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The neuro-musculo-skeletal model Arm26 consists of a musculoskeletal model of the arm with 2 degrees
of freedom actuated by six muscles and a controller. The model is implemented in C/C++ code within our
in-house multi-body simulation code demoa. For a better overview, the implementation of the model is divided
into three parts: the mechanical part (representing the bone structure and the muscle routing), the actuation

of this mechanical part (muscle-tendon structures) and the controller (nervous system) which provides the
input to the actuation part.

1 Musculoskeletal model of the arm: Mechanics and Actuation
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Figure 1: (a) Visualization of the musculoskeletal model of the arm and the definition of the shoulder angle
1 and the elbow angle ¢ and (b) Structure of the arm model: the motor command u is fed into
the model of the activation dynamics of muscles which relates the neuronal stimulation to muscular
activity a that drives the muscle model. The muscles produce forces F' that act on the skeletal
system resulting in a simulated movement ¢(¢) of the arm.

The musculoskeletal model Arm26 of the human arm uses the same geometry and muscle parameters as the
simulation model described in ( ) which is based on ( ). It consists of two rigid
bodies (lower and upper arm) that are connected via two one-degree-of-freedom revolute joints that represent
the shoulder and elbow joint. This multibody system is actuated by six muscle-tendon units (MTUs), four
monoarticular and two biarticular muscles (see Figure 1a). The muscles are modeled as lumped muscles, i.e.
they represent a multitude of anatomical muscles:



1. Monoarticular Elbow Flexor: m. brachioradialis, m. brachialis, m. pronator teres, m. extensor carpi
radialis

2. Monoarticular Elbow Extensor: m. triceps lateralis, m.triceps medialis, m. an-coneus, m. extensor carpi
ulnaris

3. Biarticular Elbow Flexor Shoulder Anteversion: m. biceps brachii caput longum and caput breve
4. Biarticular Elbow Extensor Shoulder Retroversion: m. triceps brachii caput longum

5. Monoarticular Shoulder Anteversion: m. deltoideus (pars clavicularis, anterior, lateral), m. superior
pectoralis magjor, m. coracobrachialis

6. Monoarticular Shoulder Retroversion: m. deltoideus (pars spinalis, posterior), m. latissimus dorsi

The MTU structure is modeled using an extended Hill-type muscle model as described in
( ) with muscle activation dynamics as introduced by ( ). The muscle model is a macroscopic
model consisting of four elements: the contractile element (CE), the parallel elastic element (PEE) and the
serial elastic element (SEE) and serial damping element (SDE), as illustrated in Figure 1b. The inputs to the
muscle model are the length of the muscle-tendon unit (MTU) IMTU " the contraction velocity of the MTU
IMTU and the muscular activity a. The output of the muscle model is a one-dimensional muscle force FMTU.
This force drives the movement of the skeletal system. For the routing of the muscle path around the joints,
deflection ellipses are implemented as described by ( ) (see Figure 2). The muscle path can
move within these ellipses and is deflected as soon as it touches the boundary.

All in all; the governing model dependencies for all muscles i =1, ...,n are:

lzCE = fCE(l?EJ?/ITUﬂZ.?/ITU?ai) (1)
a; = fa(aivuivliCE) (2)
FMTY = fe(TY MY IEE, ag) 3)
q = fi(q,qF"Y), (4)
where q denotes a generalized state vector, in this case it can be defined as q = [p,9] and FMTU =
{FTOY
The mechanical parameters of the arm segments are taken from ( ) and can be found
in Table 1. The positions and sizes of the deflection ellipses were chosen in order to match moment arms in
literature. For more details on this see ( ). The (non-)muscle-specific parameters can be found in
Table 2 and Table 3.
Length [m| d [m] Mass |kg] I [kgms?|
Upper arm 0.335 0.146 2.10 0.024
Lower arm 0.263 0.179 1.65 0.025
Table 1: Mechanical parameters of the skeletal structure ( ( )) with d=distance from

proximal joint to center of mass and /=moment of inertia with respect to the center of mass.



Figure 2: Illustration of the deflection ellipses that are used for the muscle routing in two different arm positions.
Green arrows indicate active ellipses that deflect the muscle path, while red arrows indicate inactive
ellipses that do not change the muscle path.

Fmax [N] lCE,opt [m] ZSEE,O [m]

Monoarticular Elbow Flexor 1420 0.101 0.188
Monoarticular Elbow Extensor 1550 0.093 0.187
Monoarticular Shoulder Anteversion 838 0.134 0.039
Monoarticular Shoulder Retroversion 1207 0.140 0.066
Biarticular Elbow Flexor Shoulder Anteversion 414 0.159 0.236
Biarticular Elbow Extensor Shoulder Retroversion 603 0.141 0.240

Table 2: Muscle-specific actuation parameters (Iistemaker et al. (2006) and Kistemaker et al. (2013)), the
lengths of lcg opt and lgge,0 were adapted to match the muscle path routed through the ellipses in
order to allow for a big range of motion. For this parameter adaptation method see Suissa (2017).



Parameter  Unit Value Source Description

CE AWes [ 0.525 similar to width of normalized bell curve
( ); in descending branch, adapted
( ) to match observed force-length
curves
AW ase [ 0.525 similar to width of normalized bell curve
( ); in asscending branch, adapted
( ) to match observed force-length
curve
VCE,des [ 1.5 ( ) exponent for descending branch
VCE,asc [ 3.0 ( ) exponent for asscending branch
Avel,0 [ 0.2 ( ) parameter for contraction dy-
namics: maximum value of A.q
Brelo [1/s] 2.0 ( ) parameter for contraction dy-
namics: maximum value of By
Sece [ 2.0 ( ) relation between F(v) slopes at
VUCE = 0
Fece [ 1.5 ( ) factor by which the force can ex-
ceed Fisom for large eccentric ve-
locities

PEE LpPEE0 [ 0.95 ( ) rest length of PEE normalized to
optimal length of CE

VPEE [ 2.5 ( ) exponent of Fprg

JPEE [ 2.0 ( ) force of PEE if Icg is stretched
to AWaes

SDE Dgpr [ 0.3 ( ) dimensionless factor to scale
dSDE,max

Rspr [ 0.01 ( ) minimum value of dspg (at
Fyry = 0), normalized to

dSDE,max

SEE AUSEE 1l [ 0.0425 ( ) relative stretch at non-linear lin-
ear transition

AUsgg, [ 0.017 ( ) relativ additional stretch in the
linear part providing a force in-
crease of AFsgg o

AFseR.o [N] Frax 0.4 both force at the transition and
force increase in the linear part

Hatze m [1/] 11.3 ( ) time constant for the activation
dynamics
1.37e-4 ( ) constant for the activation dy-
namics
5.27e4 ( ) constant for the activation dy-
namics
k [ 2.9 ( ) constant for the activation dy-
namics
o [ 0.005 ( ) resting active state for all acti-
vated muscle fibers
v [ 3 ( ) constant for the activation dy-
namics

o
=
o
—
~
—

3
—
~
8
o
=

Table 3: Muscle non-specific actuation parameters for the muscles and the activation dynamics.
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