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Abstract—An integrated, sensorimotor virtual arm (VA)
model has been developed and validated for simulation
studies of control of human arm movements. Realistic
anatomical features of shoulder, elbow and forearm joints
were captured with a graphic modeling environment, SIMM.
The model included 15 musculotendon elements acting at the
shoulder, elbow and forearm. Muscle actions on joints were
evaluated by SIMM generated moment arms that were
matched to experimentally measured profiles. The Virtual
Muscle™ (VM) model contained appropriate admixture of
slow and fast twitch fibers with realistic physiological
properties for force production. A realistic spindle model
was embedded in each VM with inputs of fascicle length,
gamma static (}si) and dynamic (yqyn) controls and outputs
of primary (I,) and secondary (II) afferents. A piecewise
linear model of Golgi Tendon Organ (GTO) represented the
ensemble sampling (I,) of the total muscle force at the
tendon. All model components were integrated into a
Simulink block using a special software tool. The complete
VA model was validated with open-loop simulation at
discrete hand positions within the full range of o and y
drives to extrafusal and intrafusal muscle fibers. The model
behaviors were consistent with a wide variety of physiological
phenomena. Spindle afferents were effectively modulated by
fusimotor drives and hand positions of the arm. These
simulations validated the VA model as a computational tool
for studying arm movement control. The VA model is
available to researchers at website http://pt.usc.edu/cel.

Keywords—Computational models, Joints, Muscles, Spin-
dles, GTO, Sensorimotor control, Simulation, Matlab and
Simulink.

INTRODUCTION

Sensorimotor dynamics and musculoskeletal
biomechanics present inevitable constraints on motor
control strategies that are evolved in the brain. The
effects of these peripheral constraints on central
control could not be evaluated with models in many
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previous studies, which have generally been limited to
the particular subsets of the neuro-musculoskeletal
system. These previous models were developed such
that they were most relevant to the experimental phe-
nomena under study with simplifying assumptions in
order to fit the experimental results. Recently, it was
recognized that systems models that were based on the
neurophysiology and biomechanics of the sensorimo-
tor system could expand the utility of modeling
approach in parallel with experimental investigation.>*°
Hierarchical models of the neuron-musculoskeletal
system were employed to investigate control strategies
of arm postures and reaching movements,”’*%3¢ as
well as neural control of locomotion.’’ A simulation
study with a systems «-y model suggested a plausible
role for proprioceptive reflexes in controlling joint
equilibrium position by way of y static fusimotor
command.” Such a systems model may also help
explain the behaviors observed in deafferented
patients,'”?! and provide insights into the roles of
proprioceptive afferents in neural control of movement
that was revealed with muscle percussion.”'? Realistic
models of neuro-sensorimotor system could also pro-
vide a computational tool for neuroscientists to
understand plausible neural strategies that are usually
inferred indirectly from behavioral, psychophysical
and electrophysiological data.

There have been many recent advances in the
sophistication and completeness of individual model
components,' 3373852 and in the tools necessary to
embody specific model structures in the computational
environment in which the models run.*'>>* All of these
now make it feasible to develop a realistic multi-joint,
multi-muscle virtual arm (VA) model for computa-
tional studies of human motor control and learning.
The VA model described here has shoulder, elbow and
forearm degrees of freedom (DOF) with 15 muscles.
The spindle and GTO models are embedded in each
muscle to provide afferent information about the state
of muscle contraction. The VA model is able to
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FIGURE 1. Diagram for the sensorimotor systems model
integration. The Virtual Muscle receives a-command (u) and
produces force outputs to drive SIMM musculoskeletal model
for joint kinematics. The joint dynamics in turn passes the
changes in musculotendon length (L) back to the Virtual
Muscle models. GTO model receives muscle force output
from Virtual Muscle blocks and produce |, afferent firings.
Muscle Spindle model is driven by dynamics, static y-com-
mands (ystar, Yayn) and muscle fascicle lengths (L) from Vir-
tual Muscle blocks, and outputs primary (I,) and secondary (Il)
firings.

calculate muscle stiffness analytically from the virtual
muscle model. The VA model integrates individual
component models of skeleton, virtual muscle, spindle,
and GTO into a systems model (Fig. 1). Each of the
component models is validated in isolated physiologi-
cal conditions, and the parameters of the component
models are determined in their prior validation in the
development. Only those that are related to operation
in the integrated system need to be adjusted, e.g.,
muscle length—tension property. The validation of the
integrated model is, thus, focused on whether the gross
behavior of system inputs and outputs is consistent to
sensorimotor physiology, when operating condition
and muscle activation, rather than model parameters,
are changed. The VA model is validated in this study
with open-loop dynamic simulations at different hand
positions in space and with the full range of o and y
inputs to the muscles and spindles. This model could
be further integrated with neural control elements of
the central nervous system (CNS) for simulation
studies in motor control and learning. It could also be
modified to simulate abnormal behaviors of the human
motor system under various pathological conditions,
e.g., deafferentation, stroke and spinal cord injury.
Preliminary results have been reported elsewhere.*>*°

MATERIALS AND METHODS

The VA model was constructed from a set of
component models, i.e., a musculoskeletal model, the
virtual muscle (VM), the spindle model, and a GTO
model. A systems model of the complete VA is shown
in Fig. 1, in which these model components are inte-
grated to give rise to the outputs of joint kinematics

and proprioceptive afferents under descending muscle
(o) and spindle (y) inputs. In the following sections, the
component models and their integration are described.

