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Introduction

Alarge part of our central nervous system is dedicated to control of movement. To gain a fuller
understanding of the sensorimotor control of movement, we must study both the central nervous system
and the musculoskeletal system that it controls. A control engineer would never design a control system
before fully understanding the characteristics of the controlled plant. Similarly, the biological motor
control system cannot be understood fully by studying the control circuits while ignoring the inherent
properties of the musculoskeletal system that it must control. Models that capture the mechanical
dynamics of the musculoskeletal system, especially when they are combined with the models of the
control circuits in the central nervous system, allow us to study the control of movement in its entirety.

Models of Musculoskeletal Mechanics

To control the movement of the human body, the central nervous system generates neural commands to
activate the contractile apparatus of the muscles. The forces generated by the muscles combine with
inertia and external forces that may be acting on the body, resulting in observable movements. The forces
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and movements of the musculoskeletal system are measured by various proprioceptive sensors and
relayed back to the central nervous system, providing it with the information it needs to make appropriate
control decisions and adjustments (Figure 1).
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Excitation Feedback
Muscles Proprioceptors
Muscle Skeletal

Force Motion

Skeletal System

MusculoSkeletal System

Figure 1: Human movement is the result of interactions between the central nervous system and the
musculoskeletal system

Complete models of the musculoskeletal mechanics must therefore represent the dynamics of muscle
force production, the dynamics of transduction in proprioceptors, and the dynamics of movement in the
skeletal system. Models of muscles and proprioceptors are described in accompanying Scholarpedia
articles "Muscle Physiology and Modeling" and "Proprioceptors and Models of Transduction",
respectively. Here we will focus on models of the skeletal system.

Movement in Skeletal Systems

The skeletal system is composed of bones (aka rigid bodies, segments, or body segments) that are
connected to each other via articulations or joints. The articulated bodies form a tree-like multibody
system such as those in the arm and hand whose motion is influenced by external forces (applied by the
muscles, gravity, and the environment) and the constraints imposed by the joints (Figure 2). The
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configuration of the body segments and the type of articulations determine all possible movements a
skeletal system is capable of performing; a specific movement is determined by a specific combination of
external forces. We can therefore describe the modeling of the skeletal mechanics in two parts: models of
skeletal mechanics and models of external forces.

Environmental
Force

Muscle
Force

Gravity
Force .|,

Figure 2: Skeletal system is a tree-like multibody system whose movement is influenced by the constraints
imposed by its articulations and the external forces applied by the muscles, gravity, and the environment.

Skeletal Mechanics

Because the skeletal system is a multibody system, its movement can be modeled by mechanical dynamic
formulation methods that were developed for other multibody systems such as those in robots,
automobiles, and spacecraft (Erberhard & Schielen, 2006; Unda, de Jalon, Losantos, & Emparantza,
1987). To simulate the movement of the skeletal system, one must derive the equations that govern its
motion and then solve the resulting equations of motion.

Newton-Euler method (Nikravesh, 1988) is probably the most straightforward multibody formulation
method. In the first step of applying this method, the segments of the multibody system are treated
independently assuming that they can have all possible translational and rotational movements (Figure
3). The application of Newton-Euler formulation results in differential equations that govern the
translational and rotational movements of the body segments:
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mr = f

Jy=1—4J% (1)

Where, m and J are the mass and mass moments of inertia of the body segments, r and «y are the
translations and rotations of the body segment in Cartesian coordinate system, f and 7 are the external
forces and moments applied to the body segments, and -y is the skew-symmetric matrix of -y .

To ensure that the motion occurs only on the degrees of freedom allowed by the joints, the second step of
formulation imposes joint constraints on the unconstrained equations of motion above. This is
accomplished by additional algebraic equations that depend on the type of the joints in the system. For
example, the algebraic constraints equations for a spherical joint connecting two bodies will simply
require that there be a point P; on or attached to the first body and a point P, on or attached to the
second body that must always be coincident at the center of the joint (Figure 3). This condition can be
expressed by the following distance formula:

d:rpl—rpgz() (2)

Where, 7,1 and 7, are the positions of the points in Cartesian coordinate system and d is the distance
between the points.
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Figure 3: Application of Newton-Euler formulation involves two steps. First, equations of motion for each
body segment are derived assuming that it can move freely but is subjected to external forces (left).
Additional constraint equations are then imposed to ensure that the motion does not violate the joint
constraints. For example, constraint equations to ensure that two body segments remain attached via a
spherical joint are shown (right).

