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INTRODUCTION 
Computer modeling in biomechanics has made promising 
advances in recent years. While the capability to create 3D 
representations and compute the dynamics of musculoskeletal 
systems has advanced markedly, generating useful, plausible, 
and accurate motion simulations remains a significant 
challenge. Generating motion simulations for biomechanical 
models involves computing an input signal to “drive” a model 
to perform a desired motor task. Tasks are typically described 
in terms of kinematics (motion) while the “drive” is thought of 
as time-varying excitation of motor units or muscles. 
Controlling dynamics simulations of multi-muscle anatomical 
systems is challenging due to a high-dimensional redundant 
control space. Manual trial-and-error tuning of muscle 
activation inputs to a forward dynamics simulation is 
intractable for even small problems and difficult to evaluate 
with respect to recorded subject data.  

Inverse methods increase the utility of biomechanics modeling 
by automatically predicting muscle activations to achieve 
target model outputs. A number of efficient algorithms have 
been proposed for having forward dynamic models track a 
target kinematic trajectory for gait simulations [1], finger 
movements [2] and a quasi-static FEM face model [3]. Here 
we extend this approach for dynamic Finite-Element Method 
(FEM) models that represent muscular hydrostat systems. 

The muscular-hydrostat theory proposes that movement in 
non-skeletal muscle tissue systems, such as tentacles, trunks, 
and tongues, is generated through the combined effect of 
tissue incompressibility and the spatial arrangement of muscle 
fibers [4]. For example, elongation is generated by activation 
of transversely or helically arranged muscle fibers, while 
bending is generated by unilateral activation of longitudinal 
muscle fibers. The theory is supported by morphological 
evidence, such as the fact that longitudinal fibers in many 
tentacles are located along the outer surface of the tentacle in 
order to provide better leverage for bending [4]. In this paper, 
we describe a model-based analysis of muscular-hydrostat 
movements and muscle activations with inverse-dynamics 
simulation to demonstrate its effectiveness. 

METHODS 
In our inverse-dynamics formulation, muscle activations are 
determined using a quadratic program that minimizes the 
errors for a desired movement goal while resolving motor 
redundancy. For inversion purposes, the mechanical system 
forces are divided into passive and active components, so that 

 

where q and u are the position and velocity state vectors and a 
is a vector of muscle activation levels (bounded between 0 and 
1). We assume that fa is locally linear with respect to a (which 
is true for a standard Hill-type muscle model), so that 

 
We wish to determine a at the beginning of each forward sim-
ulation time step k so as to track the movement goal. Since our 
mechanical system is usually stiff, forward simulation is done 
using a semi-implicit integrator, leading to the linear system 

 
where     and    are the mass matrix M and passive force fp 
augmented with force derivative terms, G is a matrix of bilat-
eral constraints (e.g., incompressibility), uk+1 are the velocities 
at step k+1 being solved for, λ are constraint impulses, h is the 
step size, and g is a term arising from      (see [5] for details). 

The movement goal is specified by a target velocity v∗, with 
respect to some target velocity space v that is related to the 
system velocities u via a Jacobian Jm, such that v = Jmu. It is 
easy to show that uk+1 is linear with respect to a, so that 

 
where u0 is the solution of uk+1 in (1) with a = 0, and each 
column j of Hu is the solution of uk+1 in (1) with a right hand 
side of 

 
We wish to compute a to minimize the velocity tracking error 
             , which can be expressed as 

 
with 

 
To resolve activation redundancy, we also minimize a regular-
ization term         , where W is a diagonal weight matrix.  

Combining the movement goal and regularization with 
weighting terms wm and wa, and including the muscle 
activations bounds, we arrive at the quadratic program: 

 
which we solve for a at the beginning of each time step.  

f = fp(q,u, t)+ fa(q,u,a(t))

fa = Λ(q,u)a.
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Other goal terms, including target stiffnesses and constraint 
forces, can be easily added to (2). The quadratic program is 
dense, but tends to be small since its dimension is the size of a, 
i.e. the number of activations being solved for, and can 
therefore be solved efficiently. 

MODELS 
We tested our inverse-simulation on two muscular hydrostat 
models: an idealized tentacle model and a human tongue 
model. The tentacle model is a rectangular beam with 315 
hexahedral elements (3x3x7 grid). The model has 336 
degrees-of-freedom (DOFs) with the nodes at the base of the 
tentacle fixed. The model has 276 orthogonally arranged 
muscle fibers throughout the FEM mesh (transverse 
horizontal, transverse vertical, and longitudinal fibers).  

The tongue model includes 740 hexahedral elements and uses 
a hyper-elastic incompressible FEM material (see [6] for 
detailed description). The model has 2493 DOFs with the 
attachment sites for the jaw and hyoid fixed. The model 
includes 1574 muscle fibers distributed throughout the FEM 
mesh and spatially organized into 21 canonical tongue muscle 
groups represented by colored line segments between nodes in 
the FEM mesh. 

Controlling the movement and shape deformation of these 
models requires complex patterns of muscle activation and 
they are thus good candidates for use with inverse simulation. 

SIMULATION RESULTS  
Video demonstrations of our simulations results are available 
at   

With the tentacle model, we simulated elongation as well as 
combined elongation and bending (Figure 1) by specifying the 
kinematic trajectory for sixteen nodes at the tentacle’s tip 
(shown as cyan spheres). Our simulations support the 
muscular-hydrostat theory. In elongation alone, the inverse 
solution recruited transversely oriented horizontal and vertical 

muscle groups. For combined elongation and bending, the 
inverse solution recruited transversely oriented horizontal and 
vertical muscle groups as well as longitudinal muscle fibers 
along the side of the tentacle toward which bending occurred. 

With the tongue model, we simulated upward and backward 
movement on the tongue tip (Figure 2), which is an important 
tongue posture used in the production of an English /r/ sound. 
We simulated tongue elevation by specifying an arcing 
upward and backward target kinematic trajectory for a set of 
forty nodes at the tongue tip. The superior longitudinal muscle 
was most active in generating a backward tongue bending, 
which is consistent with the muscular-hydrostat theory of 
motor recruitment. In addition, the transverse, mylohyoid, and 
geniohyoid muscles were activated to prevent lateral and 
downward expansion of the tongue body in order to maintain 
tongue tip protrusion during the tongue tip elevation motion. 

SUMMARY 
We have illustrated a new algorithm for automatically 
computing muscle activations with complex dynamic FEM 
models of muscular-hydrostat systems. We have demonstrated 
that our computed muscle recruitment patterns are consistent 
with theoretical proposals provided in physiology literature. 
We are currently conducting further analysis with the tongue 
model to evaluate the inverse simulation predictions for other 
speech and mastication movements. We will report on our 
progress at ISB2011. 
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Figure 1:  Sequential screenshots of inverse simulations with 
the idealized tentacle model showing elongation (upper 
panels) and combined elongation and bending (lower panels). 
Cyan spheres indicate the target kinematic trajectory for the 
tentacle tip. Muscle fiber activation level is indicated by line 
color (white = 0%, red = 100%). 

 
Figure 2:  Sequential screenshots of inverse simulation of 
tongue tip elevation. Cyan spheres indicate the target 
kinematic trajectory of tip nodes. The motion is achieved by 
activation of superior longitudinal muscle fibers (activation 
level is indicated by line color: white = 0%, red = 10%). 


