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Abstract 

Previously, computer human models that duplicate the properties and the functions of human 

have been developed. They are used for the evaluation of product designs and for the 

improvement of working environments, rehabilitation procedures and performance analysis in 

sports. However, they usually use a rigid segment model, which can only calculate physical 

values such as reach, net forces and net moments, and evaluate only the open-loop motions. 

Some of them use a musculoskeletal model that can estimate muscle forces. Estimation of 

muscle forces during motions is important to analyze more realistic situations. But they do not 

usually consider the roles of antagonistic muscles and biarticular muscles. Furthermore, 

computer human models, that can evaluate muscle fatigue progress have not been developed 

yet. 

This study proposed a method to evaluate a walking cycle, which is the closed-loop motion, 

using a human rigid segment model. This study also investigated a musculoskeletal model 

that considers the roles of antagonistic muscles and biarticular muscles. In addition, a 

proposed method to estimate muscle forces during complex motions was applied to several 

dynamic motions. Furthermore, this study investigated a mechanism of muscle fatigue and 

proposed a muscular fatigue model to evaluate muscle fatigue progress under several 

muscular force patterns. 

Experiments to validate the proposed methods were conducted. The results of these 

experiments showed that the proposed methods were considered to successfully estimate 

ground reaction forces during a walking cycle, to estimate muscle forces during motion and to 

evaluate muscle fatigue progress under several muscular force patterns. Therefore, this study 

has improved computer human models for application to more realistic simulations. 
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1. Introductory remarks 

1.1 Background 

In the field of manufacturing, a human centered system is recently getting attention to realize 

more flexibility for manufacturing of wide product variety and volume. If the production 

processes aim only at higher productivity in manufacturing without attention to humans, the 

efficiency of working is decreased and the potential of industrial injury is increased. Therefore, 

computer human models that duplicate the properties and the functions of human are required 

to be developed to realize more ergonomic working environments. Furthermore, in the fields 

of sport engineering and welfare engineering, the analysis and clarification of the properties 

and the functions of human are also necessary. These researches also contribute to improve 

sport techniques and rehabilitation procedures. Furthermore, they can allow a higher quality 

life in the aging society. 

Previously, computer human models that duplicate the properties and the functions of human 

have been developed. They have traditionally attempted to simulate or predict the forces and 

motions. They can generally be separated into two categories: internal body structure and 

external gross motion body models. The first type deals with the detail structure of various 

body subsystems such as the head, thorax, spine, etc. and will predict stresses, stains and 

localized deformations. The latter model category deals with overall body response and 

generally provides as output motion data of body segments and interactive forces between 

body segments and external structural elements [1]. 

The development of complex and detailed human models has been particularly rapid and 

successful during the last 30 years. This growth can mostly be attributed to the developments 
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in computer technology including the development of sophisticated accessory software. This 

relatively new and powerful analysis capability has opened the door to the solution of 

analytical equations describing the complex and detailed mechanical structure of the human 

body [1]. The basic formulating equations for computer human models were already available 

in the 19th century. Current models applied in human models have used the same formalism, 

usually either the Newton-Euler or Lagrange technique, to formulate equations describing 

chains of coupled rigid bodies, and with current computer-based analysis techniques solutions 

to such systems have become possible [2]. Models depicting the articulated, 

three-dimensional human body structure have been developed by a number of investigators. 

Among these are models described by Young [3], Robbins et al. [4], Furusho et al. [5], 

Huston et al. [6, 7] and Fleck et al. [8,9]. 

Computer human models such as Jack and RAMSIS contribute to the efficiency of the 

product design process. They have been utilized as an effective design tool to visualize the 

interaction of a human and workstation system such as passenger car interior and factory 

workspace and to evaluate the human-workstation interaction from an ergonomic perspective 

such as reach, visibility and comfort [10]. The ergonomic design methodology using the 

computer human models makes the iterative process of design evaluation, diagnosis and 

revision more rapid and economical [11]. Traditionally, human-vehicle interactions have been 

evaluated in the development process using physical mock-ups [12]. The integration of human 

factors is then carried out in laboratory and field experiments, which are often considered to 

be too expensive and time consuming [13]. 

Over the last 30 years, the utilization of human modeling tools has supported ergonomic 

evaluations in virtual environments. This has reduced the need for physical tests. Developers, 
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reviewers [11, 12] and users [14] of human simulation tools claim that they may reduce 

development time and costs. Furthermore, human modeling tools provide the opportunity to 

perform quick tests [14], which enable users to check the first rough designs and accelerate 

the initial design phase. Designers and engineers have requested such tools [15]. Furthermore, 

computer human modeling tools provide means for the development of a standardized 

evaluation methodology [14] and have the potential of becoming a standard validation and 

benchmarking method [16]. In car industry companies today, human modeling tools are used 

in a working process [17]. In the future, it may be necessary to develop a formal standardized 

process as the number of tool users in each company increases. 

In addition, computer simulation of the dynamics of musculoskeletal systems is an important 

tool in biomechanics. It is useful for a wide range of problems, such as predicting the outcome 

of tendon transfers [18], understanding multijoint movements [19], evaluating ergonomics 

[20], optimizing biomechanical performance [21, 22], developing neural prostheses [23] and 

understanding the neural control of movement [24, 25]. Software for musculoskeletal 

simulation is widely available today, both from commercial vendors and open source software 

projects. Most musculoskeletal simulators are based on algorithms for multibody dynamics 

initially developed for simulating robots and engineering machinery. Examples of these types 

of simulators include software packages such as SIMM [18], AnyBody [20], MSMS [23] and 

OpenSim [26], and many research simulations, including those used in all the papers cited 

above [27]. 

Consequently, computer human models considering musculoskeletal model can serve as a 

valuable design and evaluation tool not only in the development of new systems, but also in 

evaluating the biomechanical stresses resulting from manual industrial work. Realistic 
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simulations can contribute significantly to the prevention and reduction of presently occurring 

injuries in the field of manufacturing. They can also contribute to the improvement of 

efficiency of rehabilitation procedures and performance analysis in sports in the fields of 

welfare engineering and sport engineering. Therefore, it is required to develop computer 

human models that can conduct realistic simulations. 

1.2 Objectives 

Software of computer human models is widely available today, both from commercial 

vendors and open source software projects. They are used for the evaluation of products 

designs and for improvements of working environments, rehabilitation procedures and 

performance analysis in sports. Many of computer human models have evaluated the motions, 

usually the open-loop motions, using the human rigid segment model that can only calculate 

physical values such as reach, net force and net moment. Some computer human models 

including musculoskeletal models also have been developed. They usually have used 

optimization methods in the evaluation of motions. The optimization methods suggested by 

Crowninshield et al. [28] are usually used to estimate muscle forces during motions. The 

method estimates muscle forces with the sum of the muscle forces across a joint that equal the 

net moment of force at the joint. Unfortunately, these methods usually do not consider the 

functions of antagonistic muscles and biarticular muscles. Furthermore, computer human 

models that can evaluate muscle fatigue progress have not been developed yet. 

This study proposes a method to evaluate the walking cycle, which is a closed-loop motion, 

using a rigid segment model. This study also investigates the musculoskeletal model 

considering the roles of antagonistic muscles and biarticular muscles and proposes the method 
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using a rigid segment model. This study also investigates the musculoskeletal model 

considering the roles of antagonistic muscles and biarticular muscles and proposes the method 
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to estimate muscle forces during motions. The method is applied to dynamic motions and 

validated. Furthermore, this study investigates a mechanism of muscle fatigue and proposes a 

muscular fatigue model to evaluate muscle fatigue progress under several muscular force 

patterns. Therefore, this study can contribute to improve computer human models that can 

conduct more realistic simulations. 

1.3 Construction 

This thesis consists of 6 chapters including this chapter as shown in Fig. 1.1. 

Chapter 1 showed the background and the objectives of this study. 

Chapter 2 showed a human rigid segment model and a method to analyze 3-dimensional 

motions. It is difficult to analyze walking motions in which both feet are on the ground 

simultaneously unless at least one force platform or preferably two are available. This study 

proposed a method that can calculate net forces at each joint during walking motions from 

only captured trajectories. 

Chapter 3 develops a musculoskeletal model of lower limb that considers the role of 

antagonistic muscles and biarticular muscles. This study proposed a method to estimate 

muscle forces during motions considering these roles of muscles. Furthermore, this study 

validated the proposed model to estimate muscle forces by applying the model to vertical 

jumping as an example of a 2-dimensional dynamic motion and to a jogging motion as 

3-dimensional example. 

Chapter 4 outlines a musculoskeletal model of upper and lower limbs that includes the roles 

of antagonistic muscles and biarticular muscles to estimate muscle forces during lifting 

operations as an example of a working motion. Furthermore, various motion patterns in the 

5 

to estimate muscle forces during motions. The method is applied to dynamic motions and 

validated. Furthermore, this study investigates a mechanism of muscle fatigue and proposes a 

muscular fatigue model to evaluate muscle fatigue progress under several muscular force 

patterns. Therefore, this study can contribute to improve computer human models that can 

conduct more realistic simulations. 

1.3 Construction 

This thesis consists of 6 chapters including this chapter as shown in Fig. 1.1. 

Chapter 1 showed the background and the objectives of this study. 

Chapter 2 showed a human rigid segment model and a method to analyze 3-dimensional 

motions. It is difficult to analyze walking motions in which both feet are on the ground 

simultaneously unless at least one force platform or preferably two are available. This study 

proposed a method that can calculate net forces at each joint during walking motions from 

only captured trajectories. 

Chapter 3 develops a musculoskeletal model of lower limb that considers the role of 

antagonistic muscles and biarticular muscles. This study proposed a method to estimate 

muscle forces during motions considering these roles of muscles. Furthermore, this study 

validated the proposed model to estimate muscle forces by applying the model to vertical 

jumping as an example of a 2-dimensional dynamic motion and to a jogging motion as 

3-dimensional example. 

Chapter 4 outlines a musculoskeletal model of upper and lower limbs that includes the roles 

of antagonistic muscles and biarticular muscles to estimate muscle forces during lifting 

operations as an example of a working motion. Furthermore, various motion patterns in the 

5 



11. Introduction 

2. Human rigid segment model 

L Analysis of walking motion 

3. Musculoskeletal model of lower limb 

t Analysis of vertical jumping (2-dimensional motion) 

Analysis of jogging motion (3-dimensional motion) 

4. Evaluation of lifting operations with a musculoskeletal model 

t Analysis of lifting operations 

Evaluation of various motions in computer simulation 

5. Muscular fatigue model 

L Analysis of muscle fatigue progress 
under several muscular force patterns 

I 6. Conclusion 

Fig. 1.1 Construction of this thesis 

lifting operations were created by a computer simulation based on the experimental lifting 

operation and evaluated considering the muscle forces of upper and lower limbs estimated 

with the musculoskeletal model. 

Chapter 5 showed a mechanism of muscle fatigue. This study proposed a muscular fatigue 
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model to evaluate muscle fatigue progress under several muscular force patterns. 

Finally, chapter 6 showed the conclusion of this dissertation. 
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2. Motion analysis using a rigid segment model 

2.1 Introduction 

Net forces and net moments acting on human joints are very important for human movement 

analysis. However it is impossible to measure net forces and net moments directly. Usually 

the human body is modeled as a system of interconnected rigid-bodies. This enables the 

calculation of net forces and net moments mathematically and physically. Previously, 

computer human models that duplicate the properties and the functions of human have been 

developed. They are used for the evaluation of product designs and for improvement of 

working environments, rehabilitation procedures and sport techniques. They can predict net 

forces accurately and make possible the prediction of movement patterns prior to real-life 

application. 

It is impossible and unrealistic to define the human model considering all complicated 

human functions because the human consists of approximately 200 bones and 800 muscles. 

Thus, the human model should be simplified depending on the analysis objectives. In general, 

human models have been classified as follow. 

1. Skeleton model and musculoskeletal model 

2. Dynamics model and static model 

3. 3-dimensional model and 2-dimensional model 

4. Whole-body model and partial model 

The skeleton model permits calculation of net forces and net moments whereas the 

musculoskeletal model considers the properties and the functions of muscles. Dynamic 

models consider inertial forces generated by the acceleration of the segments but static 
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models ignore the inertial forces. 

This study investigated a 3-dimensional, whole-body, skeleton human model that included 

dynamics. Furthermore this study suggests a way to estimate net forces at all joints as well as 

the ground reaction forces throughout a walking cycle using only motion capture data and 

body segment parameters. It is difficult to analyze walking motions in which both feet are on 

the ground simultaneously unless at least one force platform or preferably two are available. 