The application of the Newton-Euler and constraint equations results in a large set of mixed differential-
algebraic equations including six equations of motion for each segment plus the constraint equations. In
addition, the movement in these equations is expressed in Cartesian coordinate system, which is neither
intuitive nor common for describing the movement in skeletal systems. Joint coordinate system, which
expresses the movement as the relative motion of the neighboring body segments, is more intuitive and
more common in the movement science community. By the use of the coordinate transformation and
coordinate reduction methods, the mixed differential-algebraic equations in Cartesian coordinate system
can be transformed to a smaller set of second order ordinary differential equations in joint coordinate
system (Jerkovsky, 1978; Kim & Vanderploeg, 1986; Nikravesh, 1990) with the following general
structure:

M(6)6 + C(6,0) +G(6) = F (3)

Where 6 is the movement in joint coordinate system, M (0) is the mass matrix, C is the Coriolis and
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centripetal terms, G is the gravity term, and F' is the external forces and moments.

Once the equations of motion are derived, they must be solved to yield the motion of the skeletal system.
Because the resulting set of equations is complex, usually no closed-form (analytic) solution can be found.
These equations are almost always solved by the use of numerical integration that starts with known
initial conditions at time zero (Z; ) and steps through time to approximate the movement at discrete times
t1,ts,...t, (Hairer, Norsett, & Wanner, 1993; Hairer & Wanner, 1996). At the start of integration where
the initial conditions including positions and velocities are known, every term in the left side of Eq. (3)
other than 6 can be computed. Replacing these computed values and the known external forces (see the
next section) in Eq. (3) yields the accelerations 0 that can be integrated twice to obtain velocities 0 and
positions 6 at the end of the first time step (also the start of the next time step). The availability of the
positions and velocities at the start of the next time step enables the numerical integrator to take
subsequent integration steps to predict the movement of the skeletal system over time.

The traditional formulations presented above require computations that increase as a cubic function of
the number of degrees of freedom in the multibody system. The development of recursive Order-n
formulations, for which the computations increase linearly with the degrees of freedom, has greatly
improved the computational efficiency of multibody simulations (Anderson, 1992; Featherstone, 1987).
Ongoing research attempts to find formulation and solution methods that are even easier to implement
and can simulate increasingly complex multibody systems at higher speed.

External Forces

As shown above, external forces are the inputs to and are required for the solution of the skeletal
equations of motion. These forces are quantified by their magnitude, direction, and their point of
application on the skeletal system. The gravitational force of each segment applies to its center of gravity
and is directed toward the center of the earth (Figure 2); because the human or animal movements occur
in relatively small spaces, the magnitude of the gravitational force can be assumed to be constant. The
environmental forces arise when the skeletal system contacts the environment such as foot-ground and
hand-tool contacts (Figure 2). These forces are modeled by equations that represent the dynamics of the
contact between the body segment and the environment. The calculation and the application of a given
muscle force is more complicated. The correct calculation and application of muscle force to the skeletal
system requires knowledge of the correct path of the muscle from its origin to its insertion (Figure 4).

As the muscle stretches from its origin to insertion, it has to negotiate its path around bony surfaces and
other muscles and soft tissue, resulting in a curved path (as opposed to a straight-line path from origin to
insertion). The correct identification of the musculotendon path for all possible skeletal postures is
essential for the correct modeling of the muscle force and its application to the skeletal system.
Furthermore, the actual muscle force depends strongly on the musculotendon length and velocity, which
can be obtained from skeletal posture only if the musculotendon path is known (see the accompanying
article “Models of Muscle Physiology”). The muscle applies forces to the skeletal system wherever they
come in contact with each other. These points of contact can be identified from the correct modeling of
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the musculotendon path as it comes in contact with bony surfaces and other tissue along the path. The
direction of the muscle forces at the contact points depends on the path of the muscle on either side of
those points. Again, accurate modeling of the direction of the muscle force also depends on accurate
modeling of the musculotendon path. Modeling the musculotendon path as a straight line is frequently
inaccurate, resulting in incorrect muscle forces and incorrect computation of how those forces are
actually applied to the skeleton (Figure 4).

