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Abstract. Manual material handling (MMH) tasks were evaluated and compared under different lifting conditions. For the
theoretical evaluations, a two-dimensional sagittally symmetric human-body model was established to compute the moment
and joint load time histories for MMH tasks for a variety of different lift specifications and constraints such as lifting durations,
loads, and modes. Nonlinear control techniques and genetic algorithms were utilized in the optimizations to explore optimal
lifting patterns. Since the kinetic measures such as joint moments are vital metrics in the assessment of the likelihood of injury,
the simulation results obtained may be compared using these metrics for each lift type, so that the superiority of a lifting method
or protocol relative to another may be determined.
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1. Introduction

For the last several decades, manual materials handling has attracted great interest from researchers
in many disciplines, primarily because of the huge amount of work and financial losses, and human
sufferings caused by low back pain and injuries. Consequently, it is a major concern to researchers and
organizations to develop means to predict, control, and prevent such injuries. Thus, much research has
focused on the establishment of ergonomic workspace designs and employee training.

Biomechanics modeling plays an important role in estimating individuals’ lifting capacities, comparing
differentlifting modes, and designing workspace conditions. Using such models, the potential for injuries
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Fig. 1. A two-dimensional sagittally symmetric model for human lifting.

can be estimated in advance and greatly reduce the need for often difficult, expensive and potentially
invasive laboratory measurements [7,18,19].

Optimal control techniques are being used to form lifting trajectories and predict associated joint
moments during lifting. Optimal control is used in the biodynamics modeling is primarily due to two
reasons. First, locomotion is believed to obey a certain “principle of optimality” [2,15]. Since optimal
control theory aims to determine the control laws that will minimize (or maximize) an objective function
subject to some constraints [12], such techniques, when applied to an adequate dynamic model for
the system, provide a practical means for determining muscle forces and joint torques. Secondly, the
dynamic model of acceptable accuracy that must be developed for use with the above described optimal
control scheme is itself a valuable analysis and assessment tool for the prediction of the muscle forces
and joint moments that produce the desired movement. Unfortunately, this dynamic model construction
and analysis is not a simple task, given that the musculoskeletal system considered is highly redundant,
i.e., the number of independent muscles acting on a particular joint exceeds the number of degrees of
freedom of that joint. Moreover, many muscles can affect more than one joint at a time, which brings
complex coupling to the system. Therefore, there is no direct or unigue solution to the problem of
performing a specific task. However, the above-mentioned difficulties can be overcome by using optimal
control techniques to estimate muscle forces produced during lifting [2,15,18].

In this paper, moment time histories obtained for different lifting conditions are compared to deduce
information on safe lifting patterns. The results obtained to date clearly indicate that one should include
kinetic measures in the objective functions to be optimized and in the assessment of lift simulation
accuracy and safety [1,6]. The primary reason behind computing moments is that resultant forces at
joints can be determined from this information. Since the forces produce stresses in bones, muscles and
connecting tissues, and thus contribute directly to injuries. Therefore, while comparing lift performances,
the kinetic measures should be considered, because looking at results at kinematics level (e.g. matching
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Fig. 2. Comparison of moment-time histories for all joints under different lift durations.

predicted trajectories to those which are experimentally obtained) will not consider these important
guantities. With this in mind, kinetic measures, such as moment time histories were compared in this
paper to evaluate manners to perform more safe lifts for different lifting conditions such as lift load,
mode, and duration.

2. Theory

2.1. Physical model

A two-dimensional sagittally symmetric human body model, Fig. 1, was constructed as a five rigid
link mechanism for the biomechanical simulation of manual lifting tasks. These links possessed the
same length, mass, and inertia properties as estimated for their human counterparts. Therefore, any
movement or configuration could be described with the five generalized coordinates describing the
relative orientation of each of these five links with respect to the parent body.

Joints at the ankle, knee, hip, shoulder, and elbow were all treated as one-degree of freedom revolute
joints. Spinal column was considered as one rigid link that includes mass of the head and neck
appropriately located. The hands were also modeled as parts of the forearms, and their relative motion
with respect to forearms were neglected. It was further assumed that subject did not walk with the load
during the lift, i.e., foot was fixed on the ground [4,11].