2.2 Human segment model 

Numerous human rigid-body models have been developed to calculate net forces and net 

moments with inverse dynamics based on segment models of varying complexity from three 

[1] to 17 segments [2]. This study used a model that consists of 15 rigid-body segments 

(I-Foot, 2-Leg, 3-Thigh, 4-Lower trunk, 5-Torso, 6-Upper arm, 7-Forearm, 8-Hand, 9-Head) 

as shown in Fig. 2.1 

1- Foot 
2- Leg 
3- Thigh 
4- Lower trunk 
5- Torso 
6- Upper ann 
7- Foreann 
8- Hand 
9- Head 

Fig. 2.1 Human segment model 
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Fig. 2.2 Net forces projected on each plane 

Net forces from each segment can then be calculated with Newton-Euler equations [3,4]. The 

weight of segment i is represented by Wi, the acceleration of segment i is represented by aCi 

and the net force between each segment i and i-I is represented by Fi-I, i. Each rigid segment in 

3-dimension is projected on the XY plane, the YZ plane and the ZX plane. Then net force 

Fi-l , i is calculated for each plane in the static coordinate system as shown in Fig. 2.2. Newton's 

equation of each segment i is defined as follows. Then, the weight of each segment Wi is 

calculated from the mass of the participant with the distribution measured by Ae et al. [5]. 

(W;Jac. = F . 1 -F .. l-W 'J' - 1 -1- ,I -1,1+ 1 g -
(2.1) 

The net moment at each joint is also obtained with each rigid segment in 3-dimensions 

projected on the XY plane, the YZ plane and the ZX plane. The angles on each plane are 

represented by e (on YZ plane), I.fI (on ZX plane) and tjJ (on XY plane). The angular 
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Fig. 2.3 Segment of static and segment coordinate system 

velocities are represented by o}x (on YZ plane), O}y (on ZX plane) and O}z (on XYplane). 

The inertial moments that work around the main axis of segment as shown in Fig. 2.3 are 

represented by 1 x' 1 y' 1 z. The external moments in the segment coordinate system are 

represented by mx ' my, mz . 

The external moments of segment coordinate system m is calculated as follow. 

(2.2) 

Each segment is approximated and treated with the column. Then the inertial moment 1 is 

defined as follow. 

Wi 2 2 
1 =1 =-·(3r +1 ) 

x z 12g I I 

1 = Wi .r2 
y 2g I 

14 

w: : weight 

rj : radius 

I, : length 

(2.3) 
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The angular velocity OJ is defined as follow. 

(2.4) 

Then, the matrixes are defined as follow. 

l cos rp cos If/ sin rp °l 
[7r]= -sinrpcoslf/ cosrp 0 , 

sinlf/ 0 I 

[(ilJ~ CO~(i Si~(il' [\iflJO~\if 
lo -sin e cos e l sin If/ 

o - Sinlf/l 
I 0 , 

o coslf/ 

(2.5) 

The angular acceleration OJ is defined as follow. 

(~) ~ ![[ffl ~lJ ~ [ff{ ~J+ [ff1{:; } 
[

COS rp - sin rp cos If/ - cos rp sin If/J 

[7r 1 ] = - sin rp - cos rp cos If/ sin rp sin If/ 

o 0 COOIf/ 

(2.6) 

Consequently, the net moment is calculated for each plane in the static coordinate system as 

shown in Fig. 2.4 where the link length of segment i is represented by Ii, the inertial moment 

of static coordinate system of segment i is represented by 1M;, the position vector of segment i 

is represented by! and the net moment between each segment i and i-I is represented by Mi-1. i. 

1Mi is the inertial moments of the static coordinate system. Therefore, 1Mi must be calculated 

by multiplying the moment of the segment coordinate system mi by conversion matrix. The 

way to convert from segment coordinate system to static coordinate system is represented as 

follows. 

(2.7) 
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Then the net moment in the static coordinate system is defined as follows. 

(2.8) 

For example, the net moment on the XYplane is, 

IMzi = M zi-1 i -Mzi i+l +!/i sinrp·Fxi_1 i -!/i cosrp· Fyi-1 i , '2 ' 2 ' 

+ ~ I, sin rp. Fxi,i+l - ~ Ii cos rp' Fyi,i+l 

(2.9) 

2.3 Experimental data analysis method 

The acceleration and angular acceleration of each segment are necessary to calculate net 

forces and net moments using Newton-Euler equations with the human segment model 

described in the preceding section. In this study, the positional data of the joints were obtained 

from the captured images with a motion capture system. The acceleration and the angular 
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Then the net moment in the static coordinate system is defined as follows. 

(2.8) 

For example, the net moment on the XYplane is, 

IMzi = M zi-1 i -Mzi i+l +!/i sinrp·Fxi_1 i -!/i cosrp· Fyi-1 i , '2 ' 2 ' 

+ ~ I, sin rp. Fxi,i+l - ~ Ii cos rp' Fyi,i+l 

(2.9) 

2.3 Experimental data analysis method 

The acceleration and angular acceleration of each segment are necessary to calculate net 

forces and net moments using Newton-Euler equations with the human segment model 

described in the preceding section. In this study, the positional data of the joints were obtained 

from the captured images with a motion capture system. The acceleration and the angular 
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acceleration are obtained with the positional data of the joints differentiated. In general, the 

acceleration and the angular acceleration obtained from the positional data have errors. The 

acceleration and the angular acceleration are required to be measured as accurately and 

noiselessly as possible because they effect the net forces and net moments directly. Therefore, 

the positional data of the joints obtained from the captured images are required to be 

smoothed to remove noises of positional data of the joints. This study smoothed the positional 

data of the joints using a Butterworth, zero-lag, low-pass filter [6, 7]. 

Low-pass digital filtering of noisy signals has for many years been an essential procedure for 

biomechanics. Probably, the most widely used filtering method in human movement analyses 

was first published by Winter et al. [6] and was later shown by Pezzack et al. [7] to 

successfully reduce the noise in kinematic signals and their derivatives. Butterworth filters are 

often chosen for smoothing movement data because they are optimally flat in their pass-band, 

have relatively high roll-offs and rapid response in the time domain. To make a zero-lag filter, 

the data were passed through the filter twice (once in the forward direction and once in 

reverse). To maintain the correct cutoff when using multiple passes of a filter (cascading) the 

cutoff frequency must be adjusted [8]. The following equations adjust the Butterworth filters. 

1 
C BW = -fzf=l=---

4 -
2n -1 

* 
fBw = fBw X cBW 

(2.10) 

(2.11) 

where, fBw is the desired cutoff frequency and / BW is the adjusted cutoff frequency to produce 

the requested cutoff and n is the number of filter passes. Notice that the Butterworth filter's 

cutoff is not adjusted when the data are passed once (n = 1). The next step is to determine the 

corrected angular cutoff frequency of OJ; of the low-pass filter [9, 10] where fsr is the 
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sampling rate in hertz. 

m; = tan( Jif';w J 
fsr 

(2.12) 

To compute the Butterworth filter coefficients let K1 = .fim; and K2 = (m;)2. The 

low-pass coefficients become: 

(2.13) 

(2.14) 

The following equation is the second-order recursive filter: 

j = scene number (2.15) 

On the other hand, the acceleration and the angular acceleration are obtained with the 

positional data of the joints differentiated. The mathematical differential formula is described 

as follows. 

(2.16) 

However this equation can not apply to the human movement analysis because the positional 

data of the joints is discrete-time data. The differential formula for the discrete-time data is 

described as follows. 

(2.17) 

(2.18) 

(2.19) 

Then, X j is the data before derivation and X j is the data after derivation. First, the 

18 

sampling rate in hertz. 

m; = tan( Jif';w J 
fsr 

(2.12) 

To compute the Butterworth filter coefficients let K1 = .fim; and K2 = (m;)2. The 

low-pass coefficients become: 

(2.13) 

(2.14) 

The following equation is the second-order recursive filter: 

j = scene number (2.15) 

On the other hand, the acceleration and the angular acceleration are obtained with the 

positional data of the joints differentiated. The mathematical differential formula is described 

as follows. 

(2.16) 

However this equation can not apply to the human movement analysis because the positional 

data of the joints is discrete-time data. The differential formula for the discrete-time data is 

described as follows. 

(2.17) 

(2.18) 

(2.19) 

Then, X j is the data before derivation and X j is the data after derivation. First, the 

18 



velocity is obtained from the positional data with the equations. Subsequently, the 

acceleration is obtained from the velocity with the equations. 

Thus, the net forces and the net moments can be calculated with the positional data filtered 

from the obtained positional data and the human rigid segment model described above. 

2.4 Estimation of ground reaction forces during 3-dimensional walking cycle 

Ambulatory assessment is required in many applications of human movement analysis, 

including the evaluation of the impact of rehabilitation treatments in daily life [11, 12] and the 

ergonomic evaluation of working tasks and environments [13]. However, it is difficult to 

analyze ambulatory motions in which both feet are on the ground simultaneously unless at 

least one force platform or preferably two are available and positioned so that a participant's 

foot lands on no more than one force platform. Previously, net forces were calculated with 

ground reaction forces of each foot, measured by force platforms or pressure insoles [14] 

during ambulatory motions. But it is not always possible or affordable to have force platforms 

or pressure insoles under each foot. Furthermore, there are gait patterns that are not 

compatible with side-by-side force platforms or too large to permit single foot contacts, e.g., 

small children. Therefore, this study outlines a method that can calculate net forces at each 

joint during ambulatory motions from only captured trajectories and body segment 

parameters. 

2.4.1 Method to estimate ground reaction forces during walking cycle 

Phases during walking cycle. There are two phases during a walking cycle as shown in Fig. 

2.5. The first is a single-support phase when only one leg is on the ground as shown in Fig. 
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2.5 (left). In this case, it is possible to calculate net forces at each joint by proceeding from the 

free-ended extremity link-by-link toward the ground leg. The second is a double-support 

phase when both legs are on the ground as shown in Fig. 2.5 (right). In this case, the net 

forces of the joints of each leg are indeterminate because there is no way to divide the sum of 

net force on the hip joint from the free-ended extremities into each leg. If the net force on the 

hip joint can be divided into each leg, the net forces of the joints of each leg can be calculated 

with Newton-Euler equations on the thigh toward leg and foot. Then, the ground reaction 

forces of each leg can be obtained. 

Method to divide net force on the hip joint into each leg during double-support phases. 

This study proposed a way to calculate net forces during double-support phases by assuming 

the sum of net forces on the hip joint from the free-ended extremities to be divided into each 

leg depending on the body gravity position. Then, the body gravity position can be calculated 
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from the location of each body segment. Fig. 2.6 shows the behavior of the body gravity 

position when both legs are on the ground (from left foot touch-down to right foot toe-oft). 

The distribution of the net force immediately before left foot touch-down has the right leg at 
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100% and that of left leg at 0%. Likewise the distribution of the net force on left leg is 100% 

and that of right leg is 0% at the moment when the right foot leaves the ground at its toe-off 

event. So the distribution of the net force is assumed to be determined by the rectangle on the 

XY plane that the trajectory of the centre of gravity makes as shown in Fig. 2.7. In the X 

direction, the distribution of right leg is 100% and that of left leg is 0% in the initial position. 

On the other hand, that of right leg is 0% and that of left leg is 100% in the final position. 

When the initial gravity position in X direction is assumed to be 0 and the final gravity 

position in X direction is assumed to be N, the distribution of right leg is no / N x 100 % and 

that of left leg is nl / N x 100 % when the gravity position is nl as shown in Fig. 2.7. Similarly, 

in Y direction, when the initial gravity position is assumed to be 0 and the final gravity 

position is assumed to be M, the distribution of right leg is rno / M x 100 % and that of left leg 

is rn1 / M x 100 % when the gravity position is rnl as shown in Fig. 2.7. However in Y 

direction, the gravity usually moves to the left after it moves to the right once. In this 

overshoot the distribution of right leg is assumed to be (l + overshoot / M) x 100 % and that of 

left leg is assumed to be (O-overshoot/ M)xIOO%. This overshoot is so small that the 

distribution of each leg will not become over 100% or under 0% when combined with both X 

direction and Y direction. So combined with both X direction and Y direction, the distribution 

of the net force on the hip joint into each leg is determined as follows. Then, the effects of the 

lengths ofN and M are considered because the longer the length is, the more the effect is. 

D. = ( M x rno + N x no ) x 100 = rno + no x 100% 
right M+N M M+N N M+N 

(2.20) 

D =( M x rn1 + N X~)XIOO= rn1 +nl xIOO% 
left M + N M M + N N M + N 

(2.21) 
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2.4.2 Experimental method 

Experimental protocol. To validate the proposed method, data from a gait laboratory 

equipped with three force platforms were collected. Three participants (heights: 173.3 + 7.1 

cm, masses: 85.0 + 13.3 kg), after informed consent, participated in the study. Each 

participant was recorded (at 200 Hz) walking across the floor-mounted force platforms 

(Kistler) while the trajectories of reflective markers were captured by a Vicon MX infrared 

motion capture system at 200 frames per second. 

Data analysis. The positional data of the joints obtained from the captured images were 

smoothed using a Butterworth low-pass filter (cutoff frequency 6 Hz) [6, 7]. The ground 

reaction forces were calculated with the proposed method and compared against the measured 

ground reaction forces obtained from the force platforms. In this study, the analysis programs 

were made with Borland C++ Builder 6 to calculate the ground reaction forces from the 

positional data with the proposed method. 