Musculoskeletal Model
Skeletal Structure

The musculoskeletal arm model was developed in a
graphical modeling environment, SIMM (version 3.2),
which is a widely used modeling software.'® Part of the
musculoskeletal structure of shoulder complex was
based on the model developed by Holzbaur et al.** The
rest of the bony structure of the VA was based on an
elbow model in SIMM.?*-*! Figure 2a shows the planar
view of the right arm in SIMM. The skeletal system
consists of the thorax complex, including the thorax, the
sternum, the clavicle and the scapula. The arm contains
the humerus, the radius, the ulna and the wrist/hand
bones. Figure 2b shows the 15 muscles across the
shoulder, elbow and forearm joints: deltoid anterior
(DA), deltoid posterior (DP), the clavicular portion of
pectoralis major (PC), supraspinatus (SS), infraspinatus
(IS), biceps long head (Blh), biceps short head (Bsh),
triceps long head (Tlh), triceps lateral head (TIt), triceps
medial head (Tmd), brachialis (BS), brachioradialis
(BR), pronator teres (PT), pronator quadratus (PQ),
and supinator (SP). The thorax complex stands as a
ground for the arm and as a reference of the clavicle and
scapular bones, which provide the attaching sites for
shoulder muscles. The model does not yet include mus-
cles operating the wrist and finger joints, so these joints
are fixed in the posture illustrated and the segments
contribute only to the mass and inertial properties of the
forearm, a common constraint of many experimental
paradigms for studying reaching movements.'*"-*

Joint Kinematics

The coordinate systems for each segment as shown
in Fig. 2a are defined according to the convention
recommended by the International Society of Biome-
chanics.®® The local coordinate system of the thorax
coincides with the world coordinate system. The
positions of clavicle and scapula relative to thorax are
fixed at 30° based on the shoulder rhythms when
humerus is elevated (abducted) at 90° in the frontal
plane.®* The articulation between the scapula and
humerus (glenohumerus or GH joint) is modeled as a
ball-and-socket joint, with the center of the rotation
located at the origin of the humerus local coordinate
system. In the present model, the motion of the GH
joint is constrained to the horizontal flexion/extension,
because of available measurements of shoulder
muscle moment arm are obtained in this plane, and
the majority of studies in movement control are
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FIGURE 2. The VA musculo-skeletal model in SIMM. (a) The planar view of right arm skeletal model demonstrating the segments
(ribs, sternum, clavicle, scapular, humerus, radius, ulna, and bones of the wrist and hand), the joint coordinate systems, the
degrees of freedom (DOF), shoulder flexion/extension (F/E), elbow F/E and forearm pronation/supination (P/S). (b) The origin,
insertion points and paths of the 15 major muscle elements across the three joints (shoulder, elbow, and forearm) of skeletal
model. The 15 muscle elements include: deltoid anterior (DA), deltoid posterior (DP), clavicle portion of pectoralis major (PC),
supraspinatus (SS), infraspinatus (IS), biceps long (Blh), biceps short (Bsh), triceps long (Tlh), triceps lateral (TIt), triceps medial
(Tmd), brachialis (BS), brachioradialis (BR), pronator teres (PT), pronator quadratus (PQ), and supinator (SP). The thorax functions
as a ground and was included as the reference of the clavicle and scapular, which provided the attachment sites for shoulder
muscles. The 2 DOF and 6 muscles used in later simulation are bold labeled in (a) and (b).

constrained to planar motion at shoulder level. How-
ever, this constraint can be easily removed for more
general purpose of motion simulation. The elbow (or
humeroulnar) joint is modeled as a hinge joint with the
rotation axis passing between the center of the troch-
lear sulcus of the ulna and the center of the capitulum
of the humerus with a carrying angle at about 5°. The
forearm rotates about an axis that passes through the
center of the proximal radius and the center of the
styloid process of the distal ulna. The range of elbow
flexion is from 0° (fully extended) to 130° (fully flexed),
and forearm rotation from —10° (fully supinated) to
180° (fully pronated). The neutral position of the
forearm (0° of pronation) is defined to keep the hand in

the elevation plane as the arm stays in the horizontal
plane at shoulder level.

Muscle Origin/Insertion Points and Musculotendon
Paths

Muscle insertion and origin points (I/O points) were
defined with a single point contact to bone surface.
Muscle 1/O points were initially chosen according to
their anatomical landmarks; via-points in the muscu-
lotendon path and wrapping surfaces attached to the
underlying bone segments were defined to represent the
anatomical constraints at joints and in musculotendon
paths over the full range of joint motion. I/O, via points
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and wrapping surfaces were adjusted as necessary to
match experimentally measured values of moment arms
from the literature.”** Measurements of shoulder
moment arms in cadaver specimens are available only
for horizontal flexion.?® Because experimental moment
arms in elbow and forearm muscles were obtained with
the shoulder joint at its neutral position (i.e., 0° of
elevation), SIMM generated moment arms of these
muscles were fitted to experimental data in the similar
neutral position of shoulder joint, where the humerus is
in parallel with the Y axis of the thorax. Muscle 1/O
points in local coordinates are listed in Table 1.