The joint reaction forces and joint moments for a typical rigid lifk ann-link open chain mechanism
can simply be obtained by utilizing a Newton-Euler formulation recursively [20].
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Fig. 3. Energy change of the total lift for different lifting durations.
2.2. Optimization

One of the most significant problems in optimization of biomechanical systems is the choice of a
proper cost function reflecting the most important aspects of locomotion and loading. In this paper, it
was chosen to minimizaritegration over the time of sum of the square of the ratio of the predicted joint
moments to the corresponding joint dynamic strehffl6].

/tle ”9)] dt 1)

wheret is the lifting duration,)M; are moments and; are joint dynamic strengths for the ith joint.
In Eq. (1), the moments and the strengths are given in ternis @f and 6, which represent joint
angular displacements, angular velocities and angular accelerations for each joint, respectively. The
joint strengths were considered as the measures of joint capacities under different postures and joint
angular velocities [9,10].

The dynamic strength values were used in the objective function as opposed to static ones because
dynamic strengths better replicate the joint behavior and improve the simulation [9,10]. They were
defined to be functions of joint angular positions and velocities for eachijf@hin the following form

Si(0,0) = Bio + Bi10i + Biobi + Biz67 + Biab? + Bis0ib; (2

The coefficients?; throughgs were determined based on experimental results and they were directly
taken from [8]. The ratio between the moment and joint strength in the objective function above (Eq. (1))
is called the muscular utilization ratio (MUR).
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Fig. 4. Comparison of moment-time histories of all joints under different loads.

The constraints on the objective function were of four types: kinematic, kinetic, stability, and penetra-
tion. Kinematic constraints were the ones that each joint operate within a certain range. For example, an
elbow cannot be extended over 28@onsequently, every joint shared this type of geometric constraint.
The second type of constraint was related to some kinetic measures, in which the maximum moments
generated by joints during a lift were restricted not to exceed a certain limit (i.e., a strength capacity).
Thirdly, the stability of the body had to be maintained. For this purpose, the center of mass of the
subject’s body and the load were forced to remain directly over the subject’s foot. Lastly, load lifted was
forced not to penetrate into the body during the simulations. All these constraints were implemented in
the genetic algorithm as penalty functions of cubic order of the error (e.g. constraint violation).

2.3. Numerical formulation of the problem

The problem is difficult because it is highly nonlinear and is of infinite dimension. One possible
approachis to try problem as a two-point boundary value problem that is parameterized by approximating
the states and/or control variables by a polynomial and/or a Fourier series [4,17]. For this study, joint
angles were approximated as seventh order polynomial in the form

7
Qi = Za’ivjtj (3)
7=0

for the ith joint. Since the boundary conditions (initial and final angular positions, angular velocities,
and angular accelerations) were known for a lifting experiment, six of the coefficients can be determined.
The other two coefficients were added to the polynomials to introduce extra degree of freedom for
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Fig. 5. Energy change of the lift for different loads.

optimization. By substituting these polynomials and their derivatives into Eqg. (1), the problem becomes
a finite dimensional parameter optimization of the form

J = Otf fl(ai7j,t)dt (4)

wherei is the joint number, and coefficient index of the polynomial. Since the lifting duration is
known, the problem can further be simplified by discretization in integration time stejpsad
t
At = — 5
- (5)
wheret is time, k is the number of integration steps. Then, the problem becomes minimizing another
function including only the polynomial coefficients; ;, and the integration step siz&¢ as follows

J = fola;;)At (6)

Once the coefficients in the polynomial are estimated, the optimized path and moments for a lifting task
can easily be determined.

A genetic algorithm implementing Goldberg’s [3] algorithm in MATLA&B~vas developed for opti-
mizations. It used fixed population size with string length of 30, a crossover probaBilitgf 0.001,
and a mutation probability raté,,, of 0.002.

3. Resultsand discussion

The simulation and prediction program was coded for designing sagittally symmetric lifting tasks
and for utilization as a computer experimentation tool that provides an extensive amount of information
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Fig. 6. Moment time history for each joint for different modes of lifting.

about movements, and inter-joint loads under different lifting scenarios. For example, if the specified
lifting duration is changed, the predicted effect of this change on joint moment levels may be easily
investigated. In this manner, the analyst may similarly investigate the individual effects of various
system parameters on lifting (task execution) performance, and assess the likelihood of incurring injury.
Examples include, but are not limited to, consideration of individual's specific body structure (height,
weight, body geometry, etc), individual’'s specific constraints (e.g. presence of prior injury, or disability,
etc.), or modification of task objective or task execution protocol.