2.4.3 Results and discussion 

Results. The ground reaction forces of the three participants for the proposed method and 

the force platforms during gait cycle are shown in Fig. 2.8 to Fig. 2.10. The analysis range is 

from left foot initial contact to right foot toe-off. The double-support phase from initial 

contact by the foot to the other foot toe-off is represented by D 1. The single-support phase by 

the foot is represented by S. The double-support phase from initial contact by the other foot to 

the foot toe-off is represented by D2. The correlations of the three participants between the 

estimated ground reaction forces and the force platforms for each phase are shown in Table 

2.1 to Table 2.3. The root-mean-squared differences of the three participants between the 

23 

2.4.2 Experimental method 

Experimental protocol. To validate the proposed method, data from a gait laboratory 

equipped with three force platforms were collected. Three participants (heights: 173.3 + 7.1 

cm, masses: 85.0 + 13.3 kg), after informed consent, participated in the study. Each 

participant was recorded (at 200 Hz) walking across the floor-mounted force platforms 

(Kistler) while the trajectories of reflective markers were captured by a Vicon MX infrared 

motion capture system at 200 frames per second. 

Data analysis. The positional data of the joints obtained from the captured images were 

smoothed using a Butterworth low-pass filter (cutoff frequency 6 Hz) [6, 7]. The ground 

reaction forces were calculated with the proposed method and compared against the measured 

ground reaction forces obtained from the force platforms. In this study, the analysis programs 

were made with Borland C++ Builder 6 to calculate the ground reaction forces from the 

positional data with the proposed method. 

2.4.3 Results and discussion 

Results. The ground reaction forces of the three participants for the proposed method and 

the force platforms during gait cycle are shown in Fig. 2.8 to Fig. 2.10. The analysis range is 

from left foot initial contact to right foot toe-off. The double-support phase from initial 

contact by the foot to the other foot toe-off is represented by D 1. The single-support phase by 

the foot is represented by S. The double-support phase from initial contact by the other foot to 

the foot toe-off is represented by D2. The correlations of the three participants between the 

estimated ground reaction forces and the force platforms for each phase are shown in Table 

2.1 to Table 2.3. The root-mean-squared differences of the three participants between the 

23 



Left Right Left 
I.C. I.C. I.C. 

200 
"C-
o 

'0:: 100 Left --s 6UJ 
u- 0 

0 o::R- I 
100 

C>Ci) I 
I C -100 -Estimat~ tU 

'-" - - Foroe Aate 
-200 

I 

~ait cycle [%] , 
so 

40 
--.-z-...... tU .... 0 u- CI) 

O::1U 
C>~ I 

-40 I 

- Estimattd 
Right_ - Force F1ate 

-so 
$ ait cycle [%] 

soo 

~ 
2-;- 600 
...... 0 
u- .-o::"i 400 ./. 

C>G. Left Right 
I 

200 -Estimal~ 

- - Foroe ~ate 
0 

0 50 100 

Gait cycle [%] 

Fig. 2.8 Ground reaction forces compared between the proposed method and the force 

platforms during gait cycle: Participant 1 (I.e. = initial contact) 

24 

Left Right Left 
I.C. I.C. I.C. 

200 
"C-
o 

'0:: 100 Left --s 6UJ 
u- 0 

0 o::R- I 
100 

C>Ci) I 
I C -100 -Estimat~ tU 

'-" - - Foroe Aate 
-200 

I 

~ait cycle [%] , 
so 

40 
--.-z-...... tU .... 0 u- CI) 

O::1U 
C>~ I 

-40 I 

- Estimattd 
Right_ - Force F1ate 

-so 
$ ait cycle [%] 

soo 

~ 
2-;- 600 
...... 0 
u- .-o::"i 400 ./. 

C>G. Left Right 
I 

200 -Estimal~ 

- - Foroe ~ate 
0 

0 50 100 

Gait cycle [%] 

Fig. 2.8 Ground reaction forces compared between the proposed method and the force 

platforms during gait cycle: Participant 1 (I.e. = initial contact) 

24 



Left 
I.C. 

300 

.-.:.--

° .;:: 150 
'-'JY ~(I) 
u.. 0 0 
~g. 
(!) L-

Q) ..... - 150 c: 
ttl 
'-" 

-300 

100 

50 
.-. -. 
Z--.. ttl 

L-
u.. Q) 0 
~1U 
(!)c.-

-50 

- 100 

1200 

1000 .-. -. 
Z(ij soo 
-"0 
u.. .-
~ ~ 600 
(!) .,?.. 

400 

200 

0 
0 

Left 

Left 

Right 
I.C. 

, 

Right / 
Y 

Left 
I.C. 

/ ; 

1QO 
I 
I 

-Estima~ 

- - Faroe PI~ a 

Gait cycle [%] , , -----------:-, 

I 
100 

I 
I 

Ri ht-Estima~ 
g - - Force Plate 

Qait cycle [%] 
I 
I 

r.: ~ 
J. , ~ 

J. I ~ 
/, : __ I 

I 

Right_ Estimat~ 
- - Force A$te 

50 100 

Gait cycle [%] 

Fig. 2.9 Ground reaction forces compared between the proposed method and the force 

platforms during gait cycle: Participant 2 (I.C. = initial contact) 

25 

Left 
I.C. 

300 

.-.:.--

° .;:: 150 
'-'JY ~(I) 
u.. 0 0 
~g. 
(!) L-

Q) ..... - 150 c: 
ttl 
'-" 

-300 

100 

50 
.-. -. 
Z--.. ttl 

L-
u.. Q) 0 
~1U 
(!)c.-

-50 

- 100 

1200 

1000 .-. -. 
Z(ij soo 
-"0 
u.. .-
~ ~ 600 
(!) .,?.. 

400 

200 

0 
0 

Left 

Left 

Right 
I.C. 

, 

Right / 
Y 

Left 
I.C. 

/ ; 

1QO 
I 
I 

-Estima~ 

- - Faroe PI~ a 

Gait cycle [%] , , -----------:-, 

I 
100 

I 
I 

Ri ht-Estima~ 
g - - Force Plate 

Qait cycle [%] 
I 
I 

r.: ~ 
J. , ~ 

J. I ~ 
/, : __ I 

I 

Right_ Estimat~ 
- - Force A$te 

50 100 

Gait cycle [%] 

Fig. 2.9 Ground reaction forces compared between the proposed method and the force 

platforms during gait cycle: Participant 2 (I.C. = initial contact) 

25 



Left 
I.C. 

Right 
I.C. 

Left 
I.C. 

400 ~-----------------T--------------------~~ 

, 
Gait cycle [%] , 

1QO 

- Estimated , 
- - Force Plate 

100 ~----------------~--------------------~~ 

50 

ze-
...... ttl 
LL ~ 0 ~~---------------+--~~~------------~~ 
~ li 1QO 
G~ , 

-50 I 
. - Estimate<:! 

RlghL - Foroe PI~te Left 
- 100 ~-----------------~--------------------~~ 

Qait cycle [%] 
1600 t------- ------.... , -----, 
!@ , , 

Zml~OO /.: :::-' 
...... 0 1000 / , 
LL ·- ..r:: I 

~ "5i sc.o /''l"''----=-:-:::::- I 

G .2.. 600 Y : 
I 
I 
I 

400 'I I 

200 Left 
Right - Estima~ 

- - Force P,!ate o L-_______________ ~~~ __ ~ __________ ~ __ ~ 

o 50 100 

Gait cycle [%] 

Fig. 2.10 Ground reaction forces compared between the proposed method and the force 

platforms during gait cycle: Participant 3 (I.C. = initial contact) 

26 

Left 
I.C. 

Right 
I.C. 

Left 
I.C. 

400 ~-----------------T--------------------~~ 

, 
Gait cycle [%] , 

1QO 

- Estimated , 
- - Force Plate 

100 ~----------------~--------------------~~ 

50 

ze-
...... ttl 
LL ~ 0 ~~---------------+--~~~------------~~ 
~ li 1QO 
G~ , 

-50 I 
. - Estimate<:! 

RlghL - Foroe PI~te Left 
- 100 ~-----------------~--------------------~~ 

Qait cycle [%] 
1600 t------- ------.... , -----, 
!@ , , 

Zml~OO /.: :::-' 
...... 0 1000 / , 
LL ·- ..r:: I 

~ "5i sc.o /''l"''----=-:-:::::- I 

G .2.. 600 Y : 
I 
I 
I 

400 'I I 

200 Left 
Right - Estima~ 

- - Force P,!ate o L-_______________ ~~~ __ ~ __________ ~ __ ~ 

o 50 100 

Gait cycle [%] 

Fig. 2.10 Ground reaction forces compared between the proposed method and the force 

platforms during gait cycle: Participant 3 (I.C. = initial contact) 

26 



Table 2.1 Correlations between the estimated ground reaction forces and force platforms for 

each phase (D 1 = first double-support phase, S = single-support phase, D2 = second 

double-support phase): Participant 1 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot Right foot 
Phase Dl S D2 Dl S D2 

x 0.99 0.99 0.98 0.97 0.99 0.98 

Y 0.99 0.93 0.96 0.99 0.91 0.96 
z 0.99 0.98 0.99 0.99 0.98 0.99 

Table 2.2 Correlations between the estimated ground reaction forces and force platforms for 

each phase: Participant 2 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot Right foot 
Phase Dl S D2 Dl S D2 

x 0.99 0.99 0.99 0.97 0.99 0.99 

Y 0.99 0.61 0.99 0.99 0.84 0.99 
z 0.99 0.96 0.99 0.99 0.97 0.99 

Table 2.3 Correlations between the estimated ground reaction forces and force platforms for 

each phase: Participant 3 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot Right foot 
Phase Dl S D2 Dl S D2 

x 0.11 0.99 0.99 0.92 0.98 0.99 

Y 0.99 0.54 0.99 0.99 0.91 0.99 
z 0.99 0.98 0.99 0.99 0.97 0.99 

27 

Table 2.1 Correlations between the estimated ground reaction forces and force platforms for 

each phase (D 1 = first double-support phase, S = single-support phase, D2 = second 

double-support phase): Participant 1 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot Right foot 
Phase Dl S D2 Dl S D2 

x 0.99 0.99 0.98 0.97 0.99 0.98 

Y 0.99 0.93 0.96 0.99 0.91 0.96 
z 0.99 0.98 0.99 0.99 0.98 0.99 

Table 2.2 Correlations between the estimated ground reaction forces and force platforms for 

each phase: Participant 2 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot Right foot 
Phase Dl S D2 Dl S D2 

x 0.99 0.99 0.99 0.97 0.99 0.99 

Y 0.99 0.61 0.99 0.99 0.84 0.99 
z 0.99 0.96 0.99 0.99 0.97 0.99 

Table 2.3 Correlations between the estimated ground reaction forces and force platforms for 

each phase: Participant 3 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot Right foot 
Phase Dl S D2 Dl S D2 

x 0.11 0.99 0.99 0.92 0.98 0.99 

Y 0.99 0.54 0.99 0.99 0.91 0.99 
z 0.99 0.98 0.99 0.99 0.97 0.99 

27 



Table 2.4 Root means squared differences between the estimated ground reaction forces and 

force platforms for each phase (D 1 = first double-support phase, S = single-support phase, D2 

= second double-support phase): Participant 1 (X=anteroposterior, Y=mediolateral, Z=vertical) 

(% Yields = RMS divided by the value from minimum to maximum of the estimated ground reaction forces) 

Left foot [N] (%Yields) Right foot[N] (%Yields) 
Phase D1 S D2 D1 S D2 

11.4 24.6 10.2 18.9 30.8 19.5 
x 

(3.7 %) (8.0 %) (3.3 %) (5.7 %) (9.3 %) (5.9 %) 
4.0 10.5 2.5 5.6 11.2 7.8 

Y (5.l %) (13.5 0/0) (3.2 %) (7.1 %) (14.2 %) (9.9 %) 
129.9 38.8 19.4 26.0 26.9 28.5 

z 
(17.5 %) (5.2 %) (2.6 %) (3.5 %) (3.6 %) (3.8 %) 

Table 2.5 Root means squared differences between the estimated ground reaction forces and 

force platforms for each phase: Participant 2 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot[N] (%Yields) Right foot [N] (%Yields) 
Phase D1 S D2 D1 S D2 

32.5 38.8 15.4 46.2 39.9 11.2 
x 

(6.9 %) (8.2 %) (3.3 %) (9.7 %) (8.4 %) (2.4 %) 
10.7 11.7 3.5 13.6 22.5 14.2 

Y (11.6 %) (12.70/0) (3.8 %) (11.9 %) (19.7 %) (12.5 %) 
122.1 66.3 33.1 61.0 52.7 40.2 

z 
(12.1 %) (6.6 %) (3.3 %) (6.1 %) (5.3 %) (4.0 %) 

Table 2.6 Root means squared differences between the estimated ground reaction forces and 

force platforms for each phase: Participant 2 (X=anteroposterior, Y=mediolateral, Z=vertical) 

Left foot [N] (%Yields) Right foot [N] (%Yields) 
Phase D1 S D2 D1 S D2 

49.4 48.7 10.9 67.2 121.0 63.4 
x 

(11.9 %) (11.8 %) (2.6 %) (1l.3 %) (20.4 %) (10.7 %) 
10.5 9.4 10.0 6.0 11.9 10.5 

Y (11.2 %) (10.0 %) (10.6 %) (6.1 %) (12.0 %) (10.6 %) 
80.0 56.4 54.9 45.9 83.4 54.9 

z 
(7.0 %) (4.9 %) (4.8 %) (3.8 %) (6.8 %) (4.5 %) 
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estimated ground reaction forces and the force platforms for each phase are shown in Table 

2.4 to Table 2.6. 