Segmental and Inertial Parameters

Inertial parameters used in the VA model are listed
in Table 2. The size of bones was measured from
SIMM, and was close to the cadaver measurements

in.*® Thus, the segment masses and inertias measured
by*® was used in this model. The center of mass of each
segment was estimated as a percentage of the seg-
mental length from the proximal end of the bones.**
Since forearm mass and inertia were measured as
properties of lumped radius and ulna in,*® their values
were evenly distributed to radius and ulna segments in
the model.*

Virtual Muscle Model Parameters
Virtual Muscle Parameters

The virtual muscle (VM) model implemented in this
system is a modified version of the original VM model
of Cheng et al.'® For details of modification, audience
is referred to an online appendix provided at website
http://pt.usc.edu/cel.

TABLE 1. Muscle origin (O) and insertion (I) points.

Bones
Muscle Abbreviation (O—origin; I—insertion) X (cm) y (cm) z (cm)
Shoulder
Deltoid
Anterior DA Clavicle (O) -0.95 0.82 6.75
Humerus (1) 0.60 -11.38 0.68
Posterior DP Scapula (O) -5.57 0.12 -2.51
Humerus (1) 0.21 -7.60 1.05
Supraspinatus SS Scapula (O) -5.59 —-0.03 -8.10
Humerus (1) -1.54 -0.11 1.56
Infraspinatus IS Scapula (O) -7.79 -3.59 —6.62
Humerus (1) -1.13 -1.33 1.31
Pectoralis major
Clavicular PC Clavicle (O) 0.80 -0.22 3.29
Humerus (1) 1.22 -5.83 0.48
Elbow
Biceps
Long Blh Scapula (O) -3.12 -2.35 -1.31
Radius (1) 0.96 -3.68 0.38
Short Bsh Scapula (O) 1.10 -3.92 -2.79
Radius (I) 1.00 -3.68 0.37
Triceps
Lateral Tit Humerus (O) -0.44 -5.95 0.70
Ulna (1) -1.89 1.27 0.02
Long Tlh Scapula (O) —4.86 —4.68 -1.71
Ulna (1) -1.89 1.27 0.02
Medial Tmd Humerus (O) -0.84 -13.70 -0.91
Ulna (1) -1.89 1.27 0.02
Brachialis BS Humerus (O) 0.40 -16.96 0.04
Ulna (1) -0.85 -3.03 0.46
Brachioradialis BR Humerus (O) -0.41 -20.88 0.07
Radius (I) 0.49 —20.86 2.63
Major forearm
Pronator teres PT Humerus (O) 0.99 -28.17 -2.81
Radius (1) -0.54 —11.44 2.92
Pronator quadratus PQ Ulna (O) -2.27 -21.17 1.61
Radius (I) 0.14 —20.23 3.41
Supinator SP Ulna (O) -2.96 -1.38 -0.37
Radius (1) -0.74 -4.38 0.99
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TABLE 2. Segment mass and inertial parameters.

Segment inertias

(kg-cm?)

Bone Bone Segment Segment mass

segments length (cm) mass (kg) center (cm) It Il

Humerus 30.000 1.790 13.080 132.080 16.690
Ulna 25.200 0.545 10.360 28.170 3.480
Radius 23.300 0.545 9.720 28.170 3.480
Hand 18.500 0.460 4.300 28.290 4.070

The VM requires a large set of morphometric and
Lseo = 1.05 % Ly (2)

architectual parameters including muscle mass (M),
optimal fascicle length (L), maximum musculoten-
don length (L5™), optimal tendon length (L), and
the fraction of fiber type distribution (Tables 3 and 4).
The muscle mass determines the maximum tetanic
isometric force (Fy) of the muscle:

_ M.e
cheO

0 (1)
with zero pennation angle, constant muscle density
(p = 1.06 g/em®) and specific tension (¢ = 31.8 N/
cm?). The virtual muscle model uses Ly (the tendon
length at maximal tetanic isometric force) instead of
tendon slack length, or Lys,>? since L is less well
defined than L, and tends to be about 5% shorter
than Ly, which was estimated as'®:

The steps used to determine muscle architectural
parameters in VM model were given as follows:

1. L3 for each muscle element was estimated from
musculoskeletal model in SIMM. The measurements
made within planar range of joint motion may under
estimate the true values of Ln&*. However, this
parameter can be tuned to maximize the force pro-
duction capacity of muscles in different applications.

2. Initially, Leo and L were obtained from litera-
ture’® for each muscle, and then L., was calculated
by Eq. (2). Once L™, Leeo, and Ly were given, the
operating range of the normalized muscle fascicle

length (Lee = Lee/Leeo) Operating range were then

TABLE 3. Muscle architectural parameters.

Maximum
musculo-tendon Muscle Peak Optimal fascicle Optimal tendon
length mass force length length
Muscle Abbreviation me (cm) M (9) Fo (N) Leeo (€M) Leeo (cm)
Shoulder
Deltoid
Anterior DA 21.07 420.93 1147.99 11.00 10.50
Posterior DP 18.37 122.36 265.99 13.80 4.20
Supraspinatus SS 14.68 120.87 490.00 7.40 7.50
Infraspinatus IS 16.06 413.37 1203.99 10.30 5.60
Pectoralis major
Clavicular PC 18.06 206.27 363.99 17.00 0.40
Elbow
Biceps
Long Blh 40.54 335.99 629.99 16.00 24.50
Short Bsh 38.13 311.03 434.00 21.50 15.50
Triceps
Lateral Tt 26.54 285.60 611.17 13.60 13.00
Long Tlh 38.85 452.20 763.49 17.00 22.00
Medial Tmd 18.69 193.20 629.99 9.20 9.56
Brachialis BS 16.66 341.27 994.27 10.30 6.60
Brachioradialis BR 30.57 177.33 265.93 20.00 11.00
Major forearm
Pronator teres PT 15.92 91.47 560.00 4.90 11.51
Pronator quadratus PQ 5.22 10.20 76.50 4.00 1.20
Supinator SP 6.97 66.01 476.00 4.16 2.94
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TABLE 4. Muscle fiber type fractional distribution and number of motor units.

