��§3

kÙ¦���¹e�±�Ñ§=@�Gc = a − r§�´5¿�~ê�pX

J·�@�Gc
0 = 0�{§¬��~ê��u0§�·�I�òÙ�3§=@

�Gc = Gc
0 + a− r§�nþª���§�Ãþj/ª1.9

(ω − εaκ

2
)2 + [

ε4gG(gG − a)
4

]κ4 + [
(a− r)ε2(gG − a)

2
− ε2a2

4
]κ2 +Gc0(a− r) = 0 (1.9)

ù��§Pk5�ëþa, r, ε, gG, Gc
0 §��k4�ëþ´Õá�§Ïd·��±^

,	4�ëþ#ò�§�¤�{'�Xe/ª(ω − Aκ)2 + B(κ2 + C)2 = D§l

�±ÏL¢�þ�ªÇÅ�'X¦ÑA,B,C,Do�Õáëþ��§¿�£¦Ñ

�5�ëþ�"

1.2 ÞÜ ²�´ø>.�¹?Ø

·�I��	�eù� �©�§�>.�¹§du·���Ä�Á�c�

$Ä§¤±·��±�ÑÙ�Ü�>.^�§=ù�¯K����Ã.�¯K§

– 6 –



�®�Æ��).�Ø© 1.2 ÞÜ ²�´ø>.�¹?Ø

e¡·��ÄÞÜ� ²Ú$Ä�¹§Äk3ÞÜ�1�!B$Ä ²9Ù�A

�ÇCz�§·��±��1.10§Ù¥E,¦^·��c��érÝ�½Â§

Ó�·�ò�§?1Ãþjz§-τ = t/τη §γ = τc/τη § τc = c/Gc §¿I�\

\ÞÜé1�!B$Ä ²���Ñ\ H(τ)"

dK0

dτ
= −K0 +mV0

γ
dV0
dτ

= −V0 − rK0 + TV1 +H(τ)

(1.10)

�
¦)ù��§§·��ÑK5g�¡N!�B$Ä ²��"§��ÄÞÜ

éB$Ä ²���§=·�-T=0§l�±)�ù��§�)�

K0(τ) =

∫ ∞
0

2m

γ
√

∆
e−

1+γ
2γ

(τ−τ0)sinh(
√

∆(τ − τ0))H(τ0)η(τ − τ0)dτ0 ∆ > 0

K0(τ) =

∫ ∞
0

2m

γ
√

∆
e−

1+γ
2γ

(τ−τ0)sin(
√

∆(τ − τ0))H(τ0)η(τ − τ0)dτ0 ∆ < 0

(1.11)

Ù¥∆ = (γ + 1)2 − 4γ(1 + mr)§�±w��∆�u0��ÿ§Ø¼ê�sinh¼ê§

�∆�u0��ÿØ¼ê�sin¼ê§ù���ûu�§1.9¥4�Õáëþ��§¤

±·�ÏL¢�êâ�[Ü§(½Ñù4�Õáëþ��½ö�é��´�~k

7��§Ï�Ùû½
ù«����)´3ÞÜÒ�)
�´3���D�¥

d��$Ä ²�ä�)�"
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�§�du�Á�£Ä��´�Å�§¤±I�òÙ^=��Ý?1Ö�§�1

��{´O�¥%���Ç½ö´¥%��Ç§�¢�æ^
�Ç��Cþ§

¯¢þ·�'%�´ªÌ�&E§±�ÇÚÇ��CþÑ´�1�"ù�·�

Ò�±¦¥%��^=�g,��Ñ§¥%���Ç�¥%��I�¼ê±9�

m�¼ê§ò�Ç���±ôÚL�3x-t²¡ãþÒ��
'u¥%��Ç�P

Åã£ã3B¤§�´duã���z?nÚ¥%�?n3ÞÜÚ�Ü�Ø�§�

±w�Ø
²w�±Ï(��	3ÞÜÚ�ÜkX²wØ´�Ág��$Ä;

,§�3x-t�mS·�v{éÐ���±Ï§�c��{´éPÅã2?1�

g��z§lòÙz�x-t�m������§l���m�±9�Ç��ªÇ

ÚÅ�§ù���{¬Ú?1�g<��Ø�§¿�éu��±Ïê�ã¡ù�

?n´�1�§�´éu±Ïê���ã¡duû��l�ã��¸��3C§

éu¥%��J�ëê�Ø�Ó§ÒI�Ãó�é¥%��Ç?1©�±���

(�ªÇÚÅ�§ù���{´�Ç$e�Ú\Ø7��Ø�"·���{´

éã�?1��Fá�C�2.1§aqu1»û�§��Fá�C����ªÌ

ãk²w�"?�Ú���õ?�§�â"?��¥% ��±��ÖÑªÇ�

Å�ã2.2C"·�ò��ÊÝe�ã¡�ìþã�{?n��§��Å�ÚÅê

=�'Xã§�±w�3 ω = 2.83�mk��4��10.8�m§=d�Å��4�

�§2UYO�0�ÊÝ§�ªÇ±Y~�§�Å��O�§�c�ïÄÃØ

´¿vk��ù��=ò:[1,8,9]§Ï��c�ïÄ¿vk��Xdp�ÊÝ½ö

3pÊÝe��¢�:��§Ï�U���Ø�?nK§¿�XJ´±ªÇÚ

Å��ã�{§pÊÝ�«�duªÇ�$êâ:¬8¥3��8�«�§Ïd

Å��[�Cz¬��Ñ§/¤��:�ìqã2.3b§��Å��C¿vk�

uy"·����êâ:�Boyle�<�êâ:�'�'Xã2.3d"

F (kx, ky) =

∫∫
I(x, y) · cos(kxx+ kyy) dxdy (2.1)

Ó�§3Boyle�<�ó�¥·�uy3$ÊÝ�¢�¥§·��±uyªÇ3

ÊÝUYü$�¿Ø´��,p�§´3����$ÊÝ��.:���4�§

UYü$ÊÝ�¦��ªÇü$§¯Û�´ù�:3·�^pÊÝ�êâ[

Ü·��nØ�.��§��±3·���.¥��éÐ��y§�Ò´`§·
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