Discussion. The results showed that the correlations between the estimated ground reaction 

forces and the force platforms during single-support phases were weaker than those during 

double-support phases. Furthermore, the root-mean-squared differences between the 

estimated ground reaction forces and the force platforms during single-support phases were 

larger than those during double-support phases. The reason for this is considered to be 

measurement error. The movements of many segments during single-support phases are faster 

than those of double-support phases. The number of moving segments during single-support 

phases is also larger than that during double-support phases such as non-support leg. The 

accelerations of each segment are quite different from the actual ones when the measurement 

error of the joint position is not negligible. That is why the net forces of each segment are 

quite different from actual ones. 

The results also showed that the correlations of mediolateral direction were weaker than 

those of another direction. Furthermore, the root-mean-squared differences of mediolateral 

direction were larger than those of another direction. Generally, ground reaction forces during 

walking work for mainly vertical and anteroposterior directions. On the contrary, ground 

reaction forces working for mediolateral direction are small. Then the error of the net forces 
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distributed by the proposed method is considered to affects the results of the correlations and 

the yield of root-mean-squared differences a lot. These reasons are considered to make the 

correlations of mediolateral direction weaker and the root-mean-squared differences of 

mediolateral direction larger. 

The results also showed that the differences between the estimated ground reaction forces 

and the force platforms of participant 3 were larger than those of another participant. The 

differences of anteroposterior and mediolateral directions were conspicuously large though 

those of vertical direction were small. Generally, the yields of root-me an-square differences of 

anteroposterior and mediolateral directions are easily affected by the measurement error 

because the values from minimum to maximum of the ground reaction forces of those 

directions are small. However, the differences of especially anteroposterior direction of 

participant 3 were relatively large. The reason for this is considered to be incorrect 

distribution of the participants' mass to each segment. The net forces estimated on each 

segment are quite different from the actual ones when the mass of each segment is different 

from the actual one. Another reason is considered to be forces derived from muscles. Forces 

derived from muscles can work on the force platforms even if the segments are static. Forces 

derived from muscles cannot be evaluated while the segments are static because the human 

segment model cannot consider the role of muscles. Then, the walking motion pattern of 

participant 3 may be different from another participant. Thus, the proposed method is 

30 

distributed by the proposed method is considered to affects the results of the correlations and 

the yield of root-mean-squared differences a lot. These reasons are considered to make the 

correlations of mediolateral direction weaker and the root-mean-squared differences of 

mediolateral direction larger. 

The results also showed that the differences between the estimated ground reaction forces 

and the force platforms of participant 3 were larger than those of another participant. The 

differences of anteroposterior and mediolateral directions were conspicuously large though 

those of vertical direction were small. Generally, the yields of root-me an-square differences of 

anteroposterior and mediolateral directions are easily affected by the measurement error 

because the values from minimum to maximum of the ground reaction forces of those 

directions are small. However, the differences of especially anteroposterior direction of 

participant 3 were relatively large. The reason for this is considered to be incorrect 

distribution of the participants' mass to each segment. The net forces estimated on each 

segment are quite different from the actual ones when the mass of each segment is different 

from the actual one. Another reason is considered to be forces derived from muscles. Forces 

derived from muscles can work on the force platforms even if the segments are static. Forces 

derived from muscles cannot be evaluated while the segments are static because the human 

segment model cannot consider the role of muscles. Then, the walking motion pattern of 

participant 3 may be different from another participant. Thus, the proposed method is 

30 



considered to be difficult to estimate ground reaction forces precisely during walking that the 

forces derived from muscles work greatly. 

However, the results of this study showed that the patterns of the ground reaction forces 

estimated by the proposed method were similar to those of the force platforms especially on 

the anteroposterior and vertical directions that have a great effect on the walking. The 

correlations between the estimated ground reaction forces and the force platforms were also 

strong. The averages of the correlations throughout the walking cycle of participant 1 of the 

left foot were 0.98 on the anteroposterior direction and 0.92 on the vertical direction. Those of 

the right foot were 0.97 and 0.99. Those of participant 2 of the left foot were 0.99 on the 

anteroposterior direction and 0.96 on the vertical direction. Those of the right foot were 0.98 

and 0.98. Those of participant 3 of the left foot were 0.95 on the anteroposterior direction and 

0.99 on the vertical direction. Those of the right foot were 0.96 and 0.98. Furthermore, the 

results of this study showed that the root-mean-squared differences between the estimated 

ground reaction forces and the force platforms were not so large. The averages of the yields of 

the root-mean-squared differences throughout the walking cycle of participant 1 of the left 

foot were 5.0 % on the anteroposterior direction and 8.4 % on the vertical direction. Those of 

the right foot were 7.0 % and 3.7 %. Those of participant 2 of the left foot were 6.1 % on the 

anteroposterior direction and 7.3 % on the vertical direction. Those of the right foot were 

6.8 % and 5.2 %. Those of participant 3 of the left foot were 8.7 % on the anteroposterior 
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direction and 5.6 % on the vertical direction. Those of the right foot were 14.1 % and 5.0 %. 

Then the reasons that the yields of participant 3 were relatively large were mentioned as 

above. 

Therefore the proposed method was considered to successfully estimate the net forces at the 

joints as well as the ground reaction forces throughout a walking cycle. Thus, the methods 

proposed in this study permit inverse dynamics analyses of locomotor activities without the 

necessity of imbedded force platforms. Such situations include the following: studies with 

very small or very tall people, studies with blind people who cannot target the force platforms 

and studies where force platforms cannot be positioned to record two consecutive landings. 

This study applied the proposed method only to the walking cycle under the standard 

condition. Then, one of the future works of this study is considered to be validation whether 

the proposed method can be applied to the walking cycle under another condition such as 

slop. 

2.5 Conclusion 

This study investigated the whole-body human rigid segment model to calculate the net 

forces and the net moments from the captured images obtained with motion capture system. 

Previously, the human segment model has been usually applied to only open-loop motions. 

Then, this study proposed a way to estimate net forces at all joints as well as the ground 
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reaction forces throughout a walking cycle using only with motion capture data and body 

segment parameters. Several walking trials were conducted to validate the proposed method. 

The results of this study showed that the correlations between the estimated ground reaction 

forces and force platforms were very strong. Furthermore, the root-mean-squared differences 

between the estimated ground reaction forces and the measured ones especially on the 

anteroposterior direction and the vertical direction that have a great effect on the walking 

were relatively small. Therefore the proposed method was considered to successfully estimate 

the net forces at the joints as well as the ground reaction forces throughout a walking cycle. 

Previously, the net forces and net moments during walking motion created by the computer 

simulation could not be estimated because double-support phase during walking needs at least 

one force platform or preferable two. When the ground reaction forces can be estimated only 

with the captured motions as this study, the walking motion created by the computer 

simulation can be evaluated in the computer. Then the variety of motions that the computer 

human model can evaluate will be growing with the help of this study. 
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3. Motion analysis with a musculoskeletal model of lower limb that 

considers the roles of antagonistic muscles and biarticular muscles 

3.1 Introduction 

The method to calculate net forces and net moments at each joint during motions from 

captured images using the human rigid segment model was described in chapter 2. 

Furthermore this study proposed a way to estimate net forces at all joints as well as the 

ground reaction forces throughout a walking cycle using only with motion capture data and 

body segment parameters and validated the proposed method in the experiments in chapter 2. 

However, estimation of muscle forces during human motions is important in the fields of 

sport, ergonomics and bioengineering in order to improve sport techniques, rehabilitation 

procedures, product designs and work environments, and so on. In general, in the 

musculoskeletal models that have been developed, the roles of antagonistic muscles and 

biarticular muscles are not considered to estimate muscle forces. Antagonistic muscles are the 

muscles that act in opposition to the prime movers or agonists of a movement. Biarticular 

muscles are the muscles that work simultaneously on two joints. Then this study investigated 

a musculoskeletal model that considers the roles of antagonistic muscles and biarticular 

muscles. Furthermore this study validated the proposed model to estimate muscle forces by 

applied to vertical jumping and jogging motion as exsamples of dynamic motions. 
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3.2 Estimation of muscle forces using a musculoskeletal model 

3.2.1 Muscle arrangements at the lower limb 

As there are many muscles in the lower limb, it is difficult to model all the contributory 

muscles. So this study used a musculoskeletal model that includes nine representative muscles 

in sagittal plane as shown in Fig. 3.1. The following muscles are included: I-tibialis anterior 

(TA), 2-gastrocnemius (GAS), 3-soleus (SOL), 4-rectus femoris (RF), 5-vastus lateralis (VAS), 

6-semimembranosus (SM), 7-biceps femoris and short head (BFSH), 8-iliopsoas (IL) and 

9-gluteus maximus (GMAX). Then, GAS, RF and SM are biarticular muscles and others are 

monoarticular muscles. 

3.2.2 Optimization method 

Crowninshield et al. [1] outlined an optimization method to estimate muscle forces. 

hip 

No. Muscle actuator 
1 Tibialis anterior (T A) 

knee 2 Gastrocnemius (GAS) 
3 Soleus (SOL) 
4 Rectus femoris (RF) 
5 Vastus lateralis (VAS) 
6 Semimenbranosus (SM) 
7 Biceps femoris and short head (BFSH 
8 Iliopsoas (IL) 
9 Gluteus masimus (GMAX) 

ankle 

Fig. 3.1 Muscle arrangements at the human lower limb 
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(TA), 2-gastrocnemius (GAS), 3-soleus (SOL), 4-rectus femoris (RF), 5-vastus lateralis (VAS), 

6-semimembranosus (SM), 7-biceps femoris and short head (BFSH), 8-iliopsoas (IL) and 

9-gluteus maximus (GMAX). Then, GAS, RF and SM are biarticular muscles and others are 

monoarticular muscles. 

3.2.2 Optimization method 

Crowninshield et al. [1] outlined an optimization method to estimate muscle forces. 

hip 

No. Muscle actuator 
1 Tibialis anterior (T A) 

knee 2 Gastrocnemius (GAS) 
3 Soleus (SOL) 
4 Rectus femoris (RF) 
5 Vastus lateralis (VAS) 
6 Semimenbranosus (SM) 
7 Biceps femoris and short head (BFSH 
8 Iliopsoas (IL) 
9 Gluteus masimus (GMAX) 

ankle 

Fig. 3.1 Muscle arrangements at the human lower limb 
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They suggested that the formula (3.1) shown below is assumed to be the equality condition 

and the formula (3.2) is assumed to be the inequality condition. Muscle forces are determined 

by minimizing the objective function, u, in formula (3.3). 

(3.1) 

(3.2) 

(3.3) 

Then the net moment acting on a joint j is represented by M;. Moment arm and force of 

muscle i are represented by ri and F i. m is the number of muscles in the model. They 

investigated that coefficient n=2 or 3 was effective. Minimum force and maximum force of 

muscle i are represented by F imin and F imax• This method can estimate muscle forces from the 

net moments at the joints. However, these methods unfortunately usually do not consider the 

functions of antagonistic muscles and biarticular muscles. If musculoskeletal models do not 

consider these roles of muscles, they are unlikely to accurately portray the magnitudes of the 

agonistic muscles. 

3.2.3 Coordination-control model that considers the roles of antagonistic muscles and 

biarticular muscles 

Oshima et al. [2] suggested a coordination-control model that considers the roles of the 

antagonistic muscles and biarticular muscles. The model including three pairs of the 
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Fig. 3.2 Model including three pairs of the antagonistic muscles [2] 

antagonistic muscles in lower limb suggested by Oshima et al. [2] is shown in Fig. 3.2. 

The model consists of 6 muscles, muscle fl substituted for GMAX, muscle e 1 substituted for 

IL, muscle t2 substituted for BFSH, muscle e2 substituted for VAS, muscle f3 substituted for 

SM and muscle e3 substituted for RF. Then the muscle fl and the muscle e 1 are the 

antagonistic mono articular muscles pair, which works on the hip joint. The muscle t2 and the 

muscle e2 are also the antagonistic mono articular muscles pair, which works on the knee joint. 

The muscle f3 and the muscle e3 are the antagoni stic biarticular muscles pair, which works 

simultaneously on both the hip and knee joints. Oshima et al. [2] defined that these muscles 

act on the distal extremity and the maximum force of each muscle acts on the distal extremity 

as F'rrif], F'mel. F'mj2. F'meb F'mj3. F'me3 as shown in Fig. 3.3. Then the maximum output force 

distribution on the distal extremity is geometrically a hexagon from maximum force of each 

muscle. They also verified the maximum output force distribution on the distal extremity was 
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Fig. 3.3 Coordination-control model of the Fig. 3.4 Muscle activation pattern of each 

lower limb [2] output force direction [2] 

a hexagon in the experiment. The position of this hexagon changes depending on the posture 

or arrangement of the joints. This is that the side ab and de is parallel to the thigh segment, the 

side af and cd is parallel to the leg segment and the side be and ef is parallel to the line from 

the hip joint to the ankle joint. They also investigated the vector of the output force on the 

distal extremity is related to a muscle activation pattern as shown in Fig. 3.4. For example, 

when the vector of the output force is direction a as maximum in Fig. 3.3, the muscle forces 

are defined as 100% of maximum muscle force for muscles f1, e2 and e3 and 0% of 

maximum muscle force for muscles el, f2 and D. Therefore the distribution of each muscle 

force is determined by the vector of the output force on the distal extremity and the muscle 
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Fig. 3.5 Adaptation of coordination-control 

model to the lower leg 

activation pattern. 
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Fig. 3.6 Extended musculoskeletal model of 

the lower limb 

The distribution of each muscle force can be calculated with the model mentioned as above. 