Fractional PCSA (%)

Johnson et al. (1972)

Number of motor units

Muscle SS S F SS S F
Shoulder
Deltoid
Anterior 0.0 0.6 0.4 0.0 3.0 3.0
Posterior 0.0 0.6 0.4 0.0 3.0 3.0
Supraspinatus 0.0 0.6 0.4 0.0 3.0 3.0
Infraspinatus 0.0 0.6 0.4 0.0 3.0 3.0
Pectoralis major
Clavicular 0.0 0.4 0.6 0.0 2.0 4.0
Elbow
Biceps
Long 0.0 0.3 0.7 0.0 2.0 4.0
Short 0.0 0.5 0.5 0.0 2.0 3.0
Triceps
Lateral 0.0 0.5 0.5 0.0 2.0 3.0
Long 0.0 0.3 0.7 0.0 2.0 3.0
Medial 0.0 0.5 0.5 0.0 2.0 3.0
Brachialis 0.0 0.5 0.5 0.0 2.0 3.0
Brachioradialis 0.0 0.4 0.6 0.0 2.0 3.0
Major forearm
Pronator teres 0.0 0.5 0.5 0.0 2.0 3.0
Pronator quadratus 0.0 0.5 0.5 0.0 2.0 3.0
Supinator 0.0 0.5 0.5 0.0 2.0 3.0

determined by the internal algorithm in VM.
Based on desired L. operating range, the initially
chosen L.y and L. could be inversely determined
through trial-and-error methodology and adjusted
at the same time to lie in the tolerable range of
empirical measured values. In our VA model
development, since muscles operate mostly in the
ascending part of the length—tension curve in the
vicinity of L., the initially chosen L. and L
were adjusted so that L. is constrained by
0.45 < Le < 1 in the full range of joint motion.

3. F, for each of the 15 muscles were based on litera-
ture.”* Then M,, was calculated using Eq. (1).

4. The percentage of fiber distribution for slow- and
fast-twitch types was obtained from literature® for
the shoulder and elbow muscles. For forearm mus-
cles, no data on fiber type distribution are available in
literature. Thus, an even distribution of fiber type was
assumed between slow- and fast-twitch fiber types.
The total number of motor units included in each
muscle ranged from 5 to 7, in order to achieve rela-
tively smooth force recruitment without a heavy
computational burden for simulation.

Implementation of Proprioceptor Models

We implemented the muscle spindle model devel-
oped previously’” in a Simulink S-function block
shown in Fig. 3a. The spindle model is composed of

three intrafusal fiber types, i.e., bagl, bag2, and chain
fibers. Each spindle model has three inputs: fascicle
length (L), static (Psiar), and dynamic (4yn) fusimotor
drives, and two outputs representing activity in type I,
and type II sensory neurons.

In the original spindle model,*’ the two fusimotor
Inputs, s and yqyn, are represented by the firing fre-
quency (Hz) of activation, which are converted to an
activation level between 0 and 1 for each intrafusal
fibers within the spindle model. In the current imple-
mentation, the conversion from frequency to activa-
tion is replaced by directly using activation levels from
0 to 1 for ysar and y4y, inputs to the spindle model
(Fig. 3b). Because y4yn modulates the sensitivity of the
bagl fiber only, the activation level of bagl fiber is
directly equal to y4yn. However, bag2 and chain fibers
receive the same yq4y, input, but saturate at different
firing frequencies (fpag> = 100 Hz; fohain = 200 Hz),
the scaling relation between 7y, drive and activation
level saturates first at yg, = 0.5 for the bag2 fiber,
then at y4,¢ = 1.0 for the chain fiber (Fig. 3b).

The spindle model adopted in this VA system was
validated by a large set of experimental data in Mileusnic
et al’” Our implementation using a Simulink S-function
block makes the model numerically more efficient in
computation and can be inserted into multi-muscle
systems modeled in the Matlab/Simulink environment.
The values of model parameters for the spindle were
taken from those fitted by experimental data used in
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FIGURE 3. S-function implementation of the spindle model. (a) Matlab/Simulink S-function implementation of each intrafusal
fibers in the spindle model. The spindle model which consists of three intrafusal fiber models (bag1, bag2, chain); two afferent
firing summation nodes (I,/l afferent firing models); and the partial occlusion effect in primary afferent firing. Each intrafusal fiber
model responds to two inputs: fascicle length and the relevant fusimotor drive. The spindle model generates two outputs: I, and Il
afferent activity. (b) Frequency-to-activation conversion and saturation effect for bag2 and chain fibers. The S-function spindle model
skips the frequency-to-activation conversion in the original model by directly scaling the gamma static commands (ysi.) for bag2 and
chainfibers accordingto their different saturation frequencies. Receiving the same y,: drive (0-1), bag2 saturate at 0.5 corresponding
to its saturation frequency of 100 Hz, whereas chain fiber saturate at 1, corresponding to its saturation frequency of 200 Hz.

