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ABSTRACT 

 

Two biomechanical approaches were launched in this study to simulate and 

investigate the manual material handling (MMH) activities. The first is a biomechanical 

simulation approach. In this approach, an inverse kinematics computation with nonlinear 

optimization method was applied to simulate MMH. Mathematically, the approach was 

expressed as a system of nonlinear equations with an objective function and a set of 

constraints, which was solved using an iterative numerical algorithm. The second is a  

dynamic & control approach. In this approach, the human body was viewed as a two-link 

rigid body (upper body and lower body) control system, which can control the muscles to 

generate different joint torques (ankle torque and hip torque) to compensate the external 

load moment which was be considered as a perturbation at different phase and posture 

during lifting. The body postural responses to a wide range of perturbations were 

simulated.  

To test and validate these two modeling approaches, a factorial experiment was 

conducted to obtain the kinematics data for different task conditions. A set of kinematics 

(angular displacement and angular velocity) and kinetic parameters (joint torque and 

compressive forces) was analyzed. The experiment results showed that the simulated data 

fit well with the experiment data and further insights of the human control strategy of 

MMH were gained by statistical analysis. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

 Manual Material Handling (MMH), including lifting / lowering, pushing / pulling, 

twisting, carrying, and holding, is a regular task that almost everyone performs everyday.  

There are all kinds of injuries and disabilities associated with MMH tasks, among which 

low-back pain (LBP) are the most common. While the implicit cause of LBP cannot be 

determined definitively in up to 90% of patients, work-related cases are believed to result 

from the following mechanisms (Deyo et al., 1992): (1) degenerative changes in the 

intervertebral discs (2) muscle or ligamentous injury, and (3) herniation of the 

intervertebral disc with irritation of adjacent nerve roots. To further identify the risk 

factors and investigate the occupational etiology of LBP, occupational biomechanical 

research has been directed to understand how the musculoskeletal tissues of the lower 

back are affected by the parameters of job demands, such as the postures and movements 

required to perform a job and the forces exerted during MMH tasks. 

Biomechanical research uses laws of physics and engineering concepts to describe 

motion undergone by the various body segments and forces during normal or abnormal 

activities (Nordin and Frankel, 1989).  As a general approach, the human body is treated 

as a mechanical system, made up of rigid links (the bones) that are connected at joints.  

Forces and mechanical moments (torques) imposed on the system during work activities 

are estimated by static and dynamic biomechanical models and then compared with the 
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strength capabilities or biomechanical tolerance limits of the affected tissues. This 

approach can also provide a tool to investigate motor coordination and postural control 

and redesign manual tasks and workstations.  Thus, biomechanical models serve a useful 

purpose in estimating the stresses on the musculoskeletal system, especially the lumbar 

spine.  

 A lot of studies have been done on the biomechanical modeling of the MMH 

tasks, in which the joint angular displacements can be generated by a simulation model, 

and the joint torques and joint forces can then be calculated based on the angular 

information. One limitation of most of these studies is that their models work only on 

sagittal plane lifting, and the internal mobility and stability control strategy of the joint 

coordination during MMH are not clearly revealed from these models.  

In this study, two biomechanical approaches, shown in Figure 1.1, were generated 

to further investigate the MMH activities. The first is a biomechanical simulation 

approach, which can provide the prediction of the three-dimensional (3D) posture of a 

worker throughout a MMH task based on certain optimization criteria without collecting 

the displacement-time information.  The second is a dynamic & control approach based 

on state space models in modern control theory, which can support a further investigation 

of the self-correcting and the coordination between different joints for MMH tasks.  

These two approaches are parallel but closely correlated.  The simulation approach can 

provide the feasible or biomechanical plausible motion patterns based on selected 

objective function.  These patterns can be further investigated in the dynamic approach.  

The dynamic approach can be also used to test the key postures assumptions of the 
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simulation approach.  The motivations of the two approaches are discussed in the next 

two sections. 

 

 

 

Figure 1.1. Research Scope. 

 

1.1.1 Biomechanical Simulation Approach 

The biomechanical simulation approach can provide a solution by performing the 

kinematic and kinetic analysis without collecting the displacement-time information. The 

simulation of human posture and motion during MMH has been under construction at 

Texas Tech University for the past fifteen years.  The current models include a static 

posture prediction model (Dysart and Woldstad, 1996) and several dynamic lifting 

simulation models (Hsiang and Ayoub, 1994; Lin, 1995; Lee, 1988).  Within certain 
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fidelity limits, these simulation models can predict the sagittal plane posture of a worker 

throughout a lifting motion, including the relevant kinetic and kinematic variables.  

Optimal motion patterns are selected based on one or combinations of several objective 

functions.  The most popular objective function so far is the minimal time integral of the 

sum of the square of the external torques generated at each of the five joints considered in 

the sagittal plane, namely the elbow, shoulder, hip, knee, and ankle.  These sagittal plane 

models work well as initial first-approximations in analyzing many work tasks, but are 

unable to represent work activities that involve asymmetric bending or twisting.  

Nevertheless, activities that involve asymmetric postures have been found to present a 

significant portion of musculoskeletal hazards to workers, especially for tasks that 

involve lifting (Mital et al., 1997).  

To represent asymmetric MMH tasks, a 3D representation of the human body 

with more degrees of freedom (DOF) for the joints of interest needs be developed.  Due 

to the fact that the human being possesses more than 200 DOF, which cost much 

computational complexity, biomechanical simulation is difficult to apply.  

 In this study, to simulate 3D MMH tasks with more DOF requirements, a 

simulation model based on inverse kinematics and optimization algorithms was 

developed. Mathematically, the approach was expressed as a system of nonlinear 

equations with an objective function and a set of constraints, which was solved using an 

iterative numerical algorithm. The motivation of this model is that: (1) previous 

observations (Hsiang et al. 1999) showed that para-sagittal lifting activity could be 

demarcated by four key postures. This demarcation can be retained in 3D lifting activity 
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and these four postures can serves as control points of the joint angular trajectory.  (2) 

Inverse kinematics method can generate 3D transform matrix to describe the translational 

and rotational relationships between adjacent joints. Thus, given the position of the end-

point (hand), the angular displacement of all joints can be induced. This approach was 

described in detail in chapter 3. 

 

1.1.2 Dynamic & Control Approach 

From a biomechanical view the MMH tasks can be broken down into different 

phases, with different concerns for each phase. For example, a lifting task can be 

demarcated into three phases: the lifting take-off phase, in which the major concern is to 

generate large extension moment and bring the load closer to center of gravity (CG); the 

carrying cruising phase, in which the major concern is to bring the load to the highest 

position to provide the load landing clearance; and the lowering landing phase, in which 

the major concern is to place the load on a surface without hitting or throwing. Generally 

these concerns can be achieved by satisficing mobility and stability requirements 

simultaneously, which includes: (1) coordinate neuromusculoskeletal system to build up 

posture against gravity; and (2) ensure that balance is maintained through posture control. 

Previous research (Johansson and Magnusson, 1991) showed that the coordination of 

muscles of the joints of the ankle, knee and hip are essential in postural control. 

Nevertheless, the underlying control strategy for postural control of MMH tasks is not 

well understood. 
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To further investigate the postural control scheme and the coordination between 

different joints for MMH tasks, in this study, a dynamic & control approach was 

conducted. The motivation of this approach is that: a feedback control model can be 

developed to describe postural responses for a wide range of perturbations (external load, 

Danz, 1991), the torque exerted on joints can be generated as a set of feedback gains for a 

wide range of perturbations. Thus, kinematics and kinetic parameters of MMH can be 

simulated by a dynamic & control model and the simulation results can compare with the 

experiment results.  

The early study usually used single inverted pendulum model to study the 

constant feedback gains for posture stability (He et al., 1991). This model uses two 

segments, which represent the human upper body and lower body respectively. The 

inputs of the model are the motion time, the initial posture and the final posture. 

Feedback commands are issued to compensate the external perturbation. The task 

objective was defined as minimization of residual dynamics and position errors at 

movement termination. The values for the joint torques can be simulated given input 

information. By comparing these simulated data with the experiment data, the relative 

contribution of the ankle muscle and hip muscle can be investigated. The biomechanical 

meaning of some of the key postures (e.g. standing-up posture) can be explored by 

stability analysis. 
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1.2 Objectives 

Based on above discussions, the objectives of this study can be summarized as 

following: 

• To simulate 3D MMH tasks through a biomechanical approach. In specific, an 

inverse kinematics computation with nonlinear optimization method was 

applied to simulate MMH. Mathematically, the approach was expressed as a 

system of nonlinear equations with an objective function and a set of 

constraints, which was solved using an iterative numerical algorithm. 

• To investigate kinematics & kinetic of MMH through a dynamic & control 

approach. In specific, a set of key postures with meaning in postural control 

was investigated; torque exerted on major joints was simulated. 
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 CHAPTER 2 

LITERATURE REVIEW 

  

 For most human daily activities, such as walking, lifting, and reaching, the human 

need to control and coordinate different joint segments to perform tasks. In many cases, 

i.e., simple arm reaching movements, the underlying control strategy adopted by human 

beings are still not well understood. In section 2.1 of this chapter, the previous research of 

the human control strategy of two groups of movements, reaching movements and 

rhythmic movements was reviewed. Based on the revealing human control strategy and 

modern computational technology, the modeling and simulating of the human movement 

can be achieved by several approaches, which are discussed in Section 2.2.  

 

2.1 Human Movement Strategies 

2.1.1 Reaching Movement  

2.1.1.1 Movement Redundancy 

Reaching movement, defined as the movement of the arm when a human subject 

reaches for an object in a given environment, is one of the most widely research areas in 

human motor control, not only for its generalization but also for its rich complexity as a 

test bed for the reduction of the degrees of freedom (DOF).   It is assumed that during the 

arm movements all arm elements of the shoulder, elbow and wrist are involved, where 

the shoulder can be simplified into a 3-DOF ball-and-socket joint, the elbow a 1-DOF 

hinge joint, and the wrist a 2-DOF universal joint. 
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 If a reaching task requires the specification of wrist position, the maximal number 

of independent DOF is 6. Given such redundancy, a large number of possible trajectories 

may exist for the movement (Bernstein, 1967).  If a reaching task does not require the 

specification of wrist position, the maximal number of independent DOF can be reduced 

to 4. By using the inverse kinematics method, 3 equations with 4 unknown variables can 

be generated, and this is explained in the next chapter.  Since the reaching movement has 

4 unknown variables and only 3 constraint equations, the system has one degree of 

redundancy. A simple physical interpretation of the redundant DOF is based on the 

observation that if the wrist is held fixed, the elbow is still free to swivel about a circular 

arc. The normal vector of the arc is parallel to the axis from the shoulder to the wrist. 

It is widely known that there is an underlying strategy adopted by human beings 

for resolving kinematic redundancy. However, quantitative representation of such an 

internal strategy is difficult partly because of certain problems with the theories 

themselves and partly because of features of the cortical and basal ganglionic motor 

circuits that seem ill-suited for most engineering analyses of motor control (Alexander et 

al., 1992). 

These redundancy problems are studied in fields other than biological motor 

control such as robotics and computer animation, and techniques from these fields have 

proved useful for some special situations. The DOF problem in robotics is often solved 

using a technique called resolved motion rate control (Whitney, 1969). This method 

assumes that the desired hand trajectory is known. It then uses an optimization approach, 

such as minimizing kinetic energy, to find a corresponding posture trajectory. This 
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method can be used to solve a subset of the reaching movement problem, but the need for 

a hand trajectory and the complexity of kinematics computations make this approach 

unattractive from a biological point of view.  

The most common computational approach to solve the redundancy problem in 

biological motor control is to consider the arm system as a classical mechanics system. In 

this formulation, the trajectory that minimizes an energy-like quantity must be found. 

This typically involves integrating a complicated function along all possible trajectories 

to find the one that is optimal according to some preset criterion. These integrals 

generally require that the final posture and the elapsed time be known prior to movement, 

which makes the computations hard to do when the tasks are undetermined. Therefore, 

almost all the work has been done with simplified systems having 2 DOF and moving in 

a plane, i.e., with no excess DOF. Under very simplified conditions, the minimizing 

integral equations can be solved, but in most cases they are unsolvable and much 

numerical integration are required to find the minimizing path. Models of this general 

type such as minimum jerk (Flash and Hogan, 1985), minimum torque (Uno et al., 1989), 

minimum metabolic energy (Alexander, 1997), and minimum variance (Harris and 

Wolpert, 1998) have played a useful role in the study of planar arm movement. 

Sometimes the redundancy problem can be simplified and realistic solutions can 

be found for multi-jointed arms in three dimensions (3D). For example, Soechting et 

al.(1995) address the task of finding a realistic posture for a specified target hand location 

starting from different initial postures. They used an arm with 4 DOF (one extra DOF), 
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and make a series of reasonable assumptions about the geometry and physics of arm 

movements. 

Unlike the above dynamic approach, the idea of separating geometry from 

dynamics in biological motor control was proposed by Hinton (1984) but has not been 

widely used despite experimental data showing that there are brain areas with force-

independent representations of movement (Kalaska et al, 1990). 

Wang and Verriest (1998) used the geometry method to solve the same problem 

as Soechting et al. (1995). Realistic postures are achieved apparently because joint 

angular velocities are minimized. This model does take joint angle limits into account but 

requires tests that may not be biologically plausible. The algorithm, like most inverse 

kinematics algorithms, needs to be supplied with a path. A straight-line path is used as a 

default, but realistically curved arm paths also give good results. 