However this model is not enough to apply to dynamic motions in which muscles existing on 

the lower leg work effectively such as vertical jumping and jogging motion because this 

model has only been applied to the muscles existing on the thigh. For this study, this problem 

was overcome by applying the former model to the lower leg as shown in Fig. 3.5. This study 

considered the lower leg same as the former thigh model by including muscles f2 and e2, 

which act on the knee joint, and by existing temporary biarticular muscle e5 that has slight 

muscle force. Thus, the muscle forces of the lower leg could be calculated with the same 

method as the thigh model. Then the muscles f2 and e2 are determined with the thigh model 
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and the lower leg model because these muscles exist in both models. In this study, muscle 

forces of muscle £2 and e2 estimated with the lower leg model were used because muscle 

forces estimated with the lower leg model were not so different from those estimated with the 

thigh model in the experiments as described later. Then the thigh model has 6 muscles and the 

lower leg model has 6 muscles. In these muscles, muscle f2 and muscle e2 are overlapping the 

both model and muscle e5 in the lower leg model is existing temporarily. So the extended 

model has 9 muscles in the lower limb, Tibialis anterior(e4), Gastrocnemius (f5), Soleus 

(f4), Rectus femoris (e3), Vastus lateralis (e2),Semimenbranosus (£3), Biceps femoris and 

short head (£2), Iliopsoas (el) and Gluteus maximus (fl) as shown in Fig. 3.6. 

The maximum force of each muscle is necessary to be clarified preliminarily to estimate the 

muscle forces during motions with the proposed musculoskeletal model. In this study, the 

maximum force of each muscle was determined by references. Maximum muscle force Fimax 

can be described by ~max = Ai X (J" because Fimax is proportional to the physical 

cross-sectional area Ai (Spector et al. [3]). (J" is the magnitude of the force that can be 

generated in unit area and was investigated by many researches [4, 5, 6]. In this study, (J" 

was assumed to be (J" = 50 [N / cm 2
] and maximum muscle force Fimax was determined. This 

study used physical cross-sectional area Ai measured by Akima et al. [7]. The physical 

cross-sectional area of each muscle is shown in Fig. 3.7. 

However, the proposed musculoskeletal model can not use the maximum muscle force Fimax 

43 

and the lower leg model because these muscles exist in both models. In this study, muscle 

forces of muscle £2 and e2 estimated with the lower leg model were used because muscle 

forces estimated with the lower leg model were not so different from those estimated with the 

thigh model in the experiments as described later. Then the thigh model has 6 muscles and the 

lower leg model has 6 muscles. In these muscles, muscle f2 and muscle e2 are overlapping the 

both model and muscle e5 in the lower leg model is existing temporarily. So the extended 

model has 9 muscles in the lower limb, Tibialis anterior(e4), Gastrocnemius (f5), Soleus 

(f4), Rectus femoris (e3), Vastus lateralis (e2),Semimenbranosus (£3), Biceps femoris and 

short head (£2), Iliopsoas (el) and Gluteus maximus (fl) as shown in Fig. 3.6. 

The maximum force of each muscle is necessary to be clarified preliminarily to estimate the 

muscle forces during motions with the proposed musculoskeletal model. In this study, the 

maximum force of each muscle was determined by references. Maximum muscle force Fimax 

can be described by ~max = Ai X (J" because Fimax is proportional to the physical 

cross-sectional area Ai (Spector et al. [3]). (J" is the magnitude of the force that can be 

generated in unit area and was investigated by many researches [4, 5, 6]. In this study, (J" 

was assumed to be (J" = 50 [N / cm 2
] and maximum muscle force Fimax was determined. This 

study used physical cross-sectional area Ai measured by Akima et al. [7]. The physical 

cross-sectional area of each muscle is shown in Fig. 3.7. 

However, the proposed musculoskeletal model can not use the maximum muscle force Fimax 

43 



hip 

Fig. 3.7 Estimated values of physical cross-sectional areas [7] 

Fig. 3.8 The mechanism of muscle levers 

directly because the maximum muscle force is different from the maximum output force on 

the distal extremity. Then this study defmed the maximum output force on the distal extremity 

F';max with the muscle levers as shown in Fig. 3.8. The muscle force represented by F is 

always larger than the output force on the distal extremity represented by F' because the link 

length L is always longer than the moment arm r. Then the relationship between F and F' is 
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described as follow. 

F'= Fxrl L (3.4) 

This study used the moment arm ri measured by Hoy et al. [8]. Thus, this study converted 

the maximum force F imax to the maximum output force F'imax. 

The vector of the output force on the distal extremity is necessary to be calculated to 

estimate the distribution of each muscle using the coordination-control model described as 

above. The vector of the output force on the distal extremity can be calculated from the net 

moments at the hip and knee joints. The output force of x axis is represented by ix, that of y 

axis is represented by /y, the angle of the ankle and knee joints are represented by fJ ankle and fJ 

knee, the link length of the thigh and the leg are represented by [thigh and [leg and the net 

moments of the hip and knee joints are represented by Mhip and Mknee as shown in Fig. 3.9. 

The relationship between the output force and the net moments is represented as follows. The 

vector of the output force can be calculated by solving the simultaneous equations. 

Similarly, the vector of the output force on the distal extremity in the lower leg model can be 

calculated from the net moments at the knee and ankle joints. 

The distribution of each muscle force can be estimated with the obtained output force on the 

distal extremity (ix, /y) applied to the model in Fig. 3.3. Then the muscle forces can be 
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Fig. 3.9 Relationship between output force on the distal extremity and net moments 

estimated with the scale of the vector of the output force. 

3.3 Hill muscle model 

Each muscle force existing on the lower limb can be calculated with the model described in 

preceding section. In general, electromyograms (EMGs) are usually used to validate the 

estimated muscle forces because muscle forces can not be measured directly. However, 

strictly speaking, the estimated muscle forces can not be validated with the electromyograms 

during dynamic motions in which the muscle contraction rate is not negligible such as vertical 

jumping and jogging motion because electromyograms measure the muscle activation level, 

not muscle forces. Then this study calculated the muscle activation level from the estimated 

muscle forces using Hill muscle model. Many muscle model based on Hill muscle model 

have been suggested. This study used the muscle model suggested by Delp et al. [9] as shown 
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Fig. 3.10 Hill muscle model suggested by Delp et al. [9] 

in Fig. 3.10. This model consists of three components, contraction element (CE), parallel 

elastic element (PEE), sinew elastic element (SEE). This model can calculate the muscle 

activation level from the estimated muscle forces during dynamic motions as vertical jumping 

and jogging motion. The parameter of the pinnate angle is represented by a, the natural 

length of muscle fiber is represented by 10 M and the natural length of tendon is represented 

by 1/. This study used these parameters measured by Hoy et al. [8]. The forces of CE, PEE 

and SEE in Fig. 3.10 are represented by fee, f pe , fT. The forces of CE, PEE and SEE 

normalized by the maximum muscle forces are represented by lee, 1 pe, IT. The length 

of CE, PEE and SEE are represented by lee, lpe, IT. The length of the muscle-tendon 

represented by I MT consists of the sum of the length of the muscle fiber and the tendon. 

When it is assumed to be 1M = lee = lpe, the length of the muscle-tendon (lMT) can be 

calculated with the pinnate angle a as follow. 

lMT = 1M cosa + IT (3.7) 
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The relationship of muscle forces among the elements are described as follow. 

(3.8) 

The coefficient of extension of the tendon represented by & is defined as follow. 

~ IT -// 
& =--""--

I T 
s 

(3.9) 

Delp et al. [9] investigated the relationship between the normalized force and the coefficient 

of extension of the tendon, the relationship between the normalized force and the normalized 

length and the relationship between the normalized force and the normalized velocity in the 

experiment. These relationships are shown in Fig. 3.11. The maximum contraction velocity of 

contraction element represented by vO is assumed to be 1010 M mls (10
M

: natural length of 

muscle fiber) [10]. The muscle activation level is represented by a, the relationship between 

the normalized force and the coefficient of extension of the tendon is represented by JT (&'), 

the relationship between the normalized force and the normalized length is represented by 

Jce(/M) and Jpe(/M) and the relationship between the normalized force and the 

normalized velocity is represented by gee (v ce / v 0 ). Then the formulas are defined as 

follows. 

(3.10) 

f pe = hmax. Jpe(/M) (3.11) 

T ~T ~ f = hmax . f (&) (3.12) 
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Fig. 3.11 Properties of each element of muscle investigated by Delp et al. [9] 

The contraction velocity represented by vce is calculated as follow. 1M prey is the previous 

1M. M is the scale of timestep. 

ce 1M _1M prey 
v = -----'---

M 
(3.13) 

First, the tendon length IT is calculated with the estimated muscle force fT, formula 

(3.12), Fig. 3.10(a) and formula (3.9). Subsequently, the length of muscle fiber 1M is 

calculated with formula (3.7). Then the length of the muscle-tendon IMT is calculated from 

the posture of the body geometrically. Subsequently, the force of PEE f pe is calculated with 
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fonnula (3.11) and Fig. 3.10(b). Subsequently, the force of CE fce is calculated with 

fonnula (3.8). Consequently, the muscle activation level a is calculated with fonnula (3.10), 

fonnula (3.13) and Fig. 3.1O(c). 

3.4 Estimation and validation of muscle forces of lower limb during vertical jumping 

The method to estimate the muscle forces and the muscle activation levels with the proposed 

musculoskeletal model have been describe in the preceding section. Fig. 3.12 showed the 

flowchart to estimate the muscle activation levels from the measured data during 

2-dimensional motions. First, the position of each joint and the ground reaction forces are 

obtained from the experiment. Subsequently, the net moment of each joint is calculated by 

Newton-Euler equation with the human rigid segment model from the measured data. The 

output forces at the distal extremity are calculated from the net moments. On the other hand, 
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Fig. 3.12 Flowchart to estimate muscles activation levels during 2-dimensional motions 
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the direction of the hexagon of the output force distribution at the distal extremity with the 

musculoskeletal model is determined with the posture of the lower limb. Then the distribution 

of each muscle force is estimated from the output forces and the hexagon of the output force 

distribution at the distal extremity with the musculoskeletal model. Finally, the muscle 

activation level of each muscle is estimated from the estimated muscle forces with Hill 

muscle model. In this section, vertical jumping as an example of a 2-dimensional dynamic 

motion was conducted to validate the proposed method to estimate muscle forces and muscle 

activation levels. Surface electromyograms (EMGs) of tibialis anterior (TA), gastrocnemius 

(GAS), soleus (SOL), rectus femoris (RF), vastus lateralis (VAS), semimembranosus (SM), 

biceps femoris and short head (BFSH) and gluteus maximus (GMAX) were measured to 

compare with the estimated muscle activation levels. 

3.4.1 Experimental methods 

Experimental protocol. One participant (height: 181.0 cm, mass: 86.6 kg), after informed 

consent, participated in the study. Each jump trial was recorded at 250 frames per second 

using the Vicon MX infrared motion capture system with the ground reaction forces measured 

from a floor-mounted force platforms (Kistler) at 1000 Hz. Simultaneously, eight 

electromyograms (EMGs) of tibialis anterior (TA), gastrocnemius (GAS), soleus (SOL), 

rectus femoris (RF), vastus lateralis (VAS), semimembranosus(SM), biceps femoris, short 

head (BFSH) and gluteus maximus (GMAX) were recorded at 1000 Hz. Then eight muscles 

except iliopsoas (IL) were measured because muscle IL that is the antagonistic muscle of 

muscle GMAX, which works for the flexion of the hip joint, is difficult to be measured by 

EMG. 
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Data analysis. The net forces and the net moments of the lower limb were calculated from 

the obtained positional data of the joints using the human rigid segment model described in 

chapter 2. Then in this study, vertical jumping was analyzed only in the sagittal plane. The 

positional data of the joints obtained from the captured images were smoothed using a 

Butterworth filter (cutoff frequency 6 Hz) described in chapter 2. The muscle forces were 

calculated from the positional data and the net moments with the proposed musculoskeletal 

model. Furthermore, the muscle activation levels were calculated from the calculated muscle 

forces with Hill muscle model. The measured EMGs full-wave rectified and filtered with a 

low-pass, critically-damped digital filter (cutoff frequency 6 Hz) [11]. The measured EMGs 

were normalized by their maximums under the maximum voluntary contraction. The analysis 

programs were made with Borland C++ Builder 6 to calculate the muscle forces from 

positional and force plate data. 