Mileusnic ez al.*” Simulation of the S-function spindle
block with the set of inputs identical to those in
Mileusnic ez al.*” verified the correct implementation of
the spindle model. The outputs of the S-function spindle
model gave the same patterns of primary and secondary
firings as produced in.*’

We used a piece-wise linear static relation (Fig. 4)
between the total muscle force and Iy, afferent firing to
account for the ensemble response of the GTO in the
muscle. The higher slope at the lower levels of muscle

v -a»
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FIGURE 4. Simulink implementation of a GTO model repre-
senting piece-wise linear static relation between the total
muscle force and |, afferent firing to account for the ensemble
response of the GTO in the muscle. The higher slope at the
lower levels of muscle forces is due to the recruitment of
tendon organs, which makes the predominant contribution to
the total response at low forces.

forces is due to the disproportionate influence of the
early-recruited slow-twitch muscle fibers to GTO
output.”’38

Model Integration in Matlab/Simulink

Integration of individual model components, such
as the VM, the spindle model, the GTO model and the
skeletal SIMM model, was accomplished using a
software tool—musculoskeletal modeling in simulink
(MMS)."* MMS is a C program that automatically
converts a SIMM model of a sensorimotor system into
a Simulink block that embodies its mechanical
dynamics. The dynamics pipeline module of SIMM
calls for SD/FAST to generate the set of equations of
motion for the skeletal model, which is in turn con-
verted into a kinetics block in Simulink by the MMS.
The virtual muscle blocks are then interfaced with the
kinetics block to effect joint movements. The MMS
connects the spindle and GTO models with muscle
fascicle lengths and forces. The « and y commands are
scaled neural inputs (0—1) to muscles and spindles
respectively. The outputs are joint Kkinematics
(¢, ¢, ), muscle activations (u), muscle forces (Fy,),
musculo-tendon lengths (L.,), and the ensemble
activity levels of spindle primary (I,) and secondary
(II) GTO (I,) proprioceptors.

Dynamic Simulation Using the VA model

The integrated sensorimotor VA was validated in
the full range of muscle () and spindle (y) commands
with open-loop simulations. In the validation study,
the forearm DOF was constrained at zero degree,
leaving only two DOFs for the shoulder horizontal
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F/E and elbow F/E. Muscles selected here included DP
and Pectorailis Major (Clavicle portion, PC) for mono-
articular shoulder joint muscles; Brachialis (BS) and
Triceps laterial (TIt) for mono-articular elbow joint
muscles; and Biceps short (Bsh) and Triceps long (Tlh)
as bi-articular muscles. The choice of this “‘subset”
muscles was based on that: (1) a large number of
experiments were performed with the similar joint
configuration®*'*!; and (2) two pairs of mono-articu-
lar muscles and one pair of bi-articular muscles were
commonly adopted in previous simulation approaches
investigating  multi-joint arm  reaching move-
ments, 16:23:27:42

In the first set of simulations, three patterns of open-
loop o« commands were selected to achieve three equi-
librium hand positions in the workspace (A, B and C in
Fig. 8a). At each hand position, additional five pat-
terns of increasing muscle activation were then tuned
to maintain the same equilibrium hand position with
higher stiffness. In these simulations, constant spindle
fusimotor inputs (ysaar = Yayn = 0.3) were used to
drive the spindle.

One of the purposes of developing such a compre-
hensive model for sensorimotor system is to investigate
the roles of muscle proprioceptive feedback in multi-
joint arm posture and movement control. The second
set of simulations was designed to demonstrate the
modulating effects of fusimotor drive to spindle pri-
mary (I,) and secondary (II) afferents. Therefore,
simulations were carried out with six incremental levels
of y commands (Ysiac = Vdyn) to muscle spindles at each
of the three hand positions, respectively. At a fixed
hand position, any change in spindle I, and II firings
would be due to the modulating effects of increased
fusimotor commands. These simple open-loop simu-
lations were designed to distinguish the effects of dif-
ferent factors on the sensorimotor responses, thus
validating the VA model without undue complexity in
the interpretation of simulation results.

RESULTS

Parameterizing the VA Model

The VA model is the integration of the four sub-
components of sensorimotor system: the musculoskel-
etal model, the VM, and the muscle spindle and the
GTO models. Accurate parameterization will ensure
proper operation of the VA model in simulation. The
choice of parameters is not tailored to subject specific
information, but rather is based on measurement
values available in literature. However, this will pro-
vide a template of parameters for further specification.

The torque generating capacity of muscles within
the range of joint motion is the most important feature

of the musculotendon unit, which is given by their
moment arm profiles in Fig. 5. For shoulder muscles,
i.e., PC, DA, DP, SS and IS in Fig. 5a, the solid lines
show the SIMM generated moment arm profiles that
demonstrate a good fit to experimental profile®® in a
large range of motion. Discrepancy in the extreme
regions of joint motion may be attributed both to
measurement errors and limitation of SIMM to cap-
ture complex musculotendon geometry. However, the
peak moment arms of these shoulder muscles are
matched well to the measured values, suggesting that
the model is able to replicate muscle capacity of
moment generation in the large range of shoulder
movement. There is a paucity of information on
moment arm data available for both heads of biceps
and long head of triceps at the shoulder joint.* Their
moment arm profiles are adjusted to match one mea-
sured value in Fig. 5a. The single point experimental
value of moment arm indicated by a star falls closely to
the moment arm profile from SIMM (solid red line) of
the biceps (short head) at the shoulder joint. For elbow
muscles in Fig. 5b, SIMM generated moment arm
profiles (solid lines) fit very well with those of experi-
mental measurements (dotted lines).*> Similarly good
fit is obtained for all forearm muscles (Fig. 5¢) based
on the data in Haugstvedt er al.?* It is noted that the
biceps have a significant supination action at the
forearm. Therefore, activation of the biceps will pro-
duce significant actions on the forearm, elbow and
shoulder joints. Such coupled actions cross multiple
joints will have an important implication on the
functional use of the biceps in motor tasks.