 

2.1.1.2  Listing’s Law 

A general principle governing arm movement is Listing’s law. According to 

Listing’s law, the rotation vectors, which describe arm positions as a rotation relative to 

some reference position, are confined to a flat range called Listing’s plane (Ferman, 1987; 

Tweed and Vilis, 1990), as shown in Figure 2.1.  Listing’s law is based on Donders’ law, 

which specifies that the 3-D orientation of the eye is uniquely determined by gaze 

direction, which can reduce the number of controlled DOF from 3 to 2 (Donders, 1848).  

It is observed that during straight-arm pointing, the upper arm obeys a rule very 

similar to Listing’s law, leading to suggest that the arm-control system might possess a 
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Donders’ operator that takes in desired pointing direction and outputs a command for 

desired 3-D arm orientation (Crawford and Vilis, 1995).  

 

 
Listing’s 
plane 

 

Figure 2.1. Listing’s Plane based on experimental data (Medendorp, 2000). 

 

The 3-D pattern of upper arm orientations at the offset positions was computed by 

fitting a second-order surface to the rotation vector data (Hore et al, 1992; Miller et al, 

1992; Straumann et al, 1991; Theeuwen et al, 1993) as follows: 

                                                                               (2.1) 2 2
x y z y y zr a br cr dr er r fr= + + + + + z

in which rx, ry, and rz represent the torsional, vertical, and horizontal components of the 

rotation vectors relative to the reference position, as defined in the preceding text. 

Parameter e (denoted as the twist score) allows the surface to twist, whereas parameters d 

and f yield a parabolic curvature in the ry and rz direction, respectively. 

The experimental results (Medendorp et al, 2000) confirmed that Listing’s law 

does not hold across all pointing tasks, i.e., for a given pointing target, upper arm torsion 

varied widely. However, for any one static elbow configuration, torsional variance was 
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considerably reduced and was independent of previous arm position, resulting in a thin, 

Donders-like surface of orientation vectors. More importantly, the shape of this surface 

depended on both elbow angle and forearm orientation. For pointing with the arm fully 

extended or with the elbow flexed in the horizontal plane, a Listing’s-law-like strategy 

was observed, minimizing shoulder rotations to and from center at the cost of position 

dependent tilts in the forearm. In each case, the torsional variance from these surfaces 

remained constant, suggesting that Listing’s law was obeyed equally well for each task 

condition. These results revived the idea that Listing’s law is an important governing 

principle for the control of arm movements but also suggest that its various forms may 

only be limited manifestations of a more general set of context-dependent kinematic rules. 

  Unlike the other solutions by optimizing cost functions or adding global non-

linear multi-constraint, Listing’s law can also be used to reduce certain redundancy. The 

benefit of using Listing’s law is that it can make the simulation biologically plausible and 

also can reduce one DOF (Zhang and Hsiang, 2004). In addition, it requires less 

computation than many other models, which makes it more applicable for usage. 

 

2.1.2 Rhythmic Movements  

The motor coordination of rhythmic movement has been investigated intensively 

experimentally and theoretically and mathematical models have been set up reproducing 

the experimentally observed coordination behavior as well as predicting new effects.  

The biological plausibility of motor coordination programs can be found in 

(Alexander et al, 1992), where highly parallel and nonalgorithmic simulation model can 
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be used to explain some of the unique features of natural, volutional motor behavior. In 

addition, Rosenbaum and Krist (1996) present psychophysical evidence that a 

representation of a movement is formed in advance before the movement execution.  

(Turvey, 1990) notes several key points: 

1. The details of any coordinated state are contributed gradually by many 

subsystems working together. 

2. Subsystems are relatively autonomous, possibly built to minimize interaction with 

the external medium. 

3. Subsystems cooperate to generate desired states at the system level without 

knowing that they are doing so. 

 

2.1.2.1 Bimanual Movement Coordination  

In the original self-paced bimanual coordination experiment by Kelso (Kelso, 

1981; 1984), it was observed that there exist two stable dynamical patterns or 

coordination states below a critical cycling frequency. One is an in-phase state in which 

the finger movements are symmetric and the other is an anti-phase state in which finger 

movements are anti-symmetric. Starting the finger movements in the anti-phase state and 

increasing the cycling frequency, a spontaneous transition from anti-phase to in-phase 

occurs at the critical frequency. Beyond this frequency only the in-phase state is stable. 

Further, it was experimentally observed that the amplitude of the finger movements 

decreases when the cycling frequency is increased. 
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Based on these observations, Haken et al. (1985) launched a dynamical approach 

to study bimanual movement coordination and stability features of coordinative structures. 

The approach can identify the nature of transition processes and stability in human 

movement. From their perspective, an essential element in transition processes is the 

degree of variability in the coordination dynamics. In more traditional (engineering) 

viewpoints variability in patterns are regarded as noise need be eliminated. Within 

dynamical systems approaches, variability can be essential in inducing a coordination 

change and the relative phase between body segments can be considered as a potential 

order parameter. Relative phase between component oscillators (arms, legs, etc.) can 

identify different qualitative states of the system dynamics on which basis changes in 

coordination patterns can be evaluated.  

 

2.1.2.2  Postural Control Strategy  

For human voluntary movement (e.g. lifting), the role of the muscles at ankle, 

knee and hip joints is essential in balancing the body. According to the passive stiffness 

control model, ankle stiffness, as a result of the CNS being limited to the selection of 

appropriate muscle tonus, stabilizes the unstable mechanical system in quiet stance 

(Nashner, 1985; Winter et al, 1998).  In the ankle strategy, the body can be regarded as a 

stiff pendulum, and balance adjustments are mainly made in the ankle joint, with the 

person swaying like an inverted pendulum (Nashner, 1985). In the hip strategy, the 

resulting motion is primarily focused on the hip joints (Horak & Nashner, 1986).  
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The control of the central nervous system (CNS) in the postural control process 

remains a topic of intense debate among researchers.  Some researchers (Winter et al., 

1998) have postulated that passive stiffness at the ankle joint plays a predominant role in 

postural stability.  The hypothesis that the stabilization of balance during quiet standing is 

achieved by the stiffness of ankle muscles was formulated by on the basis of two 

arguments: the experimental observation that the oscillation on the support surface of the 

center of mass (COM) appears to be in phase with the center of pressure (COP) and the 

theoretical consideration that such phase lock is incompatible with the afferent and 

efferent delays associated with active control.  This view is supported by the 

consideration that latencies in the motor servo loop and low pass muscle characteristics 

tend to limit the effectiveness of active mechanisms.  

Yet, as Morasso and Schieppati (1999) point out, the observed value of ankle 

stiffness didn’t match what the stiffness models predicted. Thus, both passive stiffness 

and active CNS control interplay in the postural control process.  They demonstrated, on 

the basis of a simple biomechanical analysis of the human inverted pendulum, that the 

phase relation is a consequence of the dynamics of the plant and is independent of the 

stabilization mechanism; therefore it cannot be used as an argument for deciding whether 

the stabilization mechanism is predominantly due to stiffness or to active control. 

Moreover, they pointed out that there is a critical value of stiffness for the stabilization of 

the ankle. Results in the literature were quoted that show a range of values of ankle 

stiffness that are significantly lower than the critical value. These claims are supported by 

a methodological analysis of the experimental approach and by a new simulation study 
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with a realistic model of ankle muscles that shows the mechanical instability of the 

system without an anticipatory control input. The simulations also suggest that in normal 

subjects the two stabilizing mechanisms, active control and stiffness, contribute about 

equal amounts of the restoring forces necessary to prevent falling. 

 

2.1.2.2  Walking  Coordination  

Human walking is a smooth, highly coordinated, rhythmical movement by which 

the body moves step by step in the desired direction. Numerous studies from various 

fields, such as biomechanics, robotics, and ergonomics, have provided a rich database on 

“normal” straight-walking gait patterns.  

In the field of computer animation, because of the complex hierarchical structure 

of the human body, most of the research in motion control of human figures has been 

devoted to finding ways to reduce the amount of specification necessary to achieve a 

desired motion. In these models, motion control is implemented through the application 

of a set of constraints, with different constraint sets generating different movements. The 

movements produced by these models can be quite fluid and natural. However, applying 

these models usually requires considerable computation, as well as significant expertise 

by the animator, to produce a desired motion. This is particularly true when the 

envisioned motion includes stylized movements that are deliberately objective, such as 

walking on uneven terrain. 

Chung and Hahn (1999) presented an interactive hierarchical motion control 

system dedicated to the animation of human figure locomotion in virtual environments. 
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As observed in gait experiments, controlling the trajectories of the feet during gait is a 

precise end-point control task. Inverse kinematics with optimal approaches was used to 

control the complex relationships between the motion of the body and the coordination of 

its legs. For each step, the simulation of the support leg is executed first, followed by the 

swing leg, which incorporates the position of the pelvis from the support leg. That is, the 

foot placement of the support leg serves as the kinematics constraint, while the position 

of the pelvis is defined through the evaluation of a control criteria optimization. Then, the 

swing leg movement is defined to satisfy two criteria in order: collision avoidance, and 

control-criteria optimization. Finally, animation attributes, such as controlling parameters 

and pre-processed motion modules, are applied to achieve a variety of personalities and 

walking styles. 

Ronan Boulic et al. (1990) presented a human walking model built from 

experimental data with a wide range of normalized velocities. The model is structured in 

two levels. At a first level, global spatial and temporal characteristics (normalized length 

and step duration) are generated. At the second level, a set of parameterized trajectories 

produce both the position of the body in the space and the internal body configuration. 

This is performed for a standard structure and an average configuration of the human 

body. The experimental context corresponding to the model is extended by allowing a 

continuous variation of global spatial and temporal parameters according to the motion 

rendition expected by the animator. The model is based on a simple kinematic approach 

designed to maintain the intrinsic dynamic characteristics of the experimental model. 
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Such an approach generally allows a personification of the walking action in an 

interactive real-time context. A correction automata of such motion was then proposed. 

 

2.2 Human Movement Simulation Method 

 
2.2.1 Inverse Kinematics& Inverse Dynamics 

The inverse kinematics approach has been commonly used in computer graphics 

and robotics algorithms. In this approach, the inverse kinematics problem is cast into a 

system of nonlinear equations or an optimization problem, which can be solved using an 

iterative numerical algorithm.  

Inverse kinematics is based on an opposite approach as direct kinematics. Inverse 

kinematics uses a kinematics chain. Kinematics chain is a sequence of segments and 

joints. The first joint is a base and the last is an end-effector. The position and orientation 

of every joint based on end-effector movement is changing. The purpose of inverse 

kinematics is to compute the changed positions and orientations. 

Inverse kinematics offers three ways to get the solution. Possible methods are 

algebraic, geometric and iterative methods. Algebraic and geometric methods provide an 

exact solution (and if there exist more solutions then the methods will give all possible 

solutions) if the solution exists. But some kinematics problems don’t have any solution if 

the target for the end-effector is inaccessible. Iterative methods offer a general solution of 

inverse kinematics. Their disadvantage is that they converge to only one solution even if 

there exists more, or they find the closest solution if it doesn’t exist. 
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Geometric methods use the knowledge of the manipulator geometry. This method 

has a disadvantage that solutions for one manipulator cannot be used for a manipulator 

with different geometry. 

To solve inverse kinematics with algebraic methods, we need to solve equations 

for N degrees of freedom. Every joint holds transformation Mi that consists of a 

translation and rotation. So if we have a vector of parameters (transformations Mi) in 

joints q, the forward kinematics solution is the position and orientation of end-effector x 

by transformation composition 

x = f (q)                                                             (2.2) 

But for an inverse kinematics solution the position and orientation of end-effector 

x are known and we need to compute the state vector q that is the inverse function to (2.2) 

x = f –1(x)                                                           (2.3) 

The solution of (2.3) is not simple. Function f is not linear. There exist one-valued 

function for (2.2), but for (2.3) there are more solutions for q than for x. An algebraic 

solution would be to find all final solutions for (2.3) but nevertheless such a solution can 

be derived only for specific manipulators. Therefore inverse kinematics is solved with 

iterative methods. 

Iterative solution is based either on matrix inversion or on any form of 

optimization. Matrix inversion is a complex process that is not only computationally 

difficult but offers other problems that come from their numerical instability. 

Optimization methods bypass the problem of matrix inversion. These methods minimize 

the error in the kinematics chain. The iterative approach is based on continuous closing to 
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solution for every joint in a chain. In general, these methods are more inaccurate and they 

converge only to one solution. But these methods are suitable and fair enough for 

kinematics simulation. 

Inverse kinematics plays a key role in the computer animation and simulation of 

articulated figures. Often these figures contain more than a hundred degrees of freedom, 

making it infeasible (or at best tedious) for the animator to manipulate every joint to 

control the figure’s posture. With the assistance of an inverse kinematics algorithm, the 

animator merely gives the desired location of certain chosen points on the body and relies 

on the algorithm to automatically compute a set of joint angles that satisfy the end-

effector constraints. Another important use of inverse kinematics occurs in motion 

capture applications where the positions and orientations of sensors on a live subject are 

used to drive the animation of a computer model. In this case, inverse kinematics is used 

to find joint angle trajectories that interpolate the sensor data. Finally, inverse kinematics 

can also be used in task feasibility studies in which a virtual agent and environment are 

used to simulate the performance of a real-life task, such as an assembly line operation or 

the workspace analysis. 