3.4.2 Results and discussion 

The muscle activation levels of muscle VAS and BFSH estimated by both of the thigh model 

and the lower leg model of the proposed musculoskeletal model are shown in Fig. 3.13. The 

comparison between the muscle forces estimated by the musculoskeletal model and the 

muscle activation level estimated from the muscle forces with Hill muscle model in the 

muscle GAS and SOL, which had conspicuously great differences between the muscle force 

and the muscle activation level, is shown in Fig 3.14.The net moments of the ankle joint 

(extension as a positive direction), the knee joint (flexion as a positive direction) and the hip 

joint (extension as a positive direction) calculated with the human rigid segment model are 

shown in Fig. 3.15. Each muscle activation level estimated by the proposed method and that 
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Table 3.1 Correlations between the proposed method and the EMG 

Muscle Correlation 
TA 0.40 

GAS 0.87 
SOL 0.86 
RF 0.87 

VAS 0.90 
SM 0.79 

BFSH 0.77 
GMAX 0.95 
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measured by EMG are shown in Fig. 3.16. The correlations between the proposed method and 

EMGs are shown in Table 3.l. 

Fig. 3.13 showed that the muscle activation level of muscle VAS estimated by the lower leg 

model of the proposed musculoskeletal model was similar to that estimated by the thigh 

model. Furthermore, the root-means-squared difference between the lower leg model and the 

thigh model was small (7.03%) and the correlation was strong (0.98) in muscle VAS. In 

muscle BFSH, the correlation between the lower leg model and the thigh model was weak 

(0.09) because muscle BFSH was little activated during motion as shown in Fig. 3.13. 

However, the root-means-squared difference was small (4.25%). Therefore, in muscles VAS 

and BFSH, this study used the muscle activation levels estimated by the lower leg model 

because those estimated by both models did not have great differences. 

Fig. 3.14 showed that the differences between the muscle forces estimated by the 

musculoskeletal model and the muscle activation level estimated from the muscle forces with 

Hill muscle model in the muscle GAS and SOL were conspicuously large. The 

root-means-squared differences between the muscle force and the muscle activation level 

were 9.0 % in the muscle GAS and 11.6 % in the muscle SOL throughout vertical jumping. 

Furthermore, those were 12.7 % in the muscle GAS and 16.4 % in the muscle SOL during the 

scene from squat to takeoff of vertical jumping when the muscles were activated strongly. The 

results of this is considered that it is necessary to calculate the muscle activation level from 

the muscle forces to validate with the electromyograms especially for the analysis of vertical 

jumping in which the muscle contraction rate is not negligible. 

Fig. 3.15 showed that the net moments of the ankle, knee and hip joints worked for the 

extension of the joints during vertical jumping. 
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According to the results shown in Fig.3.16, at the ankle joint, muscle TA, which works for 

the flexion of the ankle joint, contributed very little force to the vertical jumping. Muscles 

GAS and SOL, which work for the extension of the ankle joint, contributed to the vertical 

jumping. These results showed that muscles GAS and SOL mainly worked for the extension 

of the ankle joint. 

At the knee joint, muscles RF and VAS, which work for the extension of the knee joint, 

contributed to the vertical jumping. So these muscles mainly worked for the extension of the 

knee joint. However, muscles SM and BFSH, which work for the flexion of the knee joint, 

and muscle GAS, which is the biarticular muscle and works for the flexion of the knee joint, 

contributed to the vertical jumping though muscle BFSH contributed small force. So these 

muscles worked in opposition to the prime movers or agonists of the knee joint. Therefore, 

these results showed that the proposed method to estimated muscle forces could consider the 

role of the antagonistic muscles at the knee joint. 

At the hip joint, muscles GMAX and SM, which work for the extension of the hip joint, 

contributed to the vertical jumping. So these muscles mainly worked for the extension of the 

hip joint. Furthermore, muscle RF, which is the biarticular muscle and works on the knee and 

hip joints simultaneously, worked in opposition to the prime movers or agonists of the hip 

joint. Therefore, these results also showed that the proposed method to estimated muscle 

forces could consider the role of the antagonistic muscles at the hip joint. 

Thus, the results of this study showed that the patterns of the muscle activation levels by the 

proposed method were similar to those of the EMGs. Consequently, the results showed that 

the proposed method had stronger correlations with EMGs. Therefore, the proposed method 

effectively used both the mono articular and the biarticular muscles at the hip, knee and ankle 
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joints. The proposed method was considered to successfully estimate the patterns of activation 

of the muscles during vertical jumping. Then, the antagonistic muscles are the muscles that 

act in opposition to the prime movers or agonists of a movement. The role of these muscles 

contributes to realize the control function responding flexibility to disturbance. The role of 

these muscles also contributes to control accurately the direction of the output force. 

Biarticular muscles are the muscles that work simultaneously on two joints. These muscles, 

which look redundancy, can realize robust stability by constructing the control system 

coordinating with other muscles. Therefore, the antagonistic muscles and the biarticular 

muscles are considered to work mainly for the control of the direction of the output force and 

for keeping up the body balance during vertical jumping. The consideration of these muscles 

is considered to be necessary to provide athletes with motions that they can give the best 

performance and unprecedented technical advices during vertical jumping. 

In conclusion of this section, vertical jumping as an example of a 2-dimensional dynamic 

motion was conducted to validate the proposed method to estimate muscle forces and the 

muscle activation levels. Surface electromyograms (EMGs) of tibialis anterior (TA), 

gastrocnemius (GAS), soleus (SOL), rectus femoris (RF), vastus lateralis (VAS), 

semimembranosus (SM), biceps femoris and short head (BFSH) and gluteus maximus 

(GMAX) were measured to compare with the estimated muscle activation levels. The results 

of this study showed that the patterns of the muscle activation levels by the proposed method 

were similar to those of the EMGs. Therefore, the proposed method was considered to 

successfully estimate the patterns of activation of the muscles during vertical jumping. 
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3.5 Estimation of muscle forces of lower limb during 3-dimensional jogging motion 

The method to estimate the muscle forces and the muscle activation levels with the proposed 

musculoskeletal model have been describe in the preceding section. However the proposed 

method described in the preceding section can be applied to only 2-dimensional motion. This 

section proposed the method to estimate muscle forces during 3-dimensional motion. 

Furthermore, jogging motion as an example of a 3-dimensional dynamic motion was 

conducted to validate the proposed method to estimate muscle forces and the muscle 

activation levels. Surface electromyograms (EMGs) of tibialis anterior (TA), gastrocnemius 

(GAS), soleus (SOL), rectus femoris (RF), vastus lateralis (VAS), semimembranosus (SM), 

biceps femoris and short head (BFSH) and gluteus maximus (GMAX) were measured to 

compare with the estimated muscle activation levels. 

3.5.1 Method to estimate muscle forces during 3-dimensional motion 

To estimate muscle forces of the lower limb existing in the sagittal plane during 

3-dimensional motion, the lower limb in 3-dimensional is necessary to be matrix-transformed 

to 2-dimensional as shown in Fig. 3.17. Then, the sagittal plane of the lower limb was defined 

to be the plane described by the thigh, leg and foot segment by assuming the knee joint and 

the ankle joint to move only extension and flexion in 3-dimensional motion. This study 

reconstructed the positional data of the joints in 2-dimensional plane with the angles of the 

ankle, knee and hip joints obtained from the positional data of the joints in 3-dimensional 

space and the link length of each segment. The net moments of the ankle, knee and hip joints 

calculated with the human rigid segment model described in chapter 2 are also necessary to be 

transformed to the local coordinate system in sagittal plane of lower limb because these 
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Fig. 3.19 Net moment of each joint in the sagittal plane of the lower limb 

calculated net moments work around each axis in the absolute coordinate system. Then, the 

anteroposterior direction is assumed to be X axis, the mediolateral direction is assumed to be 

Y direction and the vertical direction is assumed to be Z direction in the absolute coordinate 

system of jogging motion. Furthermore, the anteroposterior direction is assumed to be x axis, 

the mediolateral direction is assumed to be y axis and the vertical direction is assumed to be z 

axis in the local coordinate system in sagittal plane of the lower limb. The net moment 

working around each axis of the absolute coordinate system is assumed to be M x' My and 

M z. That working around each axis of the local coordinate system is assumed to be M x ' 

M y and M z • For example, when the thigh segment is rotated by ¢ from the absolute 

coordinate system as shown in Fig. 3.18, the net moments in the local coordinate system as 

shown in Fig. 3.19 can be calculated by matrix-transformation with the transformation matrix 

described as follow. The net moment of each joint working around z axis of the local 

coordinate system can be calculated by matrix-transformation in the hip, knee and ankle 
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Thus, the muscle forces of lower limb during 3-dimensional motion can be estimated with 

the proposed method described in the preceding section. Fig. 3.20 showed the flowchart to 

estimate the muscle activation levels from the measured positional data of the joints during 

motions. First, the position of each joint and the ground reaction forces are obtained from the 

experiment. Subsequently, the net force and net moment of each joint are calculated by 

Newton-Euler equation with the human rigid segment model from the measured data. Then 

the position of each joint of lower limb in 2-dimensional plane is reconstructed from the 

position in 3-dimensinoal space and the net moment of each joint of lower limb working for 
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sagittal plane with matrix transformation. Then the muscle forces can be estimated with the 

proposed method to estimate muscle forces during 2-dimensional motions. Finally, the muscle 

activation level of each muscle can be estimated from the estimated muscle forces with Hill 

muscle model. 

3.5.2 Experimental methods 

Experimental protocol. One participant (height: 161.0 em, mass: 81.6 kg), after informed 

consent, participated in the study. Each jogging trial was recorded at 250 frames per second 

using the Vicon MX infrared motion capture system with the ground reaction forces measured 

from a floor-mounted force platforms (Kistler) at 1000 Hz. Simultaneously, eight 

electromyograms (EMGs) of tibialis anterior (TA), gastrocnemius (GAS), soleus (SOL), 

rectus femoris (RF), vastus lateralis (VAS), semimembranosus(SM), biceps femoris and short 

head (BFSH) and gluteus maximus (GMAX) on the dominate leg were recorded at 1000 Hz. 

Then eight muscles except iliopsoas (IL) were measured because muscle IL that is the 

antagonistic muscle of muscle GMAX, which works for the flexion of the hip joint, is difficult 

to be measured by EMG. 

Data analysis. The net forces and the net moments of the lower limb were calculated from 

the obtained positional data of the joints using the human rigid segment model described in 

chapter 2. The positional data of the joints obtained from the captured images were smoothed 

using a Butterworth filter (cutoff frequency 6 Hz) described in chapter 2. The muscle forces 

were calculated with the proposed method. Furthermore, the muscle activation levels were 

calculated from the calculated muscle forces with Hill muscle model. The measured EMGs 
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full-wave rectified and filtered with a low-pass, critically-damped digital filter (cutoff 

frequency 6 Hz) [11]. The measured EMGs were normalized by their maximums under the 

maximum voluntary contraction. The analysis programs were made with Borland C++ 

Builder 6 to calculate the muscle forces from positional and force platform data. 

3.5.3 Results and discussion 

The net moments of the ankle joint (extension as a positive direction), the knee joint (flexion 

as a positive direction) and the hip joint (extension as a positive direction) in the sagittal plane 

obtained by matrix-transformation from those calculated with the human rigid segment model 

in 3-dimension are shown in Fig. 3.21. The muscle activation level of each muscle estimated 

by the proposed method and that measured by EMGs are shown in Fig. 3.22. The correlations 

between the proposed method and EMGs are shown in Table 3.2. Then the analysis range is 

from the undominant foot toe-off to the undominant foot touch-down. 

At the ankle joint, the net moment worked for the extension of the joint. Muscle TA, which 

works for the flexion of the ankle joint, contributed very little force to the jogging. However, 

muscle TA worked in opposition to the prime movers or agonists of the ankle joint because it 

was activated slightly. So these results showed that the proposed method could consider the 

role of the antagonistic muscles. Muscles GAS and SOL, which work for the extension of the 

ankle joint, contributed to the jogging. These results showed that muscles GAS and SOL 

mainly worked for the extension of the ankle joint. Furthermore, the correlations between the 

proposed method and the EMGs of muscles TA, GAS and SOL were 0.67, 0.82 and 0.63 

respectively. So the proposed method was considered to be validated on these muscles at the 

ankle joint. 
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Table 3.2 Correlations between the proposed method and the EMGs 

Muscle Correlation 
TA 0.67 

GAS 0.82 
SOL 0.63 
RF 0.28 

VAS 0.69 
SM 0.85 

BFSH 0.92 
GMAX 0.92 

At the knee joint, though the net moment worked for the extension of the joint, the net 

moment was not so large. Muscles RF and VAS, which work for the extension of the knee 

joint, contributed to the jogging. So these muscles mainly worked for the extension of the 

knee joint. In muscle VAS, the pattern of the muscle activation level estimated by the 

proposed method was similar to that measured by the EMG and the correlation between the 

proposed method and the EMG were 0.69. So the proposed method was considered to be 

validated on this muscle. In muscle RF, though the pattern of the muscle activation level 

estimated by the proposed method was similar to that measured by the EMG after the 

undominant foot touch-down (Cycle = 20 ~ 100%), that by the proposed method was different 

from that by the EMG before the undominant foot touch-down (Cycle = 0 ~ 20%). The cause 

of this was considered that the great changing of the posture of the lower limb and the 

acceleration of each segment before the foot touch-down made the net moments calculated by 

the human rigid segment model different from actual ones. So the errors of the muscle forces 

estimated from the net moments were a little large. However, the proposed method was 

considered to be validated on this muscle except for before the undominant foor touch-down 

because the correlation between the proposed method and the EMG after the undominant foot 
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touch-down (Cycle = 20 ~ 100%) was 0.71. 