A large set of parameters for each component model
was adopted from literature.'3>+2%>374448 Taples 24
list the parameter values of limb segment, muscle
architecture and fiber fractional distribution used in the
VA model. Among the parameters, muscle architectural
parameters must be tuned, so that the muscles operate in
the region, in which their normalized fascicle lengths
(Lee) are constrained to 0.45 < L. < 1. Figure 6 con-
firms that the procedure we used to fine-tune muscle
parameters (see Methods, Section *“Virtual Muscle
Model Parameters”) does yield normalized fascicle
length that falls within this pre-specified range. Thus, it
ensures that the muscles are operating in the ascending
part of their length—tension relationship with positive
intrinsic stiffness. Muscle architectural parameters that
are finally tuned in this model are comparable to those
reported in literature, and are within their physiological
ranges (see Tables 5-7 in the Appendix A).

Dynamic Validation of the VA Model

The dynamic behavior of the VA model was eval-
uated with simple patterns of open-loop activation.
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Figure 7 illustrates an example of dynamic responses
with  open-loop constant « and ¢y inputs
(Vstat = Yayn = 0.3). It is shown that both the shoulder
and elbow joints are stabilized quickly after an initial
oscillation, because of the inherent stability of the
neuromuscular system. The hand converges to a posi-
tion in workspace (i.e., position C in Fig. 8a). The
responses of internal variables of the system, such as
muscle force (Fy,), musculotendon length (L,,), fascicle
length (L), and sensory responses of I,, I, and II
afferents, reveal that their dynamic and steady state
values are all within physiological ranges. This indi-
cates that the model dynamics are propagating in time
throughout the system from muscle (z) and spindle (y)
inputs to the output of arm configuration within the
biomechanical and physiological constraints.

Sensory responses of spindle and GTO at steady
state are verified under different sets of open-loop
simulations, in which the hand of the arm is positioned
to three positions (A, B, and C in Fig. 8a) in space. In
these simulations, when fusimotor drives are kept
constant (Psat = Yayn = 0.3), the I, and II firing fre-
quencies display an insignificant change (SD/
mean <10%) for all increasing « commands in each
hand position (data not shown here). This is due to
trivial changes in muscle fascicle lengths with increasing
muscle activations when the hand position is fixed. It
also implies that the serial elastic component of tendon
has an insignificant effect on spindle afferent encoding
of joint angle. However, I, and II firings exhibit a
strong dependency on hand positions in space and
muscle fascicle lengths. This is depicted in Fig. 8b, in
which I, and II firing rates (the left axis) and fascicle
lengths (L..) (the right axis) are plotted against the
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three hand positions for the six muscles. Such mono-
tonic correlation suggests a plausible mechanism for
the CNS to encode hand positions in the workspace by
spindle afferents.***” At the three hand positions,
however, when fusimotor drives are increased from 0 to
1, spindle I, and II afferents display a strong modula-
tion by the y drives (Fig. 9). The monotonic increase in
I, and II firings with increasing fusimotor drives at the
three hand positions illustrates an effective modulation
of spindle afferents by the y commands in the model.
Thus, y fusimotor drive has a significant effect on
spindle afferent encoding of joint angle, which should
be taken into consideration in the encoding and
decoding of joint angle from spindle afferents.

DISCUSSION

We are taking an integrative approach to modeling
a multi-muscle, multi-joint, sensorimotor system of the

human arm. Realistic component models of muscles
and proprioceptors that are developed and validated
previously have been integrated into a larger systems
model in the Matlab/Simulink environment. This
environment facilitates addition of models of neural
controllers that have been hypothesized to account for
experimentally observed movements and behaviors.
The modular approach eases further development,
improvement, maintenance and exchange of model
components, and updating of model parameters based
on new experimental data. The ability of a systems
level model to replicate physiological phenomena with
anatomically realistic components and parameters
effectively ““closes the loop” on a modeling process that
can appear to be arbitrary when viewed from the
limited perspective of individual components and
subsystems. Systems models are beginning to demon-
strate its usefulness in the analysis of neural control of
motor behaviors.® The realistic features of the VA
model developed and validated here further support its
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validity as a tool for computational studies of motor
control in parallel with experimental approaches.

The realistic feature of the VA is greatly enhanced by
the digitized bony structure of the upper arm,>* which
provides a realistic constraint to muscle attachments
and mechanical actions on joints. With such anatomical
constraint, we are able to match muscle moment arms at
joints of span to available experimental data closely
(Fig. 5). Wrapping surfaces and path constraints are
useful to define musculotendon paths, so that they do
not cut into the bone surface. The profiles of muscle
moment arm (MA) can be matched closely to those of
experimental measurements by adjusting muscle inser-
tion points and musculotendon paths. Results in Fig. 5
may be the best match we could achieve with a line
representation of the musculotendon path. More real-
istic representation of musculotendon path will await
3D modeling of muscle geometry.® The choice of mus-
cles included in this model is dictated by the availability
of experimental data in moment arm and architectural
parameters. The anatomical structure of the arm in this
model represents an average size of human upper
extremity, and a subject specific model may be devel-
oped by scaling the average model to match the size of a
specific subject.