In these applications, inverse kinematics is useful in determining which objects in 

the environment are reachable. In robotics, inverse kinematics tasks only involve 

constraining the position and orientation of the terminal segment or the end effector. In 

computer animation, other types of constraints have to be considered. Some examples 

include constraining selected points on nonterminal segments, aiming the end effector, 

keeping the figure balanced, and avoiding collisions. It is not always easy to incorporate 
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these constraints into a conventional inverse kinematics formulation. To make matters 

worse, multiple and possibly conflicting constraints can be simultaneously active, and the 

system is usually underdetermined or over determined. 

 

2.2.2 Constraint-based Motion Editing  

 An alternative way to obtain movements of articulated figures is to capture the 

motions from live subjects. Postures or motion sequences can be obtained with motion 

capture to constitute libraries of postures. They can later be reused and combined with 

editing tools. The complexity of human figure and the limitations of current motion 

control systems, coupled with the increasing popularity and maturity (especially the 

hardware) of motion capturing, have made motion editing techniques become the recent 

trend of human animation. 

Motion editing is the act of changing the movement of an object (Gleicher, 1999). 

In more traditional 2D animation, the movement and appearance of objects are tightly 

coupled. The idea of discussing motion editing only really becomes a worthwhile topic 

when dealing with 3D animation. 

Constraint-based motion editing makes some of the features that are to be 

preserved or changed in a motion explicit as constraints. This is in contrast to a non-

constraint-based technique, which does not make such features explicit. For example, a 

filtering or blending operation applied to a motion does change it (and is therefore an 

editing operation), but does not explicitly describe the operation in terms of features in 

the motion, only in the terms of the underlying parameters used to represent the motion. 
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A constraint-based technique would explicitly represent features in the motion. For 

example, the footsteps in a motion might be represented as an equation specifying the 

required position of the end-effector at a given time.Such features serve as constraints 

either to be preserved (maintain the footplants as the motion is changed) or to control 

changes (move a footplant to a new location). Constraint-based motion editing techniques 

generally focus on spatial or geometric constraints. Spatial constraints provide features of 

poses at given instants. 

The solvers used in constraint-based motion editing all address similar tasks. The 

main differences are the approaches they employ to achieve their results. By its 

definition, a constraint-based motion editing technique must provide some method for 

handling spatial constraints that are mapping specified goals to a character’s parameters. 

Therefore, all methods must include an inverse kinematics solver (in a general sense). 

One taxonomy (Gleicher, 2001) categorizes the following methods based on their 

approach to handling temporal constraints.  

1. per-key inverse kinematics 

Traditional computer animation systems provide the user with the ability to 

control a set of “key” poses that are interpolated. Controlling these key poses creates 

spatial aspects of the motion, and the temporal continuity between poses is generated by 

interpolation. Gleicher (2001) term such methods per-key inverse kinematics (PKIK) 

because they solve a problem to handle the spatial constraints on each key in the motion. 

Traditional animation tools fall under the category of per-key methods. 
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An important aspect of a per-key motion editing technique is that the “solver” 

changes each pose individually. The choice of how to set each pose is computed 

independently. These computations may consider other frames in the process; however 

each pose is computed separately. This attribute is shared with the per-frame methods 

described below. The reason that such methods often work so well is that the small 

number of key frames is often sufficient to describe the motion. If significant key frames 

are properly chosen, interpolating between them can provide sufficient temporal 

continuity and control. 

2. per-frame inverse kinematics 

A central difficulty with per-key methods for motion editing is that they require a 

set of sparse, well-chosen key frames to represent the motion. The temporal control of 

motion changes is an artifact of how the motion was created and represented, not 

necessarily determined by the goals of the changes in the motion. This is particularly 

problematic for motions that are generated algorithmically, with motion capture or 

simulation, for example. However, even manually constructed motion does not place key 

frames solely at semantically relevant instants. One possible approach to this is to use 

some process for constructing a convenient representation from the unstructured data. A 

per-frame method manipulates each individual sample of a motion independently. This 

method applies a solver to each frame of the motion independently as per-frame inverse 

kinematics (PFIK). 

In a sense, a per-frame method is a special case of a per-key method where the 

keys are regularly spaced. However, this is an important distinction: with a per-key 
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method, we assume that the keys are strategically placed at significant and important 

times and, therefore, it is more likely that simply getting these instants correct will 

provide for a desirable outcome. 

With per-frame methods, the poses are typically densely sampled. That is, the 

timing between poses is typically quite small relative to the duration of the motion. 

Because of this, there is a greater demand to enforce the consistency between poses. 

When the poses are spaced farther the interpolation between poses becomes more 

significant and will create the necessary consistency. 

 

2.2.3 Optimal Control  

Optimization techniques are used to find a set of design parameters, x={x1, 

x2…xn}, that can in some way be defined as optimal. In a simple case this might be the 

minimization or maximization of some system characteristic that is dependent on x. In a 

more advanced formulation the objective function, f(x), to be minimized or maximized, 

might be subject to constraints in the form of equality constraints, Gi(x)=0 (i=1, …,me);  

Inequality constraints, Gi(x)<0 (i = me +1, …,m);  and/or parameter bounds, xl, xu. 

A General Problem (GP) description is stated as 

min( ( ))
n

f x
x∈ℜ

 
  (2.4) 

Subject to 
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Where x is the vector of design parameters ( nx∈ℜ ), f(x) is the objective function 

that returns a scalar value ( ( ) :  nf x ℜ →ℜ ), and the vector function G(x) returns the 

values of the equality and inequality constraints evaluated at x ( ).  ( ) :  n mG x ℜ →ℜ

An efficient and accurate solution to this problem depends not only on the size of 

the problem in terms of the number of constraints and design variables but also on 

characteristics of the objective function and constraints. When both the objective function 

and the constraints are linear functions of the design variable, the problem is known as a 

Linear Programming (LP) problem. Quadratic Programming (QP) concerns the 

minimization or maximization of a quadratic objective function that is linearly 

constrained. For both the LP and QP problems, reliable solution procedures are readily 

available. More difficult to solve is the Nonlinear Programming (NP) problem in which 

the objective function and constraints can be nonlinear functions of the design variables. 

A solution of the NP problem generally requires an iterative procedure to establish a 

direction of search at each major iteration. This is usually achieved by the solution of an 

LP, a QP, or an unconstrained sub problem. 

Optimal control is widely used in robotics to impose joint angles and velocity 

limits on the motion while avoiding selfcollisions. Optimization techniques allow us to 

transform the motion to the capabilities of the humanoid robot by specifying an objective 

function and a set of constraints that preserve the salient characteristics of the original 
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motion. The robot tracks the trajectories of the transformed data using a position and 

velocity tracking system with feedforward trajectory learning. 

For human movement simulation, one of a few of the examples based on 

optimization-based approaches is from Zhao and Badler (1994). Their paper presents an 

optimization-based technique for solving optimal control problems. Unlike the spacetime 

constraint approach, which discretizes both the state and control variables, their method 

transforms the optimal control problem into an optimization task that depends only upon 

the control variables. Using a spline to represent the control trajectory, they derive an 

efficient, analytic technique for computing the gradient of the objective function in terms 

of the spline control points. Their approach has the advantage of reducing the number of 

unknowns and ensuring consistency between the state and control variables. They 

demonstrated the viability of their algorithm by using it to simulate a human figure  

performing a high jump. 

 

2.2.4 Biomechanical Simulation  

The biomechanical simulation can provide the estimation of the forces and 

moments acting on the musculoskeletal system without collecting the displacement-time 

information. The main purpose of biomechanical simulation is to reduce work-related 

injuries of the musculoskeletal system (Ayoub, 1992).   

The earlier studies (Chaffin, 1969; Garg and Chaffin, 1984) used the "Static 

Sagittal Plane" model for studying whole-body load lifting. This static model requires 

relatively simple logic and task data; and more practical use has been made of static 
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models because of the availability of population muscle strength data (Garg et al., 1982).   

This model has become a useful tool for industrial ergonomists to analyze, design, and 

modify jobs.  The main disadvantage of static models is that since inertial effects are 

ignored, stresses on the musculoskeletal system can be vastly underestimated.   

To more accurately estimate body stresses during a lift, dynamic biomechanical 

analyses using the inverse dynamics approach to estimate kinetics and kinematics require 

inputs of the body's displacement-time profiles.  The basic input for a dynamic lifting 

analysis is a complete time-history of the body’s motion.  To obtain motions of lifting, 

photographic or optical motion acquisition systems are usually used.  Since collection of 

displacement-time information requires a considerable amount of effort, an alternative is 

to use a biomechanical computer simulation model to predict human motion. 

 A variety of human postures and motions have been modeled in the sports, 

ergonomics and medical fields.  A set of simulation models to predict dynamic lifting 

motions in the form of angular displacements at the major joints of the body was 

developed for sagittal lifting activities (Ayoub 1992, 1989; Hsiang, 1992; Lee, 1988).  

One such simulation model was usually formulated as an optimization problem which 

assumed that the body performed a lifting motion, particularly in high exertion tasks, 

according to some internal criterion such as the minimization of muscular effort. 

 Lee (1988) developed an optimization approach to determine manual lifting 

motions using the trajectory approximation and dynamic programming methods.  An 

initial solution was generated with the static constraints requirement which include the 

range of joint motion, the geometry of the workstation and the voluntary muscle strengths 
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at the joints.  Dynamic programming was used to select the optimal paths. The simulated 

angular displacements of the joints fitted well with the experimental data for most data 

set.   

Hsiang et. al (1994; 1999) used a similar method based on key frames to derive a 

set of equations that can describe the joint trajectories during a para-sagittal lifting task. 

To generate the polynomials that describe the selected joint trajectories of lifting, the 

ifting activity was classified into lifting, carrying and lowering phases (Hsiang et al., 

1998; Hsiang and McGorry, 1997). These three phases can be demarcated by four 

postures. Once four postures have been identified for each joint, intuitively they can be 

linked through three line segments or an 8rd-order polynomial. The optimization problem 

became one of finding coefficients of the angular displacement polynomials which 

minimized the objective function. Hsiang validated the simulation by comparing the 

angular displacements of the model predictions with those of human subjects.  Statistical 

analyses indicated some discrepancies in the simulation model predictions indicating that 

the motions of the shoulder and ankle joints were predicted less well than the other joints.   

Lin (1995) reported a dynamic simulation model developed for biomechanical 

analyses of lifting activities performed in the sagittal plane.  The model simulates the 

dynamic motion of lifting tasks for five body joints: the elbow, shoulder, hip, knee, and 

ankle.  The inputs of the model include initial and final joint postures; gender, weight, 

and height; weight of load; lifting height; and container dimensions.  In the output, the 

angular trajectories of the five joints are predicted. An objective function was selected 

based on the hypothesis that the body will minimize its efforts, subject to a set of 
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constraints related to the capability of the body, the geometric layout of the task, and the 

kinematics and kinetics of the motion. The predicted motion pattern from the simulation 

could closely resemble the observed motion pattern. A further validation study (Bernard, 

1999) examined the kinetics and kinematics produced by this dynamic biomechanical 

simulation model and compared to those produced by actual human subjects. The 

simulation model was shown to predict quite well under different task conditions (range 

of lift, weight of load, size of box, and gender of lifter).  
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CHAPTER 3 

MODEL DEVELOPMENT AND EXPERIMENTAL DESIGN 

 

 There were two primary goals of this study. The first was to simulate MMH tasks 

based on some human concerns in safety and efficiency.  The second was to examine the 

issues regarding the kinematics and kinetics of MMH tasks, as a state space feedback 

control process.   

 To achieve the first goal a biomechanical simulation approach was adopted.  This 

approach required combining information from the biomechanical modeling and 

optimization techniques with knowledge of ergonomics and motor control. Thus, such 

simulation of human motion should be considered as multi-disciplinary. Specifically, an 

inverse kinematics computation with nonlinear optimization, which has been more 

commonly seen in computer graphics and robotics research, was introduced. In essence, 

the inverse kinematics problem was expressed as a system of nonlinear equations with an 

objective function and a set of constraints, which can be solved using an iterative 

numerical algorithm.   

To achieve the second goal a dynamic & control approach was adopted.  In this 

approach, the human body was viewed as a two-link rigid body (upper body and lower 

body) control system, which can control the muscles to generate different joint torques 

(ankle torque and hip torque) to compensate for the external load moment which was 

considered as a perturbation at different phases and postures during lifting. The body 

postural responses to a wide range of perturbations were simulated. In addition, the 
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system stability was achieved by torque exerted on joints, which can be viewed as a set of 

feedback gains for all perturbations.  

 To test and validate these two modeling approaches, a set of kinematics (angular 

displacement and angular velocity) and kinetic parameters (joint torque and compressive 

forces) was selected. The method of calculation of joint torque and forces from 3D joint 

angles is presented in section 3.3.  A factorial experiment was designed to obtain the 

kinematics data for different task conditions in section 3.4. 

 The following chapter is divided into four major parts to describe the formation of 

the models and the experimental design. These sections are as follows: 

• Biomechanical simulation approach 

• Dynamic & control approach 

• 3D analysis 

• Experimental design 

 

3.1 Biomechanical Simulation Approach 

In this approach, a 3D biomechanical simulation model was developed to 

represent angular kinematics of lifting tasks.   The model was also sufficient to be 

generalized for lifting plus twisting and walking conditions.    

The simulation procedure (Figure 3.1) consists of three computational procedures: 

(1) path planning, (2) trajectory planning, and (3) nonlinear optimization. In the 

beginning of simulation, the task information (subject anthropometric information, initial 

posture, final posture) was given as model input. Then the endpoint (hand) path was 
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generated based on this information. Then, given the path information and objective 

functions plus constraints, each joint trajectory was generated.  