3.1. Effect of lifting duration

As an example, given below are the results for three different lifting durations, specifically 0.5 sec
(fast), 1 sec (moderate), and 2 sec (slow), for a subject with mass of 94.7 kg, height of 1.85 m. For
this purpose, all other parameters are held constant. The load lifted was 5 kg. Sample results for joint
moment changes were given in Fig. 2 for subject’s all joints, and the total energy change for the lift in
Fig. 3.

These results are presented with respect to the ten equally spaced time steps during the three lifting
durations in the simulation and measured data, i.e. the 1st and 10th steps represent the beginning and the
end of the lift.

It is obvious from Figs 2 and 3 that higher levels of joint moments, as well as significantly more
energy are required in fast lifting. Although the change in energy of the payload from a pure physics
(conservative system) perspective is the same for each case, energy expended in lifting or accelerating
a body cannot be reclaimed because the human form is not a conservative system. Thus, if one too
greatly increases the rate at which a task is accomplished, the task may require over exertion, which can
be injurious to the individual involved. It is also interesting to observe that the plots collapse upon one
another as the task duration increases so that the system becomes effectively quasi-static.
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Fig. 7. Total energy change of the lift for different modes of lift.

3.2. Effect of load mass

Keeping the time and other parameters unchanged in this example, the mass of the load to be lifted is
increased from 5 kg to 10 kg and 15 kg for a subject with a mass of 94.7 kg and a height of 1.85 m, with
the associated results provided in Figs 4-5.

The results predicted are consistent with what one would physically expect. Specifically, an increase
in load lifted requires more energy consumption (Fig. 5). Also, higher levels of moment applications
are necessary to accomplish the task, especially at the start of the lift (see Fig. 4). Therefore, it can
be advised here that one should not lift a load that is sufficiently heavy to require a joint moment that
exceeds the associated joint strength for the individual, which can be injurious.

3.3. Effect of lifting mode

In this case, all parameters were kept constant, except the initial angular positions of body segments.
They were changed so as to have a lifting mode of a squat, a stoop, or a free lift. In the stoop, the ankles
and knees were kept straight, whereas in the squat, the back was kept to be vertical during the lift. The
results for the three aforementioned cases for a subject with a mass of 94.7 kg and a height of 1.85 m
were given in Figs 6—7.

As seen from moment diagrams (Fig. 6), stooping requires more exertions in the hip, shoulder and
elbow joints, whereas squatting requires higher moments at ankles and knees, as expected. However,
free lifting requires the most moderate moment exertion levels in almost all joints. As also obvious
from the total energy of the lift (see Fig. 7), the most demanding job is the stooping. The lowest energy
requirementis in the free lifting. Therefore, it is advised that one should choose a free style when lifting.
This was also concluded by other researchers in the literature based on other criteria [13,14].
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4, Discussion

A prediction program was developed to simulate the manual materials handling tasks for investigating
the effects of different parameters such as lifting duration, load, and mode. The program was coded in
MATLAB [16], which provides users a very rich collection of functions in mathematics, plotting and
animation of the results.

The prediction program first approximates the states of the system in the equation of motion, which
are derived via a Newton-Euler formulation. Then, this program optimizes the system performance with
respect to the objective function, which is postulatediatefjration over the time of sum of the square
of the ratio of the predicted joint moments to the corresponding joint dynamic stfdiéfithGenetic
algorithms are then used in the optimization portion of the program which returns estimates for the
coefficient values for the seventh order polynomials in time, which are associated with each predicted
joint angle time history. Lastly, this optimized coefficient information is fed back to the equations of
motion to simulate the lifting motion, and to obtain joint loads and moments.

In making a quantitative comparison of the safety of different lift conditions, it is imperative that
predictions be made on kinetic measures such as moment time histories [1,6]. As stated previously, these
moments are keys to assessing likelihood of injury. Moreover, these quantities directly affect the system
accelerations and angular accelerations, which in turn will influence displacements, rates and thus joint
strengths. With this in mind, it is proposed that the objective functions used in evaluating the safety of
lifts should involve appropriate kinetics measures. In this paper, moment time histories for different lift
durations (slow, moderate, and fast), lift modes (squat, free, and stoop), and lift loads (light, medium,
and heavy) were computed and compared.
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