Muscle BFSH, which is the mono articular muscle and works for the flexion of the knee joint, 

muscle SM, which is the biarticular muscle and works for the flexion of the knee joint, and 

muscle GAS, which is the biarticular muscle and works for the flexion of the knee, 

contributed to the jogging. These results showed that these muscles worked in opposition to 

the prime movers or agonists of the knee joint. So these results showed that the proposed 

method could consider the role of the antagonistic muscles. Furthermore, in muscles BFSH 

and SM, the patterns of the muscle activation levels estimated by the proposed method were 

similar to those measured by the EMGs and the correlations between the proposed method 

and the EMGs of muscles BFSH and SM were 0.92 and 0.85 respectively. So the proposed 

method was considered to be validated on these muscles at the knee joint. 

At the hip joint, the net moment worked for the extension of the joint. Muscle GMAX, 

which works for the extension of the hip joint, and muscle SM, which is the biarticualr muscle 

and works for the extension of the hip joint, contributed to the jogging. These results showed 

that these muscles mainly worked for the extension of the hip joint. Furthermore, in muscle 

GMAX, the pattern of the muscle activation level estimated by the proposed method was 

similar to that measured by the EMG and the correlation between the proposed method and 

the EMG was 0.92. So the proposed method was considered to be validated on this muscle at 

the hip joint. 

Thus, the results of this study showed that the patterns of the muscle activation levels by the 

proposed method were similar to those of the EMGs. Consequently, the results showed that 

the proposed method had stronger correlations with EMGs. Therefore, the proposed method 

effectively used both the mono articular and the biarticular muscles at the hip, knee and ankle 
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joints. The proposed method was considered to successfully estimate the patterns of muscle 

activation during 3-dimensional jogging motion. Then, the antagonistic muscles are the 

muscles that act in opposition to the prime movers or agonists of a movement. The role of 

these muscles contributes to realize the control function responding flexibility to disturbance. 

The role of these muscles also contributes to control accurately the direction of the output 

force. Biarticular muscles are the muscles that work simultaneously on two joints. These 

muscles, which look redundancy, can realize robust stability by constructing the control 

system coordinating with other muscles. Therefore, the antagonistic muscles and the 

biarticular muscles are considered to work mainly for the control of the direction of the output 

force and for keeping up the body balance during jogging. The consideration of these muscles 

is considered to be necessary to provide athletes with motions that they can give the best 

performance and unprecedented technical advices during jogging. 

In conclusion of this section, this study proposed the method to estimate muscle forces 

during 3-dimensional motion. Furthermore, jogging motion as an example of a 3-dimensional 

dynamic motion was conducted to validate the proposed method to estimate muscle forces 

and the muscle activation levels. Surface electromyograms (EMGs) of tibialis anterior (TA), 

gastrocnemius (GAS), soleus (SOL), rectus femoris (RF), vastus lateralis (VAS), 

semimembranosus (SM), biceps femoris and short head (BFSH) and gluteus maximus 

(GMAX) were measured to compare with the estimated muscle activation levels. The results 

of this study showed that the patterns of the muscle activation levels by the proposed method 

were similar to those of the EMGs. Therefore, the proposed method was considered to 

successfully estimate the patterns of muscle activation during jogging motion. 
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3.6 Conclusion 

Estimation of muscle forces during human motions is important in the fields of sport, 

ergonomIcs and bioengineering in order to improve sport techniques, rehabilitation 

procedures, product designs and work environments, and so on. Therefore, this study 

investigated a musculoskeletal model of lower limb that considers the roles of antagonistic 

muscles and biarticular muscles. Furthermore this study proposed the method to estimate 

muscle forces and muscle activation levels during motions using the musculoskeletal model. 

Vertical jumping as an example of a 2-dimensional dynamic motion was conducted to 

validate the proposed method. Jogging motion as an example of a 3-dimensional dynamic 

motion was also conducted to validate the proposed method. Surface electromyograms 

(EMGs) of tibialis anterior (TA), gastrocnemius (GAS), soleus (SOL), rectus femoris (RF), 

vastus lateralis (VAS), semimembranosus (SM), biceps femoris and short head (BFSH) and 

gluteus maximus (GMAX) were measured to compare with the estimated muscle activation 

levels. The results of this study showed that the patterns of the muscle activation levels by the 

proposed method were similar to those of the EMGs. Therefore, the proposed method was 

considered to successfully estimate the patterns of muscle activation during dynamic motions. 
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4. Evaluation of lifting operations with a musculoskeletal model 

4.1 Introduction 

For several decades, productivity preferred unmanned factory or factory automation has 

been the major trend in manufacturing. However, human centered manufacturing system is 

getting attention to realize much more flexibility of product variety and volume for 

manufacturing. Previously, computer human models that duplicate the properties and the 

functions of human have been developed. Some commercial software such as Jack [1] and 

RAMSIS [2] has been produced. They are used for the evaluation of product designs and for 

the improvement of working environments, rehabilitation procedures. However, unfortunately 

they are not enough to evaluate the workload of muscles because they have only analyzed 

with a human rigid segment model. On the other hand, the computer human models that can 

evaluate the workload of muscles such as AnyBody [3] have been developed. But this has not 

usually considered the roles of antagonistic muscles and biarticular muscles. Furthermore, the 

evaluation of various motion patterns for human considering muscle forces has not been 

investigated sufficiently. Then, this study investigated a musculoskeletal model of upper and 

lower limbs including the roles of antagonistic muscles and biarticular muscles. This study 

also proposed the method to estimate muscle forces during lifting operations as an example of 

a working motion. Furthermore, this study proposed the method to create various motions in 

computer simulation and evaluate the motions with the musculoskeletal model that considers 

the roles of antagonistic muscles and biarticular muscles. 
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4.2 Estimation of muscle forces of the upper and lower limbs during lifting operations 

This section conducted lifting operations to estimate muscle forces of the upper and lower 

limbs with the musculoskeletal model that considers the roles of antagonistic muscles and 

biarticular muscles. Surface electromyograms (EMGs) of deltoid anterior (Da), deltoid 

posterior (Dp), brachialis (Br), lateral head of triceps brachii (Tla), long head of biceps (Blo) 

and long head of triceps brachii (Tlo) were measured to compare with the estimated muscle 

forces. 

4.2.1 Method to estimate muscle forces of the upper and lower limbs 

Muscle arrangements at the upper and lower limbs. This study assumed lifting operations 

to be 2-dimensional motion. This study used a human rigid segment model that consists of 8 

rigid body segments (I-Foot, 2-Leg, 3-Thigh, 4-Body, 5-Upper arm, 6-Forearm, 7-Hand, 

8-Head) as shown in Fig. 4.1. As there are many muscles in the upper and lower limbs, it is 

difficult to model all the contributory muscles. So this study used a musculoskeletal model 

that includes 6 representative muscles of the upper limb and 6 representative muscles of the 

lower limb in sagittal plane as shown in Fig. 4.1. The following muscles are included: 

I-deltoid anterior (Da), 2-deltoid posterior (Dp), 3-brachialis (Br), 4-lateral head of triceps 

brachii (Tla), 5-long head of biceps (Blo) and 6-long head of triceps brachii (Tlo) at the upper 

limb and i-gluteus maximus (GMAX), ii-iliopsoas (IL), iii-biceps femoris and short head 

(BFSH), iv-vastus lateralis (VAS), v-semimembranosus (SM), vi-rectus femoris (RF) at the 

lower limb. 
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(1)HAND 

Fig. 4.1 Muscle arrangements at the human upper and lower limbs 

Method to estimate muscle forces that considers the roles of antagonistic muscles and 

biarticular muscles. Oshima et al. [4] suggested a coordination-control model that considers 

the roles of the antagonistic muscles and biarticular muscles of the upper limb. The model 

including three pairs of the antagonistic muscles in the upper limb suggested by Oshima et al. 

[4] is shown in Fig. 4.2a. 

The model consists of 6 muscles, muscle fl substituted for Da, muscle e 1 substituted for Dp, 

muscle f2 substituted for Br, muscle e2 substituted for Tla, muscle f3 substituted for · Blo and 

muscle e3 substituted for Tlo. Then the muscle fl and the muscle el are the antagonistic 

monoarticular muscles pair, which works on the shoulder joint. The muscle f2 and the muscle 

e2 are also the antagonistic monoarticular muscles pair, which works on the elbow joint. The 

muscle f3 and the muscle e3 are the antagonistic biarticular muscles pair, which works 

simultaneously on both the shoulder and elbow joints. Oshima et al. [4] defined that these 
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Fig. 4.2 Coordination-control model of the upper limb that considers the roles of antagonistic 

muscles and biarticular muscles 

muscles act on the distal extremity and the maximum force of each muscle acts on the distal 

extremity as F'mfi> F'mei> F'mj2, F'meb F'rrif3' F'me3 as shown in Fig. 4.2a. Then the maximum 

output force distribution on the distal extremity is geometrically a hexagon from maximum 

force of each muscle. They also verified the maximum output force distribution on the distal 

extremity is a hexagon in the experiment. The position of this hexagon changes depending on 

the posture or arrangement of the joints. This is that the side ab and de is parallel to the upper 

limb segment, the side af and cd is parallel to the forearm segment and the side be and ef is 

parallel to the line from the shoulder joint to the wrist joint. They also investigated the vector 

of the output force on the distal extremity is related to the muscles activation pattern as shown 

in Fig. 4.2b. For example, when the vector of the output force is direction a as maximum in 

Fig. 4.2a, the muscle forces are defined as 100% of maximum muscle force for muscles fl, e2 

and e3 and 0% of maximum muscle force for muscles e1, f2 and D. Therefore the distribution 

of each muscle force is determined by the vector of the output force on the distal extremity 
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Fig. 4.3 Relationship between output force on the distal extremity and net moments 

and the muscle activation pattern. 

The vector of the output force on the distal extremity is necessary to be calculated to 

estimate the distribution of each muscle using the coordination-control model described as 

above. The vector of output force on the distal extremity can be calculated from the net 

moments at the shoulder and elbow joints. The output force of x axis is represented by lx, that 

ofy axis is represented by jy, the angle of the shoulder and the elbow joints are represented by 

(J shouler and (J elbow, the link: length of the upper arm and the forearm are represented by tupper 

and !.rare and the net moments of the shoulder and elbow joints are represented by Mshoulder and 

MelbowaS shown in Fig. 4.3. The relationship between the output force and the net moments is 

represented as follows. The vector of the output force can be calculated by solving the 

simultaneous formulas. 

M shoulder = (l fore sin Belbow + tupper sin Bshoulder) Ix 
- (l fore cos Belbow + tupper cos Bshoulder) Iy 

M elbow = (l fore sin B elbow) Ix - (l fore cos B elbow) Iy 
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The distribution of each muscle force can be estimated with the obtained output force on the 

distal extremity (Ix, /y) applied to the model in Fig. 4.2a. Then the muscle forces can be 

estimated with the scale of the vector of the output force. 

Then the muscle forces of the lower limb can be estimated with the proposed method 

described in chapter 3. 

The maximum output force distribution derived from the maximum force of each muscle is 

necessary to be clarified preliminarily to estimate the muscle forces during motions with the 

proposed musculoskeletal model. The participants need to output all directions with the 

maximum forces to measure the maximum output force distribution. But the results of these 

trials are susceptible to error due to their fatigue. Then, this study used the method of 

measuring the maximum output force distribution suggested by Oshima et al. [5]. The method 

can describe the maximum output force distribution in the shape of hexagon geometrically 

with the measured forces of only four directions. The aluminum frame with a hand grip on a 

three component dynamometer (KYOWA Corp. LSM-B-SAI) shown in Fig. 4.4a was used to 

a. h. 

Fig. 4.4 Measuring equipment of the output force distribution on the distal extremity 

(a = Upper limb, b = Lower limb) 

76 

The distribution of each muscle force can be estimated with the obtained output force on the 

distal extremity (Ix, /y) applied to the model in Fig. 4.2a. Then the muscle forces can be 

estimated with the scale of the vector of the output force. 

Then the muscle forces of the lower limb can be estimated with the proposed method 

described in chapter 3. 

The maximum output force distribution derived from the maximum force of each muscle is 

necessary to be clarified preliminarily to estimate the muscle forces during motions with the 

proposed musculoskeletal model. The participants need to output all directions with the 

maximum forces to measure the maximum output force distribution. But the results of these 

trials are susceptible to error due to their fatigue. Then, this study used the method of 

measuring the maximum output force distribution suggested by Oshima et al. [5]. The method 

can describe the maximum output force distribution in the shape of hexagon geometrically 

with the measured forces of only four directions. The aluminum frame with a hand grip on a 

three component dynamometer (KYOWA Corp. LSM-B-SAI) shown in Fig. 4.4a was used to 

a. h. 