Most of the basic concepts of previous studies (Hsiang and Ayoub, 1994; Lin, 

1995, Lee, 1988) in Ayoub’s group, e.g. trajectory formulation with Hermite polynomials, 

constraint based nonlinear optimization method, were followed in the simulation 

procedure.  Besides these similarities, some justifications were also made.     

Result 

 
Input Task Information 

Path Planning Biomechanical 
Model

Constraints Trajectory Planning 

Nonlinear Optimization 
 

Objective 
Function 

Figure 3.1. Simulation procedure. 

 

One important justification is the angular trajectory planning (formulation). 

Unlike the previous work by formulating a unique trajectory for each single joint 

trajectory. In this model, due to the large number of joints, the trajectory was only 
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formulated for the position of endpoint (hand) by a Hermite polynomial, all angular 

trajectories were derived by inverse kinematics method. The Hermite polynomials used in 

this case were three 8th order polynomials, which represented the three dimensions of the 

endpoint position in Cartesian space. 

To formulate the endpoint path with Hermite polynomials, a set of key points 

(control points) need to be selected. A good control point may help maintain certain 

property of human motor control. A key question in this dissertation is the number of 

control points needed for a MMH tasks.   Numerically, any n control points can be 

interpolated completely with a minimal (n – 1)th order polynomial.  The benefit of using 

few control points is to simplify the interpolations and the order of the polynomials.  

However, too many control points may increase the problem complexity and impractical 

for the CNS in a short period of operation (~ 1 sec per lift).   Once the initial MMH 

trajectory is formed, concerns in safety and productivity of a lifting trajectory must be 

addressed.   

Finally, from a dynamic perspective, the control points may represent the trade-

off (e.g., boundary region) between the postural stability and the mobility to finish the lift.   

That is, the control points may provide the links, framework for discussion, comparisons, 

or judgment between optimization and dynamic approaches. These were fully discussed 

in section 3.2.    

The model includes two parts: the biomechanical part and the motion simulation 

part. The first provides the anthropometric definitions of the human body and the second 

predicts the end point (the hand) path and the angular trajectory for each joint. 
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3.1.1 Anthropometric Definitions 
 

The biomechanical model used in the simulation is a multi-segment whole-body 

model.  The model represents the movement of the following segments: the lower legs, 

upper legs, trunk, upper arms, and lower arms (Figure 3.2).   

Joints included in the model are the following: left and right elbows, left and right 

shoulders (3 DOF for each), left and right knees, left and right ankles, and hip (2 DOF), 

totally 14 DOF.  Given the weight of the load, inertial property of the segments, length of 

the segments, joint forces and joint moments can be calculated using standard 

biomechanical procedures.  

 
 
 

Figure 3.2. Anthropometric representations.  
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Besides above definitions, the following assumptions were made for this model, 

which follows the previous work of Lin (1995):  

1. During the movement, the location of the center of mass of each segment 

remains fixed in the segment. 

2. The body has a fixed mass. 

3. The length of each segment remains constant throughout the movement. 

4. The joint friction is negligible. 

5. The load is a point mass located at the center of the box. 

6. The force of the load passes through the center of mass of the hand. 

7. The hand and the forearm are treated as one rigid link. 

8. The anthropometric data such as segment dimensions, mass, and internal 

properties are assumed to conform to those proportions provided in Winter (1990). 

 

3.1.2 Motion Simulation Model 

 The model simulates three basic movements: sagittal lifting, lifting plus twisting 

and carrying. The simulation model for lifting (including twisting) includes two parts, 

path planning and trajectory planning. Path planning is the prediction of the end point 

(the hand) path. Trajectory planning is the prediction of the joint angles given known 

path. In this model Hsiang’s (1998) model was applied to path planning, while D-H 

translations were used to build the trajectory-planning model. 
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3.1.2.1 Path planning 

Previous observations showed that para-sagittal lifting activity could be classified 

into lifting, carrying and lowering phases (Hsiang et al., 1998). This classification was 

retained for 3D lifting movements in this study. These three phases can be demarcated by 

four postures. Once four postures have been identified for each joint, intuitively they can 

be linked through three line segments or three 8th order polynomials. For the end point 

(the hand), the polynomial of the path can be represented as: 

2 3 4 5 6 7
10 11 12 13 14 15 16 17 18

2 3 4 5 6 7
20 21 22 23 24 25 26 27 28

2 3 4 5 6 7
30 31 32 33 34 35 36 37 38

( )
a a t a t a t a t a t a t a t a t8

8

8

x t a a t a t a t a t a t a t a t a t
a a t a t a t a t a t a t a t a t

⎡ ⎤+ + + + + + + +
⎢ ⎥= + + + + + + + +⎢ ⎥
⎢ ⎥+ + + + + + + +⎣ ⎦        (3.1). 

 

 

3.1.2.2 Trajectory planning 

To describe the translational and rotational relationships between adjacent joints, 

D-H notation, which has been most widely used in robotics, was used as the kinematic 

notation. The homogeneous transformation matrixes, as shown in equation 3.2, include 

all necessary information about the position and orientation of a reference frame with 

respect to another frame. Figure 3.3 shows every DOF defined of the model. 
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Figure 3.3. Anthropometric representations with translational and rotational links  

between adjacent joints. 
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For each joint the following matrix group defines the entire transformation matrixes: 
 

1 0 0 0
0 cos( 2) sin( 2) 0

2
0 sin( 2) cos( 2) 0
0 0 0 1

T
α α

α
α α

⎡ ⎤
⎢ ⎥
⎢ ⎥=

−⎢ ⎥
⎢ ⎥
⎣ ⎦

cos( 1) 0 sin( 1) 0
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The endpoint position can be represented by a combination of joint angles. 

1 1 2 2 2 1 2 3( , , , , , , , )x φ β γ α β γ θ θ θ=                                   (3.3), 

where 

x = the position of the end point,  

1 1 2 2 2 1 2 3, , , , , , ,β γ α β γ θ θ θ  = joint angles shown in Figure 3.3. 

The full expression of equation group 3.3 is as following: 

x1 = ((((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*cos(γ1)*cos(β2)-(((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*sin(α2)+((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*cos(α2))*sin(β2
))*cos(γ2)-(((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*cos(α2)-((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*sin(α2))*sin(γ2)
)*cos(θ3)-(((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*cos(γ1)*sin(β2)+(((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*sin(α2)+((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*cos(α2))*cos(β2
)+d5)*sin(θ3),  
                                                                                                                                                           
x2 = (((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*cos(γ1)*cos(β2)-(((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*sin(α2)+((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*cos(α2))*sin(β2))
*sin(γ2)+(((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*cos(α2)-((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*sin(α2))*cos(γ2), 
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x3 = ((((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*cos(γ1)*cos(β2)-(((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*sin(α2)+((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*cos(α2))*sin(β2
))*cos(γ2)-(((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*cos(α2)-((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*sin(α2))*sin(γ2)
)*sin(θ3)+(((-d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*cos(γ1)*sin(β2)+(((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*cos(β1)-(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*sin(β1))*sin(γ1)*sin(α2)+((-
d1*sin(θ1)*cos(θ2)-(d1*cos(θ1)+d2)*sin(θ2))*sin(β1)+(-
d1*sin(θ1)*sin(θ2)+(d1*cos(θ1)+d2)*cos(θ2)+d3)*cos(β1)+d4)*cos(α2))*cos(β2
)+d5)*cos(θ3),     
 

(3.4)     
 
                                                                                                                                                                        
 As can be seen, this equation group is very complex and has high nonlinearity. 

The SQP algorithm was used to solve the equation group. The method is described in the 

next section. 

 

3.1.2.3 Objective Function 

For simple movement, i.e., arm reaching movement, the above inverse kinematics 

approach is enough, but because of the redundancy and non-linearity of the whole 

biomechanical system, trajectory planning can’t be successful without optimization with 

constraints. 

The model assumes that the human body performs a lifting task according to 

some optimal criteria.  While the body is trying to minimize this criterion to complete the 
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task, it is subject to various constraints such as the strength capability of the joint and the 

geometrical layout of the work place.  With the assumption, the lifting activity is 

formulated into a mathematical optimization problem with an objective function 

specifying the minimization of the objective function, subject to various constraints. The 

objective function is as follows:                         

 Minimize (
                        

) ( )                                                          (3.5)Tx xφ φ− −

This objective function was selected because it can combine with the nonlinear 

system of equations 3.4 to find a solution such that every equation in the nonlinear system 

is 0. The optimization method is characterized by an inverse approach, where the angular 

trajectories of each joint are first generated and then iteratively improved using a non-

linear optimization procedure.  In this approach, at each iteration the equations have a 

small residual. The Sequential Quadratic Programming (SQP) method was used to 

minimize the residual.  

The SQP method can achieve the optimization goals by accumulating second 

order information using a quasi-Newton updating procedure.  For every major iteration, 

an approximation is made of the Hessian of the Lagrangian function using a quasi-

Newton updating method. This is then used to generate a QP sub problem whose solution 

is used to form a search direction for a line search procedure. These methods are now 

considered relatively more efficient and have replaced previous methods that focus on the 

translation of the constrained problem to a basic unconstrained problem by using a 

penalty function for constraints. 
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3.1.2.4 Adding Constraints 

In optimization problems, constraints are used to control the amount of 

uncertainties of the system.  Numerically, constraints serve to reduce the feasible solution 

space while searching for the optimal solution.  In this research, the constraints were used 

more for solution checking (in case there are biomechanically unusual results) than for 

solution search. The model constraints were classified into constraints related to the 

human body and constraints related to the physical layout, which followed the definition 

from Hsiang (1994): 

1.  Constraints related to the human body -- The “range-of-motion” of a joint is checked 

first in the optimization model and specified by two angular values:  the minimum angle 

and the maximum angle. 

  θ(L)j ≤ θj(t) ≤ θ(U) j                                                          (3.6) 

where θ(L)j and θ(U)j are the lower and upper bounds of jth joint angle on the sagittal 

plane.  j = 1, 2 … 9. 

 Another constrain related to the human body is based on Listing’s Law, which  

specifies the constraint of shoulder joint as follows: rotation vectors, which describe arm 

positions as a rotation relative to some reference position, are confined to a flat range 

called Listing’s plane (Ferman 1987; Tweed and Vilis 1990).  

2 = 2+a bβ γ                                                   (3.7) 

where 

a = rate acceleration 
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b = intercept. 

2. Constraints related to the physical layout  

(1) The collision of the container and the edge of the workstation during the 

lifting should be avoided. 

  [boxy(t) ≤ edgey] → [boxx(t) ≤ edgex]                                 (3.8) 

(2) The clearance to prevent the box hitting the tibia and knee is required at the 

beginning states. 

  boxy(t) ≤ kneey(t)] → [boxx(t) ≥ kneex(t)]                             (3.9) 

 (3) The collision of the container and the abdomen should be avoided. 

  [boxy(t) ≥ hipy(t)] → [boxx(t) ≥ hipx(t)]                              (3.10) 

(4) The center of gravity of this lifting system, container and human body, should 

be within a reasonable boundary range so that body balance is not lost, while maintaining 

the body in the current position. 

  CGx(L) ≤ CGx(t) ≤ CGx(U)                                      (3.11) 

where: 

[boxx(t), boxy(t)] indicates the box X, Y position at time t. 

[kneex(t), kneey(t)] indicates the knee X, Y position at time t. 

[hipx(t), hipy(t)] indicates the hip X, Y position at time t. 

[edgex, edgey] indicates the X, Y position of the platform edge. 

[CGx(L), CGx(U)] indicates the lower and upper bounds of C.G. in horizontal  

direction. 
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3.1.2.5 Carrying  

Throughout the carrying gait cycle, pelvis moves forward with little variance in 

speed, being fastest during the double support phase and slowest in the middle of the 

stance phase. Captured motion data indicate there is a generic displacement versus time 

pattern of pelvis motion for all gaits. Similarly to the previous approach, to predict 

carrying, pelvis path, footprint path and locomotion parameters need to be generated 

(Figure 3.4). 

On the sagittal plane (projection of the 3D curve onto the YZ plane.), the pelvis 

reaches the highest position at about the middle of the stance phase, and falls to the 

lowest position during the middle of the double support interval, when both feet are in 

contact with the ground. From geometric point of view, 3rd order polynomial should be 

able to define the shape of the pelvis trajectory curve with minimal control points. Cubic 

spline was chosen to model the pelvis trajectory of human walking. 
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Pelvis 

Foot-print 

Figure 3.4. Human walking model.  

 Two locomotion parameters were determined for footprint planning: walking 

speed and walking frequency. Walking speed serves as one of the most important factors 

in determining gait characteristics. Using the speed parameter and human height, 

important gait determinants, such as step length and step frequency, can be automatically 

generated.   A good example from Bruderlin and Calvert’s work (1989) shows the 

relationship between velocity and step length in normal walking as: 

V (m/min) = Step length (m) * Step frequency(steps/min) 

Step length = 0.004 * Step frequency * Body height 

Step length = (0.004 * V * Body height)1/2                                (3.13). 

When locomotion parameters are determined, the footprint path can be represented by a 

line with fixed step length, dictated by the job and workstation design. Incorporate with 
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pelvis-trajectory algorithm, the angular displacement of knee joints and ankle joints can 

be found.  

