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OPTIMIZATION-BASED BIOMECHANICAL TRUNK MODELS
by
Mark Lee McMulkin
Jeffrey C. Woldstad and Karl H.E. Kroemer, Co-Chairmen
Industrial and Systems Engineering
(ABSTRACT)

This dissertation investigated the ability of optimization-based
biomechanical models to predict torso muscular activity. Two optimization
models were considered: the Minimum Intensity Compression (MIC) model and
the Sum of the Cubed Intensities (SCI) model. For each model, two sets of
muscle geometries (moment arms, lines of action, and cross-sectional areas)
were used as inputs: one was a compilation of several studies and one was
reported by Han, Ahn, Goel, Takeuchi, and McGowan (1992). For each of the
four model combinations, either 10 or 18 muscles were used to formulate
predictions.

With computer simulations, the four models were used to predict muscle
forces under loading conditions including three types of moments,
flexion/extension, lateral bending, and torsional. The results indicated large
differences in the predicted forces due to the different models and muscle
geometries. Changes in force predictions for identical muscles were also found
when the number of muscles in the formulation increased from 10 to 18. The
models also predicted varying active and inactive regions of the muscles in

response to changing moments.



To determine empirically the activity of muscles and test the accuracy of
optimization-based models and inputs, combinations of the three moments
were also applied to subjects through loads held in the hands. The subjects
maintained a static posture during physical exertions while attempting
flexion/extension, lateral bending, and torsion to counter the external loads.
Results indicated little improvement in prediction of actual muscle activity by
including 18 muscles instead of 10. The SCI model with compilation geometry
provided the best predictions of actual muscle activity judged by overall R?
values for each muscle and by the number of subjects the model accounted for
over 50% of the variation. Actual activities of five of the eight muscles monitored
were well predicted: left and right rectus abdominus, left external oblique, and
left and right erector spinae. The left and right latissimus dorsi were poorly
predicted by the models, which was due to the use of the muscle in shoulder
stability which was not accounted for in trunk optimization models.

The experimental method included application of moments to subjects
through loads held by the hands and by loads attached to a harness mounted at
the shoulder level. The left and right erector spinae were the only muscles
which exhibited the same activity for both apparatuses used to apply moments.
The left and right latissimus dorsi showed the largest increase in activity when
loads were held with the hands instead of applied via the harness. Differences
between hand and harness loading were also found for the left and right rectus
abdominus muscles and left and right external obliques at varying moment

conditions.
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1. INTRODUCTION
Low back problems are a major health and economic burden in the
United States. According to Andersson, Pope, Frymoyer, and Snook (1991),
there are 4.8 million adults in the United States with low back disabilities, and
28.6 work days per hundred workers are lost each year due to low back
disabilities. The costs of these low back problems are staggering, totaling $4.6
billion per year in workers’ compensation costs, and estimated at $26.8 to $56

billion total cost to industries.

1.1 Optimization-based Biomechanical Models

If jobs and tasks likely to cause injuries to the low back region could be
identified, then these jobs could be redesigned. Optimization-based
biomechanical low back modeling is one technique aimed at identifying tasks
and jobs that are likely to be hazardous to perform. For a given task, the
tensions of the trunk muscles are estimated and used to calculate the resuitant
forces on the spinal column. If the estimated disc compression from completing
a task is large, then the task may be deemed to be hazardous. The assumption
in assessing tasks with this approach is that the models used to estimate trunk
muscular activity are accurate.

This dissertation is concerned with the evaluation of biomechanical
models used to estimate the trunk muscle forces and spinal compression. The
foundation of optimization-based biomechanical models begins by applying
engineering mechanics to the human body. The body is modeled as a series of

rigid links. When an external force is applied to one of the links, muscles
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produce force to counteract the external force and maintain a static posture.
The compression, shear, and torsional forces on the spinal discs can be
estimated by summing the external and internal (muscular) forces.

A planar diagram of a person holding a load is shown in Figure 1.1. A
plane of reference must be established about which the forces and moments
are summed. The reference system and its origin can be defined using body
landmarks and features. Schultz and Andersson (1981) suggested defining a
cutting plane through the L3/L4 disc, so the forces and moments can be
determined at this joint.

The free body diagram of the torso above a L3/L4 cutting plane is shown
in Figure 1.2. The external load and the weight of the upper torso create a
compression force and generate a moment about the L3/L4 disc. The muscles
of the trunk generate force to counteract the moment generated by the external
load. (Note that the resultant muscle force shown on the diagram is a
simplification of several muscles with different lines of action.) The combined
forces of the muscles, external load, and weight of the body sum to equal the
compression force on the spinal discs (as well as shear force). Reaction forces
are generated by anatomical structures such as the disc, facets, and ligaments
to keep the system in static equilibrium.

The forces of the individual muscles necessary to maintain a static
posture are unknown. Since the number of muscles in the trunk region is
generally greater than the number of moment and force equilibrium equations,

the problem is statically indeterminate. There exists an infinite number of
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combinations of muscle tensions to satisfy the moment equilibrium constraints.
To solve the problem, optimization techniques can be employed to estimate the
tension of the trunk muscles. Given an objective function and a set of
constraints, the unknown muscle forces can be determined.