Straight Line
Muscle Forces

ct Muscle
Forces

Figure 4: Calculation and application of the muscle forces on the skeletal system requires the correct
modeling of the muscle path. The path of muscle yields the correct muscle length and its velocity of
contraction/lengthening that are required in muscle force calculation. The path of the muscle also
identifies the points where the muscle exerts force on the skeletal system and the direction of the muscle
force. The figure shows two methods for modeling of the path of the triceps muscle: straight-line path and
a path that uses a cylindrical wrapping object to model the bony surfaces over which the muscle wrap. The
straight-line muscle path results in incorrect muscle length (left) and therefore incorrect muscle force,
incorrect muscle force direction (right), and incorrect identification of the points where the muscle force
must be applied to the body segments (right).

Musculotendon path has been modeled at varying levels of detail ranging from straight-line path
(Raikova, 1992; Seireg & Arvikar, 1973) to centroid line method (Jensen & Davy, 1975) to finite element
modeling of the path of individual muscle fibers (Blemker & Delp, 2006). Straight-line path model is easy
to implement and can be adequate in simple models where the muscle has limited or no contact with the
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bones or tendon sheath (e.g. the biceps muscle flexing the elbow in its middle range). It is, however,
inadequate for most anatomically realistic models and movements. The centroid line method represents
the path of the muscle by lines that connect the centroids of the transverse cross section of the muscle
along the path. This method offers a more accurate representation of the muscle path but it is impractical
because the centroid lines must be obtained for all possible model postures, which is impractical. Finite
element modeling is a powerful method that can help us gain insight into the aggregation and
transmission of forces in individual muscle fibers to the whole muscle and to the skeletal system but it
requires heavy computation that is currently impractical for modeling multiple muscle systems. The
practical solution is therefore a compromise that treats the whole musculotendon as a single force-
producing element (or multiple elements if the attachment sites are distributed such as in deltoid muscle
(van der Helm & Veenbaas, 1991)). It models the musculotendon path as a frictionless elastic string that
follows the shortest path from origin to insertion over the constraint objects (Garner & Pandy, 2000;
Charlton & Johnson, 2001; Feng, Damsgaard, Rasmussen, & Christensen, 2002).

Typically, fixed points on the skeletal system are used to model the origin and insertion points. The bony
prominences around which the muscles wrap are modeled by spherical or cylindrical wrapping objects.
The fibrous bands of the retinacula that bind and keep the tendons close to the bones and the joint
capsules are modeled by ring wrapping objects that constrain the path of the muscle to the inner side of
the ring or via points through which the tendon must pass. The change in the musculotendon path due to
the bulging or movement of the other muscles is modeled by moving via points that change their location
as a function of the skeletal posture. Once the muscle attachment points and the path constraints are
identified, a muscle path algorithm is used to find the shortest path from origin to insertion at any given
skeletal configuration. Typically, the calculation involves the use of geometric principles to determine
whether the straight-line path between the origin and insertion intersects the constraint objects in
between, and if it does, finds the contact points on the objects. If there is no intersection or there are no
constraint objects along the path, the shortest path is a straight line from origin to insertion. If there are
constraints that intersect the path, the algorithm will find the shortest path that goes through and around
the constraint objects that represent the real anatomical obstacles. The main advantage of this method is
that it is generally applicable to all joint configurations. Once the obstacle set including the muscle
attachment points and the constraint objects are specified for a single limb posture, the muscle path can
be predicted for all possible limb postures. Further, it enables modeling of complex muscle paths with
reasonable amounts of computation. Ongoing research investigates muscle path algorithms that can
robustly predict the path of the muscle over multiple constraint objects in a computationally efficient
manner (Marsden, Swailes, & Johnson, 2008; Marsden & Swailes, 2008; Audenaert & Audenaert, 2008).
Figure 5 shows how a variety of simple constraint objects can be used to model complex musculotendon
paths.

Software Tools for MusculoSkeletal Modeling
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The modeling and simulation of movement in musculoskeletal systems involve processes that can be
performed by any knowledgeable person, but the process is complex, prone to errors, and time-
consuming. Fortunately, the most difficult processes such as the derivation of the equations of motion for
the skeletal system and modeling of muscle force and muscle path can be either automated or greatly
facilitated by the use of software tools.