 

3.2 Dynamic & Control Approach 

Due to the nonlinear relationship between curve-linear joint motions and angular 

limb movements and the lack of knowledge of motor control strategy involved in the 

selection of optimal motion pattern, the results of optimization are often unstable, that 

means the iterative searching procedure can easily be stuck at some regions. In this case, 

the solution is only a local optimum and very sensible to the selected initial searching 

point. By selecting different initial searching points, different solutions will be obtained. 

Obviously most of them are not really optimal. One reason for this dilemma perhaps is 

that the optimization procedure doesn’t reflect the real optimization procedure of CNS, 

which actually doesn’t use the sequential iterative searching procedure with large 

computation complexity for motion pattern selection. 

To solve this problem, an improved optimization is to set some key postures (the 

initial body posture, the load closest to the body posture, the load at the highest position, 

the final (i.e., load touch-down) posture) in the stable regions and then constrain the 

optimal polynomials search within such regions (Hsiang et al. 1999). By using this 

method, better results can be obtained. Nevertheless, it is still not very clear how these 

key postures serve in the simulation and some questions are raised:  Why select the right 

key postures can make simulation more accurate? What’s the biomechanical meaning of 

these key postures, and what’s the real internal control strategy for MMH motions?  
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 It is obvious that these key postures are the stable postures, which means the 

centre of gravity (CG) is within the borders of the base of support.  However, if the CG is 

completely overlapped with the center of base of support, the movement may be locked 

and unsmooth.  Thus, it maybe be hypothesized that the key postures provide sufficient 

stability without impedance to the movement continuity.  This hypothesis is motivated by 

the notion that the control basis for a skilled behavior is of reduced dimensionality 

relative to the number of dimensions needed to express the behavior’s kinematics 

(Balasubramaniam and Turvey, 2004).    

To further investigate this postural control strategy, a dynamic model based on 

control theory was developed to simulate the body movements during lifting. The 

dynamics of body segments involved in control of body balance was modeled by a two-

link inverted pendulum.  The present research investigated the control variables (key 

postures) which reveal the stability and mobility concerns of the movement patterns by a 

open loop simulation.  And since humans use a feedback control strategy, the output of 

the close loop simulation could be represented as the feed back signal from CNS. Based 

on this knowledge, the input dynamics (joint torque) was adjusted to get the expected 

destination.   

 

3.2.1 Anthropometric Definitions 

The biomechanical model used in the simulation is a two-segment whole-body 

symmetrical lifting model.  In this model, the human body consists of the upper body and 

lower body, as shown schematically in Fig. 3.5.   
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m2, I2

m1, I1

q1, τ 1 

q2, τ 2 

l1 

lc2 

  lc1

l2 

 

Figure 3.5. Biomechanical representation of the two-link human body 

In the upper body model, the following links are included: the left and right lower 

arms, left and upper arms, left and right clavicles, lower torso, upper torso, and the 

external load. While the lower body model include links such as the left and right thighs, 

left and right shanks, left and right feet, pelvis.  In Figure 3.5, l1 is the length of lower 

body, lc1 is the length between the center of lower body to foot, l2 is the length of upper 

body, lc2 is the length between the centre of upper body to hip, m1 is the weight of lower 

body, m2 is the weight of upper body, I1 is the moment of inertia of the lower body, I2 is 

the moment of inertia of the upper body, q1 is the joint angle of the lower body, q2 is the 

joint angle of the lower body,τ1 is the ankle torque,τ2 is the hip torque. 
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3.2.2 Dynamic & Control Model 

 A conventional closed form of the nonlinear dynamics of two-link rigid bodies 

with rigid links may be derived in terms of kinetic and potential energies stored in the 

system by the Euler–Lagrange formulation (Asada and Slotine, 1986). Based on the 

Newton-Euler recursive method applied to the two planar links, the torques are 

determined from the system of dynamic equations as follows: 

 

11 12 1 2 1 2 1 1 1

21 22 2 1 2 2 2

H H q hq hq hq q g
H H q hq 0 q g

τ
τ

− − −⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
+ +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

&& & & & &

&& & &

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

             (3.14), 
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2 2
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[ 2 cos ]

cos
sin
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c c

c

H m l I m l l l l q I
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h m l l q

= + + + + +

= +

= = + +

=  

 

The inverse rigid dynamics control scheme has been investigated by Green and 

Sasiadek (2004). In this model a similar scheme was generated, as illustrated in Figure 

3.6. To achieve the expected trajectory, an intuitive Jacobian transpose control law 

applied to all control schemes provides a joint actuating torque vector given by 

( ) x xT
p d

y y

e e
J q K K

e e
τ

⎡ ⎤⎡ ⎤ ⎡
= +⎢ ⎥

⎤
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣⎣ ⎦

&

& ⎦
                                       (3.15), 
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Where 

1 1 2 1

1 1 2 1

sin sin( ) sin( )
( )

cos cos( ) cos( )
1 2 2T

1 2 2

l q l q q l q q
J q

l q l q q l q q
− − + − +⎡ ⎤

= ⎢ ⎥+ + +⎣ ⎦
2

2

. 

Proportional and derivative gain values Kp and Kd, are used in the control schemes.  

Using the control law of equation (3.15), the torque vector(ankle torque and hip 

torque) feed into the nonlinear inverse dynamics equations giving an angular acceleration 

vector output then double integrated to obtain joint rates. Joint rates transform to endpoint 

velocities and feed back to form velocity errors xc, x.
c, yc, y.

c. Joint rates and angles also 

feed back into the inverse dynamics equations. The control scheme, shown in Figure 3.6, 

is typical for a two-link rigid body in the literature on robot analysis and control. 

x.
c,y.

c 

xc,yc 

- 

x,y q q.. q.τ  
  Jacobian  
Transpose 

   
  Inverse 
Dynamics 

 

 ∫ 
 

 ∫ 
 

K 
 
  Direct 

Kine- 
matics 

Figure 3.6. Inverse dynamics control scheme (K diagram is a diagonal matrix of stiffness 
elements pertaining to flexural deflections of the links, Jacobian transpose matrix 
represents the transformations from joint space to Cartesian space. Inverse dynamics 
matrix represents the transformations from joint torques to angular accelerations. Direct 
kinematics matrix represents the transformations from joint angles to end-effector’s 
position.) 
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3.2.3 Simulation Results 

Table 3.1 shows the values of input parameters. The desired joint motion is from 

(π/2, 0) to (π/2, π/2), with a triangular velocity with maximum 2π/3 rad/s. A stable 

posture is achieved in 1.5 seconds to ensure system stability.  The inverse dynamics for 

the two-link, two-joint configuration of the robot arm was defined, so it was possible to 

simulate values for the joint torques from the control model.  

 

Table 3.1. Input parameters. 

 

stature weight m1 l1 lc1 lc2 m2 l2 I1 I2 g 

 
1.75 

m 

 
65  

kg 

 
20 

kg 

 
1  

m 

 
0.5 

m 

 
0.38 

m 

 
45 

kg 

 
0.75 

m 

 
6.7 

kg.m2 

 
8.4 

kg.m2 

 
9.8 

N/kg

Figure 3.7 plots the simulated joint torques for a lifting task and corresponding 

error. These plots clearly show the variations in the trajectory are very small. These joint 

position error patterns with slightly curved joint paths are typical of humanlike 

movements. The simulated joint torques of the model is also shown. As can be seen, the 

ankle torque value is much bigger than the hip torques value, which indicates that the 

ankle stiffness plays an essential role in postural control for lifting. Also, the torques 

patterns are very smooth. Comparing these torques values to the computed torques values 

from other models (i.e., Bernard, 1999), a similar pattern can be observed, especially for 

the hip joint.  
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Figure 3.8-3.9 shows the open loop responses for external load in different initial 

positions (0, π/2, π/4, -π/4) of the hip angle. The ankle angle was assumed to be constant 

at π/2. Figure 8 show that the erect posture (π/2) is the only posture, which can converge 

to its original state after the perturbation. This means that erect posture has the internal 

stability and requires less control effort to keep the body balance. This is also the physical 

meaning of one key postural as discussed before, which can partially explicit why in 

lifting, the human need to take the load to the highest position and then lower it down. 

Further discussion of the simulation results comparing with the experiment data were 

detailed in chapter 4. 
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Figure 3.7. Simulated joint torques (the upper figure) and joint errors (the lower figure). 
The solid lines represent the simulated torques and joint errors of the ankle joint, the 

dashed lines represent the simulated torques and joint errors of the hip joint. 
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Figure 3.8. The open-loop system simulation of impulse responses for the upper link.  
The initial state of the link are π/2, and 0, respectively.  
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Figure 3.9. The open-loop system simulation of impulse responses for the upper link.  
The initial state of the link are π/4, and -π/4, respectively.  
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3.3 3D Kinetics Analysis 

3.3.1 Angler Velocity 

The 3D joint angles were used in the computation of the angular velocity of the 

object. By taking the time-derivatives of the joint angles, one can obtain three 

independent angular velocities:  for one joint. One thing important here are the 

directions of the three angular velocity vectors. The direction of the first rotation ( ) is 

about the X / X' axis shown in Figure 3.10 while the second rotation ( ) is about the Y' / 

Y" axis. The third rotation (

ψθφ &&& ,,

φ&

θ&

ψ& ) is about the Z" / Z'" axis. For vector addition, it is 

necessary to transform the angular velocity vectors to a common reference frame: 

 

 

 

     Figure 3.10. Angular rotations.  
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where, ωB/A = the angular velocity of frame B relative to frame A, and θ, Φ, and ψ are the 

three orientation angles of frame B relative to frame A. equation 3.15 shows the angular 

velocity of frame B relative to A described in frame B while equation 3.16 shows the 

same vector described in frame A. Choose the right form of angular velocity depending 

on your needs. If the global angular velocity of frame ωA is available, the actual angular 

velocity of frame B is 
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3.3.2 Calculation of Joint Torque and Compressive Force   

Application of the Newton's equations of motion to the mechanical system gives 

i D p
i

F F F W P= + + =∑ &                                             (3.17) 

and 

i p D D D i
i

T T T L F W d H= + + × + × =∑ &                              (3.18). 

where P is the momentum of the segment, H is the angular momentum of the segment, 

FD and TD are the force and torque from the distal joint, FP and TP are the force and 

torque from the proximal joint, LD is segment length, di is the length from CG to the 

proximal joint, W is the gravity. Equation 3.17 and 3.18 basically says that the sum of all 

the external forces acting on the system is the same to the rate of change in the 

momentum of the system and the sum of all the external torques acting on the system is 

equal to the rate of change in the angular momentum of the system, respectively. Rates of 

change in the linear and angular momentums can be computed from the motion analysis 

data. Note here that the weight of the segment does not produce any torque about its CM 

since it is a concentric force. 
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From equation 3.17 and 3.18: 

p DF P F W= − −&                                                   (3.19) 

p D D DT H T L F W di= − − × − ×&                                        (3.20). 

Given: 

                                                        P ma=&

( ')rot

H I w
H H w H
= ×

= + ×&                                               (3.21), 

 Equation 3.19 and 3.20 now have two groups of unknowns, F and T. Assuming that FD 

and TD are somehow known, one can solve the system for FP and TP. 

In order to solve the equation 3.19 and 3.20 for FP and TP, FD and TD must be 

known. For MMH, the F D and TD for the lower arm known as the external load. Based on 

this information, the FP and TP  of other segment can be computed following the 

sequence: lower arm, upper arm, trunk, upper leg, lower leg. The low back compressive 

force can then be computed based on the posture and moment information by a standard 

biomechanical process (Chaffin and Andersson, 1991).  
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3.4 Experiment and Procedures 

 An Experiment was designed to validate the biomechanical simulation model. 

The 3D positions of the major joints during 12 experiment conditions were recorded. 

After transformation from the Cartesian space to the angular space, the generated joint 

angles can be used to compare with the simulated angular displacement data by statistical 

methods. Furthermore, those data were also used to compute the joint moments, 

compressive forces and phase angles for further analysis using the method of section 3.3. 

 

3.4.1 Experimental Variables 

Independent Variables  

  The within subjects independent variables for this experiment are: range of lift 

(starting or ending points), lift symmetry (or asymmetry), and lifting speed. 

A. Lifting Weight (within subjects)  

1. 10 lbs 

2. 20 lbs 

B. Lift Symmetry (within subjects)  

1. Symmetric (0° asymmetry) 

2. Symmetric + one step 

3. Asymmetry (45° twisting) 

C. Lift Speed (within subjects)  

1. Fast (self-select) 
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2. Normal (self-select) 

Dependent Variables  

 (1) Positions and velocities of the major joints.  

(2) Joint angles and angular velocities of the major joints.  

 

3.4.2 Data Collection 

Kinematics 

The X, Y and Z axis data of each marker position were collected using 5 high 

speed cameras.  The data is categorized as absolute variables.  From absolute variables, a 

range of relative variables such as joint angles and angular velocities can be calculated.   

 

Subjects 

10 young adult individuals (5 male, 5 female) were recruited from Texas Tech 

University.  Experiment procedures comply with the guidelines of the Texas Tech 

University Review Board (Appendix B).   

 

Procedures 

The subjects attended a familiarization period before the scheduling of the 

experiment.  This program familiarized the subjects with different lifting conditions.  

Anthropometrical data such as body weight and height were collected at that time. 

Subjects were scheduled to participate in a two-hour experiment session.  The 

introductory part of the session served as a familiarization.  During this time 
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anthropometric measurements were taken.  To begin the experimental session, each 

subject was fitted with reflective markers.  All experimental conditions were produced in 

random order.  Data were collected ten times per subject for each experimental condition. 