Biomechanical optimization models of the trunk must be tested and
validated for their accuracy in predicting muscle activity. Previous modeling
efforts have concentrated on selecting an objective function subject to
constraints, then empirically testing the model to check its validity. Two models
which have been used to predict the trunk muscle tensions are the Minimum-
Intensity-Compression (MIC) model and the Sum of the Cubed Intensities (SCI)

model. They will be discussed in the following sections.

1.2 The Minimum-intensity-Compression (MIC) Model

The MIC model, developed by Bean, Chaffin, and Schultz (1988) as a
reformulation of the iterative linear programming model of Schultz, Haderspeck,
Warwick, and Portillo (1983) involves two steps. The first step is to minimize the
intensity or tension that any one muscle can sustain subject to the moment
equilibrium conétraints. Intensity is defined as force of the muscle divided by
cross-sectional area. The first step is a linear programming problem formulated
as follows:

Minimize | (1.1)

m
Subjectto D ||f|(r.xz, )+ ME+M’ =0 (1.2)
i=1



</ (1.3)

IEN

i

f,20 (1.4)
where | is the maximum intensity a muscle can sustain, m is the number of
muscles, f is the tension in each muscle and lIfll is the magnitude of the tension

(no direction), r, is the moment arm vector with respect to the cutting plane origin

(thus has the three-dimensional components of x, y, and z), 7, is the muscle line

of action with respect to the cutting plane origin (thus has the three-dimensional
components of x, y, and z), MF are the externally applied moments in three
dimensions, and M* are the moments due to joint contact and ligament forces.
The f = 0 constraints are included because muscles cannot sustain
compression. In addition, muscles cannot exert an infinite amount of force, so
the f, /A < | constraints limit the muscle tension.

In the first step, intensity was minimized so that the maximum tension a
muscle can assume was determined. The first step determines the set of
feasible muscle forces with the determined intensity which satisfies the moment
equilibrium constraints. The second step is to minimize the compression force
on the disc (which is the sum of the muscle forces orthogonal to the cutting
plane of the disc). The constraints are the moment equilibrium equations and
the tension constraints. If there is only one optimum set of muscle forces
determined in the first step, this is the only feasible solution for the second step
and thus the optimum for the second step. The second step is necessary when

multiple optimum sets of muscle forces are found in the first step. The second



step then chooses among the multiple optima to minimize the spinal

compression. The second step is formulated as follows:

Sk

Minimize (1.5)
Subjectto Y |f,[(rxz,)+ME+M’ =0 (1.6)
i=1
f/
< 1.7
A (1.7)
f>0 (1.8)

where 17 is the unit direction orthogonal to the cutting plane of the disc, | is the

maximum muscle intensity determined in the first step, and all other variables

are the same as in the first step.

1.3 The Sum of the Cubed Intensities (SCI) Model

The SCI model was proposed by Crowninshield and Brand (1981) to
predict the muscle activity of the lower extremities in locomotion. The SCI
model can be applied to other body portions including the trunk. The objective
is to minimize the sum of the cubed muscle intensities subject to the moment

equilibrium constraints. Therefore, the optimization problem is formulated as

follows:
m f 8
Minimize Z(—’J (1.9)
i=1 Ai
Subject to If:||(r;xz,) + ME + M’ =0 (1.10)
i=1



f>0 (1.11)

!

where the variables are defined as in the MIC model.

This objective function for this formulation was chosen based on
muscular endurance capabilities. This model assumes that muscle forces are
selected based on endurance restrictions. Further, Crowninshield and Brand
(1981) based muscular endurance on a cubic relationship of the force divided

by the cross-sectional area.

1.4 Research Objectives

This dissertation investigated optimization-based models using three
new unique approaches. First, the muscle geometric inputs (moment arms,
lines of action, and cross-sectional areas) were varied. Past investigations
primarily used one set of muscle geometries. Second, combinations of three
moments (torsional, flexion/extension, and lateral bending) were used for
simulations of the models and empirical experimentation to test muscle activity.
Third, moments were applied to subjects via different apparatuses: loads held in
the hands and loads attached to a shoulder harness.

This dissertation had five objectives.

Objective 1: Summarize the current knowledge of the trunk muscle moment
arms from the vertebrae, lines of action, and cross-sectional areas. To
predict the trunk muscle forces, the Minimum Intensity Compression and

Sum of the Cubed Intensities models require that the moment arms, r,,



the muscle lines of action, 1, and the cross-sectional areas, A, are

known.

Objective 2: Summarize the assumptions for solving optimization models
applied to the trunk to predict muscle forces. The Minimum Intensity
Compression and Sum of the Cubed Intensities models are convex so
that solutions found will be global optimum. Convex models require

assumptions about the human body.

Objective 3: Investigate the effect of input parameters on the muscle force
predictions of the Minimum Intensity Compression (MIC) and Sum of the
Cubed Intensities (SCI) low back optimization models and test the

following hypotheses.

Hypothesis 3.1: Muscles with the same geometries will be predicted
active or inactive differently by the MIC and SCI models (including equal

number of muscles) under identical external loading conditions.

Hypothesis 3.2: The same muscle will be predicted active or inactive
differently by two sets of muscle geometries reported in the literature

using the same model, MIC or SCI, with identical loading conditions.






















































































































































































































