Another major realistic feature is the incorporation
of the virtual muscle™ (VM) model '’ to the VA model.
The VM model is capable of modeling three types of
muscle fibers, i.e., slow twitch (or fatigue), fast twitch
(or fatigue) and slow-fatigue-fast twitch. The relative
portion of each fiber type in the whole muscle can be
specified. A linear combination of recruitment and
frequency modulation scheme that is built in the VM
model mimics the physiologic order of recruitment
according to the size principle of the spinal motoneu-
rons. Each fiber type has a similar structure of activa-
tion and contraction dynamics, but with a different set
of parameter values for different twitch speeds fitted
from a series of experiment measurements.*’ In addi-
tion, the phenomena of muscle yielding, sag, rise and
fall times in activation that have not been considered in
previous muscle models are included in the VM model.
These physiologic properties of muscle fibers make the
VM the most realistic muscle model currently available.
With its built-in recruitment scheme in the VM, a
lumped motoneuron pool at the spinal cord can be used
to represent the “final common path’ of motor outputs
from the CNS to muscle actuators.

The third important feature of the VA model is the
integration of proprioceptor models into the virtual
muscle. Particularly, the physiologically realistic spindle
model*” used here includes the delicate structures and
properties of a mammalian muscle spindle. Three types
of intrafusal fibers (bagl, bag2, and chain) are modeled

and parameters are fitted to a large set of experimental
data. The intrafusal fibers are innervated by y5¢.¢ and yayn
inputs, and their outputs are combined to give rise to the
primary (I,) and secondary (II) afferents. In the model, a
range of continuous modulation of fusimotor activity
(from O to 1) is used to control the static and dynamic
sensitivities of the spindle to length and velocity changes.
This would allow investigation of biologically plausible
roles of fusimotor control in motor task performance.
In human muscles, a large number of spindles may
be recruited in order to increase the range of length
sensitivity.!! However, this lumped spindle model*” has
been calibrated using ensemble firing patterns recorded
in animals to represent the collective response of a set of
spindles. The continuous static and dynamic fusimotor
drives to the lumped spindle model may be equivalent to
the outputs from y motoneurons in the spinal cord. In
this sense, fusimotor control of spindle model will
allow further investigation in proprioceptive control of
multi-joint posture and movement.

The VA model also produced consistent results in
spindle afferents with respect to y fusimotor control
(Fig. 9) and muscle fascicle length (or hand position)
change (Fig. 8). Sensory responses (Fig. 9) suggest that
Pstat and ygyn are generally effective in modulating I,
and II firing rates of the spindle model. Figure 9 shows
the monotonic relation between spindle I,, II firings
and muscle fascicle lengths (or hand positions) in the six
muscles at different hand positions. The fact that
spindle afferents vary proportionally with changes in
fascicle length lends a direct support to the hypothesis
that end-point positions of a multi-joint limb can be
decoded from proprioceptive information originating
from different muscles.***’ However, the secondary
afferent is more susceptible to unloading at short
muscle length than the primary afferent, as seen in
position A for BS and Bsh muscles and in position C for
DP and Tlh muscles (Fig. 8). Thus, primary afferent
would be more reliable to indicate muscle fiber length
than secondary afferent. The results also indicate that if
primary afferents of multiple muscles are used to
encode or decode joint (or hand) positions of the arm,
the effect of y efferent to spindle must be taken into
account. Furthermore, we noticed that at a fixed hand
position, muscle fibers are maintained at roughly con-
stant lengths even when o commands increased sub-
stantially for each muscle. This is also a result of stiff
series elastic component of the tendon. It indicates that
spindle afferents remain nearly unaffected by increasing
o commands. In other words, tendon elasticity may be a
negligible factor in encoding or decoding joint and
hand positions from spindle afferents.

In applications, the VA model may be further tuned
to suit simulation of specific tasks. The operating range
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of muscle length—tension property chosen in this study
may not reflect the best functional range for a specific
task, since we are mainly concerned here with vali-
dating the input-output behaviors of the VA model.
Restricting muscles to operate in the ascending limb of
their length—tension curve (i.e., 0.45 < L, < 1) may be
stringent for motor task control. We have relaxed this
condition in a postural control task.* It was demon-
strated that a larger range of postural angles can be
reached with same descending commands and spinal
reflex gains, if a wider range of length—tension curve in
the muscles is specified. Thus, in a task simulation,
tuning muscle length—tension curves to obtain an
optimum functional setting would further enhance the
utility of the VA model.

The VA model developed in this study is able to
replicate a wide range of sensorimotor responses with
simple patterns of open-loop, o and y motor commands.
The VA model represents a complete sensorimotor
system that translates neural commands to the actua-
tion forces (muscle model), the sensory afferents (spin-
dle and GTO models), the multi-joint dynamics
(skeletal model), and the ultimate motor behaviors at
the hand. This neuromotor process produces a full set of
physiologic variables that may correspond to those that
are measurable in experiments (e.g., joint kinematics,
joint torque/stiffness and hand force/stiffness, etc.), and
also those that are not accessible to invasive instruments
(fascicle lengths, muscle force, fusimotor drives, etc.). In
future studies, we will use this VA model to address

motor control issues that have not been completely
elucidated with data from human behavioral experi-
ments. The model may also be expanded, or modified, to
represent various neuropathologic conditions, such as
deafferentation, stroke and spinal cord injury, and to
address the strategies of neuro-rehabilitation.