 

Equipment 

Several pieces of equipment currently available in the Texas Tech University 

Ergonomics Laboratory were used in this study.  These are described below: 

 1. Containers: the containers lifted for this experiment were two standard 11 x 13 x 

18 inch containers fixed the weight 10 lbs and 20 lbs.  The containers have handles for 

both sides that conform to the requirements of the NIOSH Work Practices Guide for 

Manual Lifting.   

 2. Motion Analysis System: this system is composed of two subsystems: a camera 

subsystem and a control subsystem.  The cameras are sensitive to a specific range of light 

frequencies which are reflected by the surfaces of the reflective markers.  The cameras 

can capture the track of light rays reflected by the reflective markers.  The highest camera 

resolution is 60 frames a second.  To capture human motion in this experiment, markers 

were attached to important points on the human body, as shown in Figure 3.11.  A 

computer was used to control five cameras, capturing real-time motion, and analyzing the 

captured data.  To capture real-time motion, the operating system of the computer 

requires two software packages, EVA Real Time (Motion Analysis) and RT Midas 

(Motion Analysis).  The EVA Real Time program is for controlling cameras and 

 63



analyzing the motion data and RT Midas is for handling real-time capture. A 

photographic view of the experimental field layout is shown by Figure 3.12. 

 

3.4.3 Model Validation  

Comparisons between the simulated data and the data derived from the 

experiment were made between two data sets in terms different experimental conditions. 

These data were:  (1) Angular displacement, (2) Angular velocity (3) Joint torque, and (4) 

Compressive force on L5/S1.  Three different techniques were used for the comparisons: 

(1) Graphical Comparison, (2) mean squared errors (MSE) and (3) mean number of 

disconcordant pairs (MNDP). The results were detailed in chapter 4. 
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1 C7 15 Left Hip 
2 Sternum 16 Right Hip 
3 Mid Back 17 Right Thigh 
4 Left Scapula 18 Right Knee 
5 Left Shoulder 19 Right Ankle 
6 Right Shoulder 20 Right  Heel 
7 Right Bicep 21 Right Mid 

Foot 
8 Right Elbow 22 Right Toe 
9 Right Wrist 23 Left Thigh 

10 Left Bicep 24 Left Knee 
11 Left Elbow 25 Left Ankle 
12 Left Wrist 26 Left Heel 
13 L5_S1 27 Left Mid 

Foot 
14 Left Pelvis 28 Left Toe 

Figure 3.11.  Biomechanical human representations and 28 markers’ positions shown in 
EvaTM  software. 
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Figure 3.12. Photographic view of the experimental field layout. 
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CHAPTER 4 
 

RESULTS 
 

 

This chapter describes the results of the experiment. In section 4.1, the actual and 

simulated joint angular information were first compared using graphic comparison. Then, 

the aforementioned two criteria MSE and MNDP were used to evaluate the difference of 

the actual and simulated motions. In section 4.2, the kinetic parameters (joint moments 

and L5/S1 compressive force) were analyzed. In section 4.3, phase angles and principal 

components were analyzed to show the synchronization and coordination of the different 

joints.   

 
 
4.1 Comparison between Simulation & Experiment data 
  

Ten subjects, five male and five female, were recruited from the university 

student population of Texas Tech University to validate the model.  Table 4.1 lists the 

characteristic data of these subjects.  A total of 36 trials were collected for each subject, 

which include three replications, and each replication contains 12 task conditions (3 

ranges of lift × 2 lifting speed × 2 lifting weight).   

 

4.1.1 Graphical Comparison 
  
 Simulation was performed for every trial. The total action time of each task is 

normalized to 50 frames (for lifting condition) and 100 frames (for lifting plus twisting 

condition and lifting plus carrying condition).  Graphical representations of the 

normalized actual angular displacements and velocities and the simulated ones are shown 
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in Figure 4.1 for three experimental conditions of subject 1. Data of other conditions are 

shown in Appendix A. For each of the three conditions, the actual and the corresponding 

simulated angular trajectories and angular velocities were plotted together for each joint 

(Figure 4.1-Figure 4.6). To better represent the differences between the two data sets, 

different scales were used for the vertical axis. Generally, the angular trajectories were 

well fit for most cases. While in some predictions the simulated angular trajectories did 

not seem to be fit well with the actual trajectories. The hip and knee joints in figure 4.2 

were examples. Usually this happened only in the carrying condition. 

 

Table 4.1. Subject characteristics. 
 

 
Subject 

 

 
Sex 

 
Age 

 
Height (m) 

 
Weight (kg) 

1 F 27 1.62 45 

2 F 25 1.68 65 

3 F 25 1.62 45 

4 M 25 1.80 72 

5 F 21 1.73 62 

6 M 29 1.80 70 

7 M 26 1.74 70 

8 F 27 1.63 60 

9 M 24 1.76 72 

10 M 26 1.80 74 
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Figure 4.1. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 
for fast speed, light weight, and lifting condition for subject 1, the horizontal axis 
represents the normalized time frame, the vertical axis represents the joint angular 
displacement (rad). 
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Figure 4.2. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 
for fast speed, light weight, and lifting plus carrying condition for subject 1, the 
horizontal axis represents the normalized time frame, the vertical axis represents the joint 
angular displacement (rad). 
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Figure 4.3. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 
for fast speed, light weight, and lifting plus twisting condition for subject 1, the 
horizontal axis represents the normalized time frame, the vertical axis represents the joint 
angular displacement (rad). 
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Figure 4.4. Actual joint angular velocity (solid line) versus simulated angular velocity 
(dashed line) for fast speed, light weight, and lifting condition for subject 1, the 
horizontal axis represents the normalized time frame, the vertical axis represents the joint 
angular velocity (rad/s). 
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Figure 4.5. Actual joint angular velocity (solid line) versus simulated angular velocity 
(dashed line) for fast speed, light weight, and lifting plus carrying condition for subject 1, 
the horizontal axis represents the normalized time frame, the vertical axis represents the 
joint angular velocity (rad/s). 
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Figure 4.6. Actual joint angular velocity (solid line) versus simulated angular velocity 
(dashed line) for fast speed, light weight, and lifting plus twisting condition for subject 1, 
the horizontal axis represents the normalized time frame, the vertical axis represents the 
joint angular velocity (rad/s). 
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4.1.2 MSE and MNDP 

 
Simulation was performed for each individual task.  The actual initial and final 

endpoint (hand), the total duration of the MMH task and the subject anthropometric 

characteristics were input to the model for each trial of simulation.  Hsiang and Ayoub 

(1994) suggested that mean squared errors (MSE, equation 4.1) and mean number of 

disconcordant pairs (MNDP, equation 4.2) between the predicted trajectory and actual 

trajectory were two simulation performance indices.   

 

 
MSE

i i

n
i

n

=

−
=
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 (4.1) 
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n

=
+ − + −

−
=

−
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1
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 (4.2) 
 
 
 
where 

 θ ( )i  = actual position at time frame i 

  = predicted position at time frame i. $ ( )θ i

f x x{ } ,
,

= <
=

1 0
0 otherwise.

 
The evaluation of the simulation model was made based on these two indices. Table 

4.2 and Table 4.3 shows the MSE and MNDP, respectively, for all joints of different task 

conditions.  The smaller MSE and MNDP values can be observed when compared to the 

previous study by Hsiang and Ayoub (1994).   
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 For MSE, the lifting condition has significantly smaller MSE than twist and step 

conditions for every joint (P<0.01) except for right ankle. The light weight tasks have 

significantly smaller MSE (p<0.01) than the heavy weight tasks for most joints except for 

the right shoulder in z direction (no significance). The slow speed tasks have significantly 

smaller MSE (p<0.01) for the following joints: left and right elbows, right knee, right 

ankle, x and y direction of left shoulder, y direction of right shoulder. For other joints, the 

fast speed tasks have significantly smaller MSE (p<0.01). 

For MNDP, the lifting condition has the smaller MNDP than twist and step 

conditions for most joints (P<0.01) except for right knee, the right shoulder in x and z 

direction and left shoulder in x and y direction (p<0.01). The light weight tasks have 

significantly smaller MNDP (p<0.01) than the heavy weight tasks for most joints except 

for left elbow (p<0.01), the right shoulder in x direction (no significance) and left 

shoulder in y direction (p<0.01). The slow speed tasks have significantly smaller MNDP 

(p<0.01) for the following joints: left and right elbows, right knee, right ankle, x direction 

of left shoulder, right shoulder. For other joints, the fast speed tasks have significantly 

smaller MNDP (p<0.01) except for the left elbow and z direction of left shoulder (no 

significance). 
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Table 4.2. Mean MSE (rad2) for the two lifting weights, two lifting speed, and three 
lifting range for each joint. 

 
       

     Speed     N      Elbow (R) Shoulder 
(R-Y) 

Hip Knee(R) Ankle (R) 

fast 180    0.0016181 0.0041069 0.0008165 0.0053155 0.0008772 

slow 180    0.0045810 

 

0.0108938 0.0015572 0.0112302 0.0014303 

     Speed N      Elbow (L) Shoulder 
(L-Y) 

Shoulder 
(L-X) 

Knee (L) Ankle (L) 

fast 180    0.0067810 0.0023453 0.0041297 0.0072811 0.0062726 

slow 180    0.0206951 0.0058618 0.0079535 0.0096638 0.0084488 

       

     Speed N      Shoulder 
(R-Z) 

Shoulder 
(L-Z) 

Shoulder 
(R-X) 

  

fast 180 0.0026981 0.000208 0.004546   

slow 180 0.0028763 0.0014433 0.0055179  

 

 

Range     N      Elbow (R) Shoulder 
(R-Y) 

Hip Knee(R) Ankle (R) 

stoop 120    0.000238 0.0030897 0.0003533 0.0034892 0.0011846 

twist 120    0.0033725 0.0124645 0.0018353 0.0107876 0.0017617 

step 120    0.0056873 0.0069467 0.0013721 0.010541 0.0005150 

 

Range     

 

N      

 
Elbow (L) 

 
Shoulder 

(L-Y) 

 
Shoulder 
(L-X) 

 
Knee (L) 

 
Ankle (L) 

stoop 120    0.0024458 0.0021046 0.0032405 0.0035213 0.0038243 

twist 120    0.0160234 0.0079470 0.0077027 0.0084862 0.0057830 

step 120    0.0227449 0.0022591 0.0071817 0.0134097 0.0124748 

 

Range     

 

N      

 
Shoulder 
(R-Z) 

 
Shoulder 
(L-Z) 

 
Shoulder 
(R-X) 

  

stoop 120    0.0000524 0.0000605 0.0028492   

twist  120 0.0079036 0.002337 0.006114   

step 120    0.0004055 0.000078 0.0061320   

      
 
 

 80



Table 4.2. Continued. 
 
     Weight    N      Elbow (R) Shoulder 

(R-Y) 
Hip Knee(R) Ankle (R) 

fast 180    0.00228 0.00446 0.00178 0.00688 0.00087 

slow 180    0.0039 0.01053 0.00058 0.00966 0.00143 

       

     Weight    N      Elbow (L) Shoulder 
(L-Y) 

Shoulder 
(L-X) 

Knee (L) Ankle (L) 

fast 180    0.008454 0.0022 0.0055 0.0092 0.00947 

slow 180    0.01902 0.00597 0.00658 0.0077 0.005242 

       

     Weight N      Shoulder 
(R-Z) 

Shoulder
(L-Z) 

Shoulder 
(R-X) 

  

fast 180    0.0039 0.00135  0.00597   

slow 180    0.00159 0.000296 0.00409   

       

 

 

Table 4.3. Mean MNDP for the two lifting weights, two lifting speed, and three lifting 
range for each joint. 

 
       

     Speed     N      Elbow (R) Shoulder 
(R-Y) 

Hip Knee(R) Ankle (R) 

fast 180    0.1394557 0.5510204 0.0918367 0.0782312 0.1292517 

slow 180    0.0544217 0.6564625 0.0476190 0.1224489 0.1870748 

       

     Speed N      Elbow (L) Shoulder 
(L-Y) 

Shoulder 
(L-X) 

Knee (L) Ankle (L) 

fast 180    0.1632653 0.2959183 0.1666666 0.3401360 0.3945578 

slow 180    0.1700680 0.0850340 0.1394557 0.2857142 0.2891156 

       

     Speed N      Shoulder 
(R-Z) 

Shoulder 
(L-Z) 

Shoulder 
(R-X) 

  

fast 180 0.1836734 0.1326530 0.0306122   

slow 180 0.3163265 0.1326530 0.1122448   
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Table 4.3. Continued. 
 

