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Muscle fibers and motor unit

Motor unit

Spinal cord Axonal terminals at neuromuscular junctions

Motor neuron
cell bodies axon
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surae muscle
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(Kinugasa et al. 2006)
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How to control muscle force?

Motor commands

4 a-motoneuron pool )
(@:0ne a-motoneuron)
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) S-type muscle fiber FR-type FF-type

Muscle

Rate coding

motor commands for weak muscular force
— spike interval is long.

motor commands for stronger muscular force
— firing frequency becomes high.

Recruitment

\ (A : muscle fibers) /

S: Slow fatigue-resistant — red muscle
FR: Fast fatigue-Resistant :

: white muscle
FF: Fast Fatiguable ]'

motor commands for weak muscular force
— only small motor units are activated.
motor commands for stronger muscular force
— larger motor units are activated in sequence.
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Numerical model for musculoskeletal system

a b
o ‘\\\ R,

Gastrocnemius

/ muscle \ N

MG

» Nonlinear finite element setting for almost
incompressible hyperelastic material
« atotal Lagrangian formulation

LG

 a mixed type displacement-pressure finite element | ,
« a fully implicit time integration scheme t
4 Soleus —
» Material properties for passive behavior j uscle =
* Mooney-Rivlin material (isotropic part) (Chi et al., | 4
2010)and Holzapfel model (anisotropic part) ‘ \
(Holzapfel et al., 2000) ‘}mmes tendon/'

> Active behavior

« 3D Hill-type model (Johansson et al., 2000)  FE model of the triceps surae muscle. From
the view of (a) the lateral side and (b) the

back side of the human body. The geometry
» Muscle fiber distributions are constructed was measured by MRI and segmented into
from fascicle arrangement measured by gastrocnemius, soleus muscles and Achilles
2D ultrasound images (Kawakami et al., tendon with the aponeurosis.
1998) and extended to 3D fiber map.




Simulation results for an isometric contraction

v

z , |

MVC 0% 60% 80% 100%
Deformation and displacement distribution of the The nodal force vectors at
longitudinal z-direction the end of the contraction

» The numerical results show
* the muscle behaviors and force generation at Achilles tendon during isometric
contraction.
 each muscle causes a contraction in the fiber directions.
« the Achilles tendon is stretched by the aponeurosis existing between gastrocnemius
and soleus, resulting in the force generation.



Parallelization test

Ideal case
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Spinal cord network antagonist agonist
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muscle muscle

joint

_ : I: 1, interneuron M: a-motoneuron
——e@ Inhibitory signal a’ :

_ y g X: I, Interneuron S: Static y-motoneuron
—> Excitatory signal R: Renshaw cell D: Dynamic y»motoneuron



Numerical model for ea-motoneuron

Na* leakage

—\ leakage

J

fast K* slow K*

Illustration of a-motoneuron (Rogerio R. L. Cisi and
Andre F. Kohn, 2008)

Mathematical expressions

== _Isyn,s - gls(vs - EI )_ gc(vs _Vd )_ Iion (+ Iinj)

© s As s=mhng

Iion = gNamSh(Vs o ENa)+ gKfn4(Vs - EKf )
+ ngqZ(Vs - EKS)

60
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3 501
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= ol S |
£ Mo—
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30

! | ! | ! | ! |
0 200 400 600 800
ID of a-motoneuron
Example of size distribution of soma

» Changing physical size of «-
motoneurons

» Changing behaviors for electrical
stimulation
11



Potential [mV]

Results

Time course of membrane potential for ;. =5 nA

——

Neuron 1 Neuron 2 Neuron 3
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50 g - - - -
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0O 100 200 300 400 500 0O 100 200 300 400 500 O
Time [ms] Time [ms]

» Only the smallest motoneuron is firing.
» Larger motoneurons are not activated.
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Potential [mV]

Neuron 3

Time course of membrane potential for | inj= 10 nA
Neuron 1 Neuron 2
100 — 1 1 T T T L L L I
50 4}
N A

Time [ms] Time [ms]

> Middle size a-motoneuron becomes activated.
— recruitment
» The firing frequency of the smallest neuron

becomes higher. _, rate coding

» The largest motoneuron is not firing yet.
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Time course of membrane potential for I... = 50 nA

——

Neuron 1 Neuron 2

Neuron 3
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Potential [mV]
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0 100 200 300 400 500 O 100 200 300 400 500 O
Time [ms] Time [ms]
» The largest neuron is firing.

» Smaller motoneurons are firing with much higher
frequency.
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Generated force
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Force model

|inj:10.0
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» The injected current is increased

Time [ms]
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Pt 11
fi,j(t)= g, _.r_-el YT,
1

0= 1
T,/1SI,

:>  Generated muscle force becomes strong,
» Time to the maximum force generation is reduced.

Rate coding and recruitment are reproduced!

(T,/151, <0.4)
,L_ezm/usu,—f]

(04<T,/181))
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Renshaw cell modeling
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——e@ Inhibitory signal a’ :

_ y g X: I, Interneuron S: Static y»-motoneuron
— Excitatory signal R: Renshaw cell D: Dynamic »motoneuron
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Time course of firing for I, = 10 nA
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Generated force

50
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MN & RC
10L with stimulation to only MN
MN & RC
with simulation to MN and RC
0
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0 20 40 60 80 100
Injected current [nA]

» Recurrent inhibition from Renshaw cell depresses exerted force.
» Inhibition has a large effect on recruitment of a-motoneuron.
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Fukai & Diesmann (2011)

20

Feedback

3D musculoskeletal model

cCurrent status



Fukai & Diesmann (2011)
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Feedback
to brain

3D musculoskeletal model

Future plan
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