APPENDIX A

The muscle architectural parameters of each of the
15 muscles in the VA model were tuned step by step as
described in Methods, Section “Virtual Muscle Model
Parameters”. The physiological constraint for this
tuning process is the fascicle length operating range
within 0.45 < L. < 1 (See Fig. 6). At the same time,
there has been a wide range of literature reports on
muscle peak force (Fy), optimal fascicle length (L),
and tendon slack length (Lg.s). We compared the values
of our VM parameters with those of experimental
measurements and previous modeling approaches here
in Table 5 on F,, Table 6 on L. and Table 7 on L.
There is a large variability in the literature on each of
the three sets of parameters due to the possible differ-
ences in experimental preparations and specimen
size. 171820243339 However, our model parameters fall
generally within the range of physiological values, and
the VA model reproduces the realistic force generating
capability of human arm muscles.

TABLE 5. comparison of muscle peak forces with literature values.

Peak force Fy (N)

Muscle Model Holzbaur?* Garner'® Garner'” Gonzalez?®
Shoulder
Deltoid
Anterior 1147.99 1142.60 277.48
Posterior 265.99 259.90 567.15
Supraspinatus 490.00 487.80 687.99 687.84
Infraspinatus 1203.99 1210.80 1100.13 1099.61
Pectoralis major
Clavicular 363.99 364.40 342.46
Elbow
Biceps 1063.99 849.29 143.00-251.00
Long 629.99 624.30 461.76
Short 434.00 435.60 392.91
Triceps 2004.65 2332.92 279.00-1040.00
Lateral 630.00 624.30 1268.87
Long 798.00 798.50 629.21
Medial 629.99 624.30 619.67
Brachialis 994.00 987.30 853.76 853.90 183.00-588.00
Brachioradialis 266.00 261.30 101.56 101.58 93.00-200.00
Major forearm
Pronator teres 560.00 566.20 592.31 592.80
Pronator quadratus 76.50 75.50
Supinator 476.00 476.00 186.36 186.38
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TABLE 6. Comparison of optimal fascicle lengths with literature values.

Optimal fascicle length L.eo (cm)

Muscle Model Holzbaur®* Garner'® Garner'” Langerderfer®® Murray®® Gonzalez?®
Shoulder
Deltoid 12.80
Anterior 11.00 9.76 14.68 10.12(0.30)
Posterior 13.80 13.67 17.02 14.18(2.52)
Supraspinatus 7.40 6.80 4.28 4.28 7.07(0.40)
Infraspinatus 10.30 7.60 6.76 6.76 8.74(2.46)
Pectoralis major 19.00
Clavicular 17.00 14.42 22.65 14.95(3.10)
Elbow
Biceps 14.22 14.30-15.30
Long 16.00 11.60 15.36 15.61(0.30) 12.8(3.20)
Short 21.50 15.00 13.07 18.09(0.38) 14.5(3.20)
Triceps 8.77 6.70-14.50
Lateral 13.60 11.40 6.17 10.28(2.44) 9.30(2.80)
Long 17.00 13.40 15.24 17.62(1.05) 12.70(2.10)
Medial 9.20 9.20 4.90 14.46(0.87)
Brachialis 10.30 9.00 10.28 10.28 9.42(2.32) 9.00(1.60) 9.00-18.50
Brachioradialis 20.00 16.40 27.03 27.03 17.53(1.79) 17.70(3.00) 14.20-23.00
Major forearm
Pronator teres 4.90 4.90 4.48 4.48 5.50(1.20)
Pronator quadratus 4.00 2.83
Supinator 4.16 3.30 6.04 6.04
TABLE 7. Comparison of tendon slack length with literature values.
Tendon slack length Lges (cm)
Muscle Model Holzbaur®* Garner'® Garner'” Langerderfer? Murray®® Gonzalez®®
Shoulder
Deltoid 5.38
Anterior 10.00 9.30 1.64 2.60(2.30)
Posterior 4.00 3.80 5.93 4.00(0.80)
Supraspinatus 7.14 4.00 13.03 13.03 2.95(0.65)
Infraspinatus 5.33 3.10 5.58 5.58 5.08(0.13)
Pectoralis major 6.35
Clavicular 0.38 0.30 0.45 2.28(0.68)
Elbow
Biceps 22.98 21.00
Long 23.33 27.20 22.93 18.28(1.38) 22.90(1.60)
Short 14.76 19.20 22.98 15.75(0.85) 18.30(2.50)
Triceps 19.05 18.38
Lateral 12.38 9.80 19.64 16.70(0.65) 18.70(1.80)
Long 20.95 14.30 19.05 19.95(0.60) 21.70(2.90)
Medial 9.10 9.10 12.19 17.80(1.13)
Brachialis 6.29 5.40 1.75 1.75 3.35(0.45) 11.60(1.30) 4.52
Brachioradialis 10.48 13.30 6.04 6.04 10.35(0.5) 16.9(1.7) 12.60
Major forearm
Pronator teres 10.96 9.80 11.58 11.58 12.00(1.60)
Pronator quadratus 1.14 0.50
Supinator 2.80 2.80 2.48 2.48
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