Range     N      Elbow (R) Shoulder 
(R-Y) 

Hip Knee(R) Ankle (R) 

stoop 120    0.0306122 0.5867346 0.0357142 0.1071428 0.1173469 

twist 120    0.1785714 0.4285714 0.0612244 0.1020408 0.1938775 

step 120    0.0816326 0.7959183 0.1122448 0.0918367 0.1632653 

 

Range     

 

N      

 
Elbow (L) 

 
Shoulder 

(L-Y) 

 
Shoulder 
(L-X) 

 
Knee (L) 

 
Ankle (L) 

stoop 120    0.0663265 0.2295918 0.2704081 0.0408163 0.0663265 

twist 120    0.1377551 0.2704081 0.1020408 0.4489795 0.5408163 

step 120    0.2959183 0.0714285 0.0867346 0.448979 0.4183673 

 

Range     

 

N      

 
Shoulder 
(R-Z) 

 
Shoulder 
(L-Z) 

 
Shoulder 
(R-X) 

  

stoop 120    0.1122448 0.0918367 0.1020408   

twist 120 0.5306122 0.1938775 0.0459183   

step 120    0.1071428 0.1122448 0.0663265   

 

     Weight    N      Elbow (R) Shoulder 
(R-Y) 

Hip Knee(R) Ankle (R) 

fast 180    0.129251 0.4829931 0.0544217 0.0714285 0.0884353 

slow 180    0.0646258 0.7244897 0.0850340 0.1292517 0.2278911 

       

     Weight    N      Elbow (L) Shoulder 
(L-Y) 

Shoulder 
(L-X) 

Knee (L) Ankle (L) 

fast 180    0.0884353 0.2517006 0.1428571 0.3061224 0.3877551 

slow 180    0.2448979 0.1292517 0.1632653 0.3197278 0.2959183 

       

     Weight N      Shoulder 
(R-Z) 

Shoulder
(L-Z) 

Shoulder 
(R-X) 

  

fast 180    0.2346938 0.1122448 0.071428   

slow 180    0.2653061 0.1530612 0.071429   
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4.2 Analysis of  kinetic Parameters 
 

Besides the joint trajectories and joint velocities, the simulation model is able to 

generate the kinetic parameters commonly used in ergonomic evaluations. These kinetic 

parameters serve as a useful tool for the design of lifting tasks.  To evaluate the model, 

two sets of kinetic variables, the compressive forces on the spine and the moments at the 

joints, were subjected to analyses. The method of generate these kinetic parameters from 

the joint angular displacement were provided in section 3.3 of chapter 3. 

 

4.2.1 Variables Related to the Compressive Force on the Spine 

The peak static L5/S1 compressive force predicted by the simulation model 

corresponded very well with the actual peak force values and the mean prediction error 

was insignificant (Figure. 4.7). The predicted peak dynamic L5/S1 compressive force 

also corresponded quite well with the actual peak values.  Figure 4.7 shows the 

compressive force trajectory throughout for subject 1 lifting the 10 lbs weight in fast 

speed.   
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Figure 4.7. Trajectory of compressive forces, the horizontal axis represents the 

normalized time frame; the vertical axis represents the force (N). 
 

 

 

4.2.2  Variables Related to the Moments at the Joints 

 The peak moment at each joint and the relative occurrence time of the peak 

moment were determined for the predicted lifts.  For each response variable, Table 4.4 

contains the mean and standard deviation of both the predicted and actual lifts, and the 

mean errors. No significance was found. In general, the actual lifts were predicted quite 

well by the simulation model as indicated in Table 4. 
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Table 4.4. Simple statistics for response variables 
 

Response 
Variable 

“Predicted” 
Mean (SD) 

“Actual” 
Mean (SD) 

Mean Prediction 
Error  

 MA (Nm) 140(5.74) 137(8.79) 2.65 

 MK (Nm) 119(4.74) 116(6.26) 3.04 

 MH (Nm) 154(3.41) 151(7.04) 2.07 

 MS (Nm) 14.38(0.5) 14.2(0.37) 0.17 

 ME (Nm) 9.6(0.01) 9.58(0.03) 0.02 

 Fc (N) 2198.6(125.9) 2348.4(134.2) 149.8 

 

Figures 4.8 contain the predicted moment trajectories of the right elbow, right 

shoulder, hip, right knee and right ankle for subject 1 for fast speed, light weight, and 

lifting condition. 
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Figure 4.8. Predicted versus simulated trajectories of joint moments, the horizontal axis 
represents the normalized time frame, the vertical axis represents the joint moment (N.m). 
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4.2.3 Factors which Affect Measured Peak joint moment and L5/S1 Compressive Force 
 
 Effects of different experiment conditions for peak joint moments and 

compressive force are shown in Table 4.5. Lifting speed, weight and range and their 

interaction were significant main effects for most cases.  

The analysis of variance on the ankle moment indicated that the range of lift 

(p<0.0001), speed of the lift (p=0.0001), weight (p<0.01) and interactions of range, speed, 

and weight (p<0.05) were significant.  The analysis of variance on the knee moment 

indicated that the range of lift (p<0.0001), speed of the Load (p<0.0001) and weight 

(p<0.05) were significant.  The analysis of variance on the hip moment indicated that the 

speed of lift (p<0.0001) and weight (p<0.005) were significant.  The analysis of variance 

on the shoulder moment indicated that the range of lift (p<0.05), speed of the Load 

(p<0.001) and interactions of range, speed, and weight (p<0.05) were significant.  The 

analysis of variance on the elbow moment indicated that the range of lift (p<0.005), speed 

of the Load (p<0.001) were significant.  The analysis of variance on L5/S1 compressive 

force indicated that the range of lift (p<0.005), speed of the Load (p<0.0001), weight 

(p<0.001) and interactions of range, speed, and weight (p<0.05) were significant.   
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Table 4.5. Effects of the variables. 
 

Ankle moment DF Type I SS
Mean 
Square F Value Pr > F 

Range 2 28061.3 14030.65 37.64 <.0001 

Speed 1 7833.861 7833.861 21.01 0.0001 

range*speed 2 329.9808 164.9904 0.44 0.6475 

Weight 1 3477.427 3477.427 9.33 0.0055 

range*weight 2 69.96206 34.98103 0.09 0.9108 

speed*weight 1 111.3507 111.3507 0.3 0.5897 

range*speed*weight 2 2557.361 1278.68 3.43 0.049 
 
 
 
 

Knee moment DF Type I SS
Mean 
Square F Value Pr > F 

Range 2 22914.48 11457.24 29.49 <.0001 

Speed 1 14210.71 14210.71 36.57 <.0001 

range*speed 2 254.5729 127.2864 0.33 0.7238 

Weight 1 2695.655 2695.655 6.94 0.0145 

range*weight 2 1328.355 664.1775 1.71 0.2023 

speed*weight 1 958.6631 958.6631 2.47 0.1293 

range*speed*weight 2 2327.192 1163.596 2.99 0.069 
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Table 4.5. Continued. 
 

Hip Moment DF Type I SS
Mean 
Square F Value Pr > F 

Range 2 567.568 283.784 0.71 0.5003 

Speed 1 11554.86 11554.86 29.03 <.0001 

range*speed 2 319.532 159.766 0.4 0.6738 

Weight 1 4553.899 4553.899 11.44 0.0025 

range*weight 2 1386.303 693.1515 1.74 0.1967 

speed*weight 1 814.4651 814.4651 2.05 0.1655 

range*speed*weight 2 2408.964 1204.482 3.03 0.0673 
 
 
 
 

Shoulder Moment DF Type I SS
Mean 
Square F Value Pr > F 

Range 2 12.06267 6.031335 2.84 0.078 

Speed 1 91.8479 91.8479 43.29 <.0001 

range*speed 2 0.317916 0.158958 0.07 0.928 

Weight 1 29.84811 29.84811 14.07 0.001 

range*weight 2 8.028343 4.014171 1.89 0.1726 

speed*weight 1 5.086965 5.086965 2.4 0.1346 

range*speed*weight 2 18.54829 9.274145 4.37 0.0241 
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Table 4.5. Continued. 
 

Elbow moment DF Type I SS
Mean 
Square F Value Pr > F 

Range 2 14.64662 7.32331 7.74 0.0025 

Speed 1 18.1044 18.1044 19.14 0.0002 

range*speed 2 5.411302 2.705651 2.86 0.0769 

Weight 1 0.276126 0.276126 0.29 0.594 

range*weight 2 3.03646 1.51823 1.61 0.2217 

speed*weight 1 0.845116 0.845116 0.89 0.3539 

range*speed*weight 2 0.108443 0.054221 0.06 0.9444 
 
 
 
 

L5/S1 compressive 
force DF Type I SS

Mean 
Square F Value Pr > F 

Range 2 21444.19 10722.09 0.1 0.9029 

Speed 1 2496088 2496088 23.89 <.0001 

range*speed 2 49738.21 24869.1 0.24 0.79 

Weight 1 1602492 1602492 15.34 0.0007 

range*weight 2 150552.7 75276.34 0.72 0.4967 

speed*weight 1 35848.89 35848.89 0.34 0.5635 

range*speed*weight 2 815949.3 407974.7 3.9 0.034 
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4.3 Analysis of  kinematic Parameters 
 
 One specific aim of this study is to investigate the kinematics & kinetic of MMH 

tasks. In section 3.2 of chapter 3, a feedback control model was developed to describe 

postural responses for a wide range of perturbations for several key postures and generate 

the torques exerted on hip and ankle joints as a set of feedback gains to achieve a lifting 

task. Although this model cannot be fully validated by the experiment, it is possible to 

analyze the kinematic parameters (angular displacement and angular velocity) to show 

the synchronization and coordination of the different joints. The finding of the analysis 

showed that the joints of upper body joints (shoulder, Arm) and the data of lower body 

joints (hip, knee, and ankle) are count-activated for lifting activities, which were detailed 

in the following sections. Based on this finding, the hypothesis that the human body can 

represented as a two-link invert pendulum for lifting simulation was supported. 

 
 
4.3.1 Phase plane analysis  
 

To show the coordination of the different joint angles, phase angle analysis 

(Burgess-Limerick, 1993) was applied. A phase plane is generally composed of two 

components, angular position data on the x-axis and angular velocity data on the y-axis. 

After normalization of the angular position and velocity time series to their respective 

maxima and minima, the phase angles can be calculated as follows:  

1
( ) tan [( / ) / ]i dx dt xϕ −=                                                     (4.3) 

Graphs of joint angles versus joint angular velocities (Figure 4.9) were made for 9 

joints in sagittal plane for one lifting trial, and the corresponding phase angles α was 
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represented. When α is less than zero, the joint is in extension, otherwise, it’s in flexion. 

From the graph, a direct outlook of the main joint motion pattern can be represented. 
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Figure 4.9. Phase angle plots (L- left, R-right, the horizontal axis represents the angular 
velocity (rad/s), the vertical axis represents the angle (rad)). 
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The strong coupling between phase angles suggests that the kinematic 

coordination is an invariant character for lifting task. The relative phase angles, i.e. the 

knee joint phase angle subtracted from the hip joint phase angle, were calculated and 

used as a measurement of the coordination between the knee joint and the hip joint 

(Figure 4.10). A positive value of the relative phase angle means that the hip angle has 

covered a larger portion of its cycle of motion than the knee angle at the time in question; 

the hip angle “leads” the knee angle. A relative phase angle equal to zero implies 

perfectly synchronized hip-knee coordination. 

 

 

 

 

 

 

 

 

      

2

Phase angle (rad) 

 

            Figure 4.10. Relative phase angles—Hip VS. Knee 

0 10 20 30 40
-1

0

1

 
Time (10ms) 

 

94



4.3.2 Principal of Component analysis 

To further investigate the inter-joint coordination, a statistical method, Principal 

Component Analysis (PCA), was used to analyze the phase angles. PCA is a 

mathematical method that helps to find factors underlying variability of experimental 

data (Jackson, 1991). The purpose of using the PCA is to determine if the data could be 

adequately represented in a subspace of fewer dimensions. Therefore, the principal 

components represent linear combinations of the variables, which explain successively a 

maximum amount of response variance and are orthogonal to each other. In the simplest 

case, when all responses have the same shape and are different just by a scaling factor, 

the PCA would reveal that there is one principal component that corresponds to the 

average response. 

PCA of the phase angle show that the coefficients of the correlation are always 

high (>0.8, often >0.9) and highly significant as exemplified by Table 4.6. The first five 

components account for an average of 99.9% of the variance. For the eigenvectors (Table. 

4.7), the components of the first eigenvector are equal. But the components of the second 

eigenvector (Table. 4.8) show that the data of upper body joints (shoulder, Arm) and the 

data of Lower body joints ( hip, knee, ankle) are negative correlated for most cases. 

These means the upper body and lower body are count-activated to achieve the lifting. 

Thus, the human body can be separated into two parts for biomechanical analysis, as the 

dynamical approach in section 3.2. This result was also in concordance with the 

simulation results (Figure 3.7), in which the position errors of hip and ankle joints are 

negative correlated.  
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Table 4.6. Correlation matrix. 
 

        Hip      kneer      kneel      ankler     anklel shoulderr shoulderl     elbowr     elbowl

hip 1 0.994 0.993 0.993 0.9946 0.9586 0.9805 0.8708 -0.905

kneer 0.994 1 0.9956 0.9983 0.9972 0.9549 0.9803 0.8567 -0.8974

kneel 0.993 0.9956 1 0.9898 0.9951 0.9407 0.9717 0.8415 -0.8849

ankler 0.993 0.9983 0.9898 1 0.9963 0.9645 0.984 0.8711 -0.909

anklel 0.9946 0.9972 0.9951 0.9963 1 0.9614 0.9741 0.8828 -0.9178

shoulderr 0.9586 0.9549 0.9407 0.9645 0.9614 1 0.9635 0.8911 -0.9376

shoulderl 0.9805 0.9803 0.9717 0.984 0.9741 0.9635 1 0.819 -0.8691

elbowr 0.8708 0.8567 0.8415 0.8711 0.8828 0.8911 0.819 1 -0.9393

elbowl -0.905 -0.8974 -0.8849 -0.909 -0.9178 -0.9376 -0.8691 -0.9393 1
 

 

Table 4.7. Result of PCA – Eigenvalue. 
 