In the past, musculoskeletal modelers have turned to multibody simulation software such as SD-Fast
(http://www.sdfast.com) to automate the derivation of the equations of motion for the skeletal system.
The modeler must describe the properties of the skeletal system in a text file that can then be used by the
software to automatically generate the equations of motion for the skeletal system. Other multibody
simulation software with interactive model building tools such as Working Model (http://www.design-
simulation.com) and Adams (http://www.mscsoftware.com) have the advantage that the user can build
the model of the skeletal system graphically. The main disadvantage of these primarily mechanical
simulation packages is the lack of tools for modeling specialized biological components such as bones,
muscles, and proprioceptors that require specially designed software tools.

The first specialized musculoskeletal modeling software, SIMM (http://www.musculographics.com) was
developed in the 1990s followed by the development of newer software including those that are freely
available to the public. AnyBody (http://www.anybodytech.com) and LifeModeler
(http://www.lifemodeler.com) are commercial software that focus mainly on inverse simulation
(calculation of the external forces causing a known movement) as opposed to forward simulation
(prediction of movement caused by the known external forces). SIMM
(http://www.musculographics.com) is a commercial musculoskeletal modeling software that originated
from the bioengineering department of Stanford University. It can perform both forward and inverse
simulations but its interactive graphical tools for editing models or building new models are rather
limited. For example, new models must be described in text files before they can be opened in SIMM
(http://www.musculographics.com) , making it difficult for non-experts to create new models. It also
doesn't offer models of proprioceptors or support for closed-loop simulations of the sensorimotor control
system, which limits its use in studies of the neural control of movement. OpenSim
(http://opensim.stanford.edu) is another musculoskeletal modeling software from the same laboratory at
Stanford University that is freely available to the public. OpenSim (http://opensim.stanford.edu) shares
many of the features and algorithms in SIMM (http://www.musculographics.com) but it has no tools for
building new musculoskeletal models and its tools for editing existing models are very limited. The users
of OpenSim (http://opensim.stanford.edu) have therefore been advised to purchase and use the tools in
SIMM (http://www.musculographics.com) to build and edit their musculoskeletal models.

MSMS (http://mddf.usc.edu) (MusculoSkeletal Modeling Software) is the latest freely available software
package that was developed specifically to model musculoskeletal systems and to perform predictive
forward dynamic simulations of the closed-loop sensorimotor control systems (Figure 5).
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Figure 5: Software tools such as MSMS (shown) can facilitate the modeling of complex musculoskeletal
systems.

A number of unique features in MSMS (http://mddf.usc.edu) are essential for conducting such
simulations. In MSMS (http://mddf.usc.edu) , the modeler can interactively build models of complex
musculoskeletal systems using graphical tools and wizards and simulate their movement in response to
neural control inputs and external forces (Davoodi, Urata, Hauschild, Khachani, & Loeb, 2007). MSMS
(http://mddf.usc.edu) offers a library of biological components involved in sensorimotor control of
movement, including a detailed fiber-level model of muscle force in normal and pathological conditions
(Song, Raphael, Lan, & Loeb, 2008), an accurate and validated model of muscle energetics (Tsianos,
Cedric, & Loeb, 2012), and models of proprioceptors including muscle spindles and golgi tendon organs
(Mileusnic, Brown, Lan, & Loeb, 2006; Mileusnic & Loeb, 2009). MSMS (http://mddf.usc.edu) also
offers the capability to simulate its models off-line or in real-time virtual reality environment with the
subject in the simulation loop (Davoodi & Loeb, 2012). MSMS (http://mddf.usc.edu) can be downloaded

free of charge from the web page of Medical Device Development Facility (http://mddf.usc.edu) at the
University of Southern California.
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External links

MSMS (http://mddf.usc.edu) , freely available software with interactive modeling tools for forward
dynamic simulation of musculoskeletal and closed-loop sensorimotor control systems

OpenSim (http://opensim.stanford.edu) , freely available software with limited modeling tools for
forward/inverse dynamic analysis of musculoskeltal systems
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SIMM (http://www.musculographics.com) , commercial software for forward/inverse dynamic analysis
of musculoskeletal systems

AnyBody (http://www.anybodytech.com) , commercial software for inverse dynamic analysis of
musculoskeletal systems

LifeModeler (http://www.lifemodeler.com) , commercial musculoskeletal modeling software for inverse
dynamic analysis of musculoskeletal systems
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