      Eigenvalue Difference Proportion Cumulative

1 8.534426 8.217213 0.9483 0.9483

2 0.317213 0.241927 0.0352 0.9835

3 0.075285 0.026946 0.0084 0.9919

4 0.048339 0.035865 0.0054 0.9973

5 0.012474 0.003742 0.0014 0.9986

6 0.008732 0.005662 0.001 0.9996

7 0.00307 0.00265 0.0003 0.9999

8 0.000419 0.000378 0 1

9 4.19E-05 0 0 1
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Table 4.8. Result of PCA –Eignevector. 
 

           Prin1           Prin2           Prin3           Prin4          Prin5 

      

hip 0.338074 -0.28301 -0.23808 -0.12607 0.4952 

kneer 0.341522 -0.22982 0.075565 0.203119 -0.17142 

kneel 0.337817 -0.27977 0.017311 0.412606 0.007844 

ankler 0.344723 -0.13278 0.089591 0.000107 -0.07039 

anklel 0.342013 -0.18584 0.151516 0.310665 -0.05579 

shoulderr 0.335861 0.254713 -0.43549 -0.14018 -0.71781 

shoulderl 0.339077 0.019435 -0.38692 -0.52871 0.287751 

elbowr 0.328493 0.164259 0.752861 -0.47851 -0.06831 

elbowl 0.288893 0.802756 -0.01287 0.384631 0.338451 

      

           Prin6           Prin7             Prin8           Prin9  

      

hip 0.419513 0.483071 -0.26479 0.091383 

kneer -0.37441 0.406492 0.499066 0.446887 

kneel 0.381142 -0.30166 0.424385 -0.46972 

ankler -0.56317 0.190079 -0.38056 -0.59366 

anklel -0.01975 -0.49049 -0.51912 0.464167 

shoulderr 0.275218 0.099856 -0.10978 -0.00133 

shoulderl -0.28944 -0.46661 0.260212 0.058313 

elbowr 0.241999 0.014255 0.076869 0.001354 

elbowl -0.05402 0.076128 0.02711 0.004454 
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CHAPTER 5 
 

DISCUSSIONS AND CONCLUSIONS 
 

 
5.1 Summary and Conclusions 
  
5.1.1 Simulation Result 
 
 The first purpose of this study was to simulated MMH tasks.  Experiments with 

twelve conditions were conducted. Simulation was performed for every lift. The 

evaluation of the simulation model was made based on the two indices: MSE and MNDP. 

A major improvement is achieved when compared to the previous study in Hsiang and 

Ayoub (1994).   

 It is needed to be mentioned that for this study, the simulation results relies more 

on the initial guess than the objective function due to the high nonlinearity of the inverse 

kinematic property of the biomechanical system. The algorithm requires a feasible point 

to start. If the current point from the SQP method is not feasible, then the correct result 

can’t be searched. To find the accurate initial guess, the VidLiTec system (Hsiang et al., 

1999), as shown in Figure 5.1, was applied to estimate digitized data of joint angles. 

 
Figure 5.1. VidLiTec system. 
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5.1.2 Analysis of Parameters  
 

The peak joint moments predicted by the simulation model corresponded very 

well with the actual peak joint moment values and the mean prediction error was 

insignificant.  The predicted peak dynamic L5/S1 compressive force also corresponded 

quite well with the actual peak values, although it was over predicted a little.  Compared 

with the results of other researchers, the average actual and predicted peak dynamic 

L5/S1 compressive forces estimated in this study were within the ranges reported in 

studies performed under similar lifting conditions.  Effects of different experiment 

conditions for peak joint moments and compressive force were analyzed. Lifting speed, 

weight and range and their interaction were significant main effects for most cases. 

 

5.1.3 Postural Control Strategy 

To further investigate this postural control strategy, a biomechanical simulation 

model based on control theory was developed to simulate the body movements during 

lifting. This work investigated the postural control problem for manual lifting. The results 

clearly showed the simulated joint torques have the similar motion patterns as the torques 

computed from the experiment data. The simulated motion curves are typical humanlike 

movements. The joint position errors of the computational model showed that the path 

produced by the model is very close to the expected path. 

The principal component analysis showed that the coefficients of the correlation 

are always high (>0.8, often >0.9) and highly significant. The first five components 

account for an average of 99.9% of the variance. For the eigenvectors, the components of 

the first eigenvector are equal. The components of the second eigenvector showed that 
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the data of upper body joints (shoulder, Arm) and the data of lower body joints ( hip, 

knee, ankle) are negative correlated, which indicated that the upper body joints  and the 

lower body joints (hip, knee, and ankle) are count-activated for lifting activities. 

 

5.1.4 Contributions  

 In summary, this study has accomplished the objectives and made the following 

contributions:  

• An optimization based method for MMH simulation method was developed. The 

developed algorithms can simulate the 3D MMH tasks more quickly and 

accurately. Joint trajectory can be automatically computed by inverse kinematics 

algorithm with constraints based on invariants principles of motor trajectories. 

Because of these advantages, this model could be used for the real industrial 

workstation design/layout and evaluation if the test and training data are collected 

in industrial in situation.  

• A video based coding system, which can provide continuous postural information 

(joint angular displacement) of MMH tasks from video clips, was developed. The 

system do not need statistical data support from experiments. The system has the 

capability to generate the joint motion trajectories for MMH activities based on 

video information.   

• The dynamic & control approach investigated the coordination of different 

postural control strategies for MMH. By viewing the MMH task as a continuous 

control process, the joint torques of hip and ankle joints can be simulated. The 

simulated joint torques has the similar motion patterns as the torques computed 
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from the experiment data. A further understanding of the human control strategy 

of MMH was obtained. 

5.2 Recommendations for Future Research 

This study can open several new research directions. The developed simulation 

can generate the MMH results more quickly and accurately. This approach need less data 

support required for working postures initialization than in traditional approaches. Also, 

because of the number of fames can be adjusted, the accuracy of calculation could be 

improved with different choice of frames based on individual cases. 

The developed system could be used for the real industrial workstation 

design/layout and evaluation if the test and training data are collected in industrial 

environment. It can be used for manual assembly workstation prototyping both in a 

virtual and real design environment. In conclusion, the developed approach and system 

showed a very promising capability for human–workstation modeling and analysis, 

layout design of workstation. The future work would be more focused on validating this 

model with more data samples needed. The further development of 3D motion prediction 

model of MMH would also be expected. 

For the dynamic & control approach, despite the insights gained through the 

dynamic & control approach, limitations exist in the present analyses and it can also be 

improved by several ways. First, the current feedback model contains no afferent or 

efferent transmission delays, which may affect the simulation accuracy. Second, this 

model only use the feedback to compensate the external disturbs, while previous study 

(Morasso, 1999) showed that the human also generate anticipative (feed forward) 

postural adjustment to count-act the equilibrium disturbance. Because of its proactive 
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nature, feed forward control can successfully reduce or even eliminate the need for a 

reactive stepping response. Third, the body segments involved in control of body balance 

was modeled by a two-link rigid body. Only the hip and ankle movement can be 

simulated in this model, while other joints, especially the knee joint are important for 

postural control (1° change in the knee angle shift of 0.75 cm of center of gravity). Based 

on these limits, the future work for the dynamic & control approach would be more 

focused on the model improvement for better simulation. 
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ACTURAL TRAJECTORIES VESUS SIMULATED TRAJECTORIES 
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Figure A.1. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for fast speed, heavy weight, and lifting condition for subject 1. 
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Figure A.1. Continued. 
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Figure A.1. Continued. 
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Figure A.2. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for slow speed, light weight, and lifting condition for subject 1. 
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Figure A.2. Continued. 
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Figure A.2. Continued. 
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Figure A.3. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for slow speed, heavy weight, and lifting condition for subject 1. 
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Figure A.3. Continued. 
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Figure A.3. Continued. 
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Figure A.4. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for fast speed, heavy weight, and lifting plus carrying condition for subject 1. 
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Figure A.4. Continued. 
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Figure A.4. Continued. 

 128



 

 
 

 129



 
 
Figure A.5. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for fast speed, heavy weight, and lifting plus carrying condition for subject 1. 
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Figure A.5. Continued. 
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Figure A.5. Continued. 
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Figure A.6. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for slow speed, heavy weight, and lifting plus carrying condition for subject 1. 
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Figure A.6. Continued. 
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Figure A.6. Continued. 
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Figure A.7. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for fast speed, heavy weight, and lifting plus twisting condition for subject 1. 
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Figure A.7. Continued. 
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Figure A.7. Continued. 
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Figure A.8. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for slow speed, light weight, and lifting plus twisting condition for subject 1. 
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Figure A.8. Continued. 
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Figure A.8. Continued. 
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Figure A.9. Actual joint trajectories (solid line) versus simulated trajectories (dashed line) 

for slow speed, heavy weight, and lifting plus twisting condition for subject 1. 
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Figure A.9. Continued. 
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Figure A.9. Continued. 
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SUBJECT CONSENT FORM 
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I hereby give my consent for my participation in the project entitled: 3D Simulation 

of Manual Material Handling (MMH) Tasks based on Nonlinear Optimization Method. I 

understand that the person responsible for this project is Dr. Simon M. Hsiang (telephone 

number 806-742-3543). He has explained that these studies are part of a project that has the 

following objectives: to develop and validate a simulation model for the interested motions 

founded on previously developed para-sagittal lifting models. The motions are two-hand 

lifting, twisting and stepping forward (i.e., changing foot stance while carrying the load 

forward). This research project will provide data that will help to identify hazardous jobs 

and work environments and reduce the likelihood of musculoskeletal injury to workers. 

Dr. Hsiang or his authorized representative has (1) explained the procedures to be followed 

and identified those which are experimental and (2) described the attendant discomforts 

and risks. Briefly the procedures involve the following: 

     1. Training session (0.5 hr) --To achieve a stable level of performance. I will be asked to 

perform the lifting-twisting and lifting-stepping self-training for approximately half an 

hour before succeeding biomechanical data are collected.  

     2. Biomechanical session (2 hr) --To begin the biomechanical experimental session 

after two weeks of training. I will be fitted with reflective markers. Reflective markers will 

be placed on the wrists, elbow, shoulders, hip, knees, ankles, heels, mid-back, low-back, 

upper back and toes. I will then briefly practice the experimental tasks as a warm-up, using 

the previously determined tossing and stepping distances. I will be given a minimum of 

two minutes of seated rest between trials to prevent fatigue. Three experimental sessions 

will be conducted: lifting, lifting-twisting, lifting-stepping. The lifting weigh will be 10 lbs 

and 20 lbs. The order will be randomized. Each session is anticipated to take approximately 
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0.5 hours to complete (30 trials per hour). 

Dr. Hsiang has agreed to answer any inquiries I may have concerning the 

procedures and has informed my that I may contact the Texas Tech University Institutional 

Review Board for the Protection of Human Subjects by writing to them in care of the 

Office of Research Services, Texas Tech University, Lubbock, Texas 79409, or by calling 

742-3884. If this research project causes any physical injury to participants in this project, 

treatment is not necessarily available at Texas Tech University or the Student Health 

Center, nor is there necessarily any insurance carried by the University or its personnel 

applicable to cover any such injury. Financial compensation for any such injury much be 

provided through the participant s own insurance program. Further information about these 

matters may be obtained from Dr. Robert M. Sweazy, Senior Associate Vice President for 

Research, 742-3884, Room 203 Holden Hall, Texas Tech University, Lubbock, Texas 

79409-1035. I understand that I may not derive therapeutic treatment from participation in 

this study. I understand that I may discontinue this study at any time I choose without 

penalty. 

     Experimental results are used only for research and will not be used for any other 

purpose. Any published work will refer only to your subject number and not the name. 

 

Signature of Subject:  

                                                                                                         Date 

 

Signature of Project Director or his Authorized Representative: 

                                                                                                         Date 
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Signature of Witness to Oral Presentation: 

                                                                                                         Date 

 

* All blanks must be completed with the specifics of the research project. This includes 

filling in the appropriate information in each blank indicated on the consent form. 

 
 

 157


	Ch.0.Head.pdf
	Ch.0.Head.pdf
	2.2 Human Movement Simulation Method     ...................
	3.1 Biomechanical Simulation Approach     ..................
	3.2.3 Simulation Results     ...............................
	3.3 3D Kinetics Analysis     ...............................


	Chapter1_Revised.pdf
	CHAPTER 1
	INTRODUCTION

	Chapter2_Literature Review.pdf
	CHAPTER 2
	LITERATURE REVIEW
	2.2 Human Movement Simulation Method
	2.2.1 Inverse Kinematics& Inverse Dynamics
	2.2.3 Optimal Control
	2.2.4 Biomechanical Simulation


	Chapter3_Model Description and Experiment Design.pdf
	CHAPTER 3
	MODEL DEVELOPMENT AND EXPERIMENTAL DESIGN
	3.1 Biomechanical Simulation Approach
	3.1.2.2 Trajectory planning
	3.1.2.3 Objective Function


	3.2.1 Anthropometric Definitions
	3.2.2 Dynamic & Control Model
	Figure 3.8-3.9 shows the open loop responses for external load in different initial positions (0, (/2, (/4, -(/4) of the hip angle. The ankle angle was assumed to be constant at (/
	Figure 3.7. Simulated joint torques (the upper figure) and j
	3.3 3D Kinetics Analysis
	3.3.1 Angler Velocity
	Independent Variables

	The within subjects independent variables for this experimen

	Equipment


	Chapter4_Recover_revised.pdf
	RESULTS

	Reference.pdf
	Zhang Y., Hsiang S.M. (2004). “A 3D motion Prediction Model 