Fig. 4.4 Measuring equipment of the output force distribution on the distal extremity 

(a = Upper limb, b = Lower limb) 

76 



measure the maximum output forces of the upper limb. The aluminum frame with the jig 

fixing a foot on a three component dynamometer (KISTLER Corp. 9257B) shown in Fig. 4.4b 

was used to measure the maximum output forces of the lower limb. The posture of the upper 

and lower limbs of participants can be adjusted with the three component dynamometers and 

seat changed. 

The flowchart to estimate the muscle forces from the measured data during lifting operations 

is shown in Fig. 4.5. First, the maximum output force distributions in the shape of hexagon at 

the upper and lower extremities are measured preliminarily with the devices shown in Fig. 4.4. 

Subsequently, the position of each joint and the external forces of the upper extremity derived 

from the mass of the object measured with the force platform are obtained from the 

experiment of lifting operation. The net moment of each joint is calculated by Newton-Euler 

equation with the human rigid segment model from the measured data. The output forces at 

the upper and lower extremities are calculated from the net moments. On the other hand, the 

direction of the hexagon of the output force distribution at the upper and lower extremities 

with the musculoskeletal model is determined with the posture of the upper and lower limb. 

Experiment f----------------------, 

External forces 
of the object 

Distribution of each muscle force 

Newton-Euler Eq. 
with human rigid 
segment model 

f y 

Fig. 4.5 Flowchart to estimate muscle forces during lifting operations 
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Then the distribution of each muscle force is estimated from the output forces and the 

hexagon of the output force distribution at the distal extremity with the musculoskeletal 

model. 

4.2.2 Experimental methods 

Experimental protocol. Three participants (height: 171.3 + 3.3 cm, mass: 63.0+ 5.7 kg), 

after informed consent, participated in this study to validate the proposed method. First, the 

maximum output force distribution of the upper and lower limbs of each participant was 

measured with the method described in the preceding section. Subsequently, each lifting 

operation was recorded at 125 frames per second using the CCD camera (SONY Corp. 

XC-009). Simultaneously, six surface e1ectromyograms (EMGs) of deltoid anterior (Da), 

deltoid posterior (Dp), brachialis (Br), lateral head of triceps brachii (TIa), long head of biceps 

(Blo) and long head of triceps brachii (TIo) were recorded at 1000 Hz. Furthermore, to 

measure the external forces of the upper extremity derived from the mass of the object before 

the object gets off the ground, a floor-mounted force platform (Kistler) under the object was 

measured at 1000Hz. The conditions of the lifting operations were that the height of lifting 

was 1.0 m and the mass ofthe object was 10 kg. 

Data analysis. The positional data of the joints obtained from the captured images were 

smoothed using a Butterworth filter (cutoff frequency 6 Hz) [6, 7]. The net forces and the net 

moments of the joints were calculated from the obtained positional data of the joints using the 

human rigid segment model described in chapter 2. Then this study analyzed the lifting 

operations as a motion in the sagittal plane. Subsequently, the muscle forces were calculated 
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from the positional data and the net moments with the proposed method. The calculated 

muscle forces were normalized by their maximums. The measured EMGs full-wave rectified 

and filtered with a low-pass, critically-damped digital filter (cutoff frequency 6 Hz) [8]. The 

measured EMGs were normalized by their maximums under the maximum voluntary 

contraction. Strictly speaking, it is impossible to compare the calculated muscle force and the 

measured EMG because the measured EMG represents the muscle activation level which has 

the property that the muscle activation level is larger as the muscle contraction velocity is 

larger under the same muscle force [9]. However, this study assumed to neglect the effects of 

the muscle contraction velocity and compared the calculated muscle forces and the measured 

EMGs to validate the proposed model. The analysis programs were made with Borland c++ 

Builder 6 to calculate the muscle forces from positional and force plate data. 
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during the lifting operations are shown in Fig. 4.8 to Fig. 4.10. Then the results of the EMGs 

were compared with the estimated muscle forces to validate the proposed method on the 

upper limb. On the other hand, only the results of the estimated muscle forces are shown on 

the lower limb. In chapter 3, this study proposed the extended musculoskeletal model 

including 9 muscles on the lower limb to estimate muscle forces and applied this model to 

dynamic motion such as vertical jumping. Furthermore, this study verified the proposed 

model was validated by comparing between the estimated muscle forces and the EMGs in the 

experiment. Then this study assumed not to need the EMGs to validate the proposed method 

on the lower limb. 

The results of the upper limb showed that the net moments of the shoulder and elbow joints 

worked for the flexion of the joints and these were larger as the external forces of the upper 

extremity derived from the mass of the object were large before the object gets off the ground. 

The results of the net moments of the upper limb working for the flexion of the joints were 

expected to make muscles Da, Br and BIo, which work for the flexion of the shoulder and 

elbow joints, to be activated. The results of the estimated muscle forces certainly showed that 

muscles Da, Br and BIo were activated greatly. However, the results of the estimated muscle 

forces also showed that muscle Dp, which works for the extension of the shoulder joint, was 

activated on the participant 1 and muscle Tla, which works for the extension of the elbow 

joint, was activated on the participant 2 and participant 3. These muscles are considered to 

work in opposition to the prime movers or agonists of the joints. Therefore, these results 

showed that the proposed method to estimated muscle forces could consider the role of the 

antagonistic muscles on the upper limb. Furthermore, the correlations between the proposed 

method and the EMGs of muscles Da, Br and Blo, which have a great effect on the lifting 
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operations, were 0.74, 0.73 and 0.85 on participant 1,0.61,0.75 and 0.77 on participant 2 and 

0.67, 0.70 and 0.53 on participant 3, respectively. Though the correlations of participant 3 

were a little weak, the activation patterns of the muscle forces of the proposed method were 

similar to those of the EMGs. So the proposed method was considered to successfully 

estimate the activation patterns of the muscles during lifting operations on the upper limb. 

The results of the lower limb showed that the net moments of the knee and hip joints worked 

for the extension of the joints. The results of the net moments of the lower limb working for 

the extension of the joints were expected to make muscles VAS, which works for the 

extension of the knee joint, and muscle GMAX, which works for the extension of the hip joint, 

to be activated. The results of the estimated muscle forces showed that muscles GMAX, 

BFSH, VAS and SM were activated greatly. Then muscle SM was plausible to be activated 

because muscle SM, which is the biarticular muscle and works on the knee and hip joints 

simultaneously, works for the extension of the hip joint. But muscle BFSH works for the 

flexion of the knee joint. This muscle is considered to work in opposition to the prime movers 

or agonists of the joint. Therefore, these results showed that the proposed method to estimated 

muscle forces could consider the role of the antagonistic muscles during the lifting operations. 

The results of the lifting operations to estimate muscle forces showed that muscles Da, Br 

and Blo worked for the flexion of the shoulder and elbow joints mainly and muscle Dp or Tla 

worked in opposition to the prime movers or agonists of the joints on the upper limb. 

Furthermore, the results also showed that muscles GMAX and SM worked for the extension 

of the hip joint mainly, muscle VAS worked for the extension of the knee joint mainly and 

muscle BFSH worked in opposition to the prime movers or agonists of the joint on the lower 

limb. The results of this study found the workload of the upper limb relatively large 
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considering the effects of the muscles though the workload of the upper limb seemed to be 

small on the evaluation of the net moments because the net moment of the hip joint was 

especially large and the net moments of the shoulder and elbow joints were relatively small. 

Then, the antagonistic muscles are the muscles that act in opposition to the prime movers or 

agonists of a movement. The role of these muscles contributes to realize the control function 

responding flexibility to disturbance. The role of these muscles also contributes to control 

accurately the direction of the output force. Biarticular muscles are the muscles that work 

simultaneously on two joints. These muscles, which look redundancy, can realize robust 

stability by constructing the control system coordinating with other muscles. Therefore, the 

antagonistic muscles and the biarticular muscles are considered to work mainly for the control 

of the direction of the output force, especially for the control of the object, and for keeping up 

the body balance during lifting operation. The consideration of these muscles is considered to 

be necessary to not only evaluate operations considering the physical characteristics but also 

provide workers with the optimal motions and environments that they can work safely, 

efficiently and comfortably 

In conclusion of this section, this study investigated a musculoskeletal model of the upper 

and lower limbs including the roles of antagonistic muscles and biarticular muscles to 

estimate muscle forces during the lifting operations as an example of a working motion. The 

lifting operations were conducted to estimate muscle forces of upper and lower limbs with the 

proposed model. Surface electromyograms (EMGs) of deltoid anterior (Da), deltoid posterior 

(Dp), brachialis (Br), lateral head of triceps brachii (TIa), long head of biceps (Blo) and long 

head of triceps brachii (TIo) were measured to compare with the estimated muscle forces. The 

results of this study showed that the proposed method was considered to successfully estimate 
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the muscle activation patterns during the lifting operations. Thus, the proposed 

musculoskeletal model can provide the environments where humans can work efficiently and 

safely considering their physical characteristics. 

4.3 Verification of workload of muscles on various motion patterns in computer 

simulation 

In this section, various motion patterns in the lifting operations were created in computer 

simulation based on the experimental lifting operations and evaluated considering the muscle 

forces of the upper and lower limbs estimated with the musculoskeletal model that considers 

the roles of antagonistic muscles and biarticular muscles. 

4.3.1 Method to evaluate lifting operations on various motion patterns in computer 

simulation 

Human rigid segment model. This study assumed lifting operations to be 2-dimensional 

motion. This study used a human rigid segment model that consists of 8 rigid body segments 

(I-Foot, 2-Leg, 3-Thigh, 4-Body, 5-Upper arm, 6-Forearm, 7-Hand, 8-Head) as shown in Fig. 

4.11, where the link length of segment i is represented by Ii, the contact point between 

segment i and i-I is represented by Oi and the angle between segment i and horizontal 

direction is represented by (1;. 

Motion patterns in computer simulation. The variations of the angles of the joints during 

the lifting operations were suggested to be approximated by the function described as follow 

[10]. 
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Fig. 4.11 2-dimensional human rigid segment model 

[ 
( 1. 2m] 

!(t) =10 + (1; - 10) pT - 21i sm(pT) (4.3) 

Then, T is the duration of the angle variation, fa is the angle at (=0 [s] and fi is the angle at 

(= T [s]. p is the variable that changes the duration of the angle variation. The variable p is I 

during the standard lifting operations. For example, when the value of the variable p is 

changed to 112, the duration of the angle variation is changed to 112 and the velocity of the 

angle variation is changed to be doubled. When the value of the variable p of all joints is 

changed to 1/2 during the lifting operations, the lifting operations is conducted at twice the 

speed. Furthermore, when the value of the variable p of the angle oflower body, 8 1, 8 2, 8 

3 is changed to 1/2 and that of upper body, 8 4, 8 5, 8 6, 8 7, 88 is still I, the motion pattern 

that human gets off his hip before lifting up the object can be created. Thus, the function of 

the angle variation can change the relationship among the joints and create various motion 

88 

(J) Hand 

o· I 

Fig. 4.11 2-dimensional human rigid segment model 

[ 
( 1. 2m] 

!(t) =10 + (1; - 10) pT - 21i sm(pT) (4.3) 

Then, T is the duration of the angle variation, fa is the angle at (=0 [s] and fi is the angle at 

(= T [s]. p is the variable that changes the duration of the angle variation. The variable p is I 

during the standard lifting operations. For example, when the value of the variable p is 

changed to 112, the duration of the angle variation is changed to 112 and the velocity of the 

angle variation is changed to be doubled. When the value of the variable p of all joints is 

changed to 1/2 during the lifting operations, the lifting operations is conducted at twice the 

speed. Furthermore, when the value of the variable p of the angle oflower body, 8 1, 8 2, 8 

3 is changed to 1/2 and that of upper body, 8 4, 8 5, 8 6, 8 7, 88 is still I, the motion pattern 

that human gets off his hip before lifting up the object can be created. Thus, the function of 

the angle variation can change the relationship among the joints and create various motion 

88 



patterns of lifting operations. 

This study created various motion patterns of the lifting operations with the motion of the 

human body separated to the upper and lower bodies. The motion pattern that human gets off 

his hip before lifting up the object is assumed to be pattern A and the motion pattern that 

human gets off his hip after lifting up the object is assumed to be pattern B. Then the pattern A 

can be created by changing the variable p of each joint, which is assumed to be 1/2 ~ p ~ 1, 

with the function (4.3) and determining the angle variation of each joint described as follows. 

On the angles of the upper body, (J 4, (J 5, (J 6, (J 7, (J 8: 

Bi =Jo when O~t~(1-p)T 

Bi=J(t) when (l-p)T<t~T 

On the angles of the lower body, (J /, (J 2, (J 3: 

Bi = J(t) when 0 ~ t ~ pT 

Bi = fi when pT < t ~ T 

(4.4) 

(4.5) 

On the other hand, the pattern B can be created by determining the angle variation on the 

upper body, (J 4, (J 5, (J 6, (J 7, (J 8, with the formula (4.5) and that on the lower body, (J 

/, (J], (J 3, with the formula (4.4). As the value of the variable p is changed to approaching 

112, the motion pattern is approaching to the pattern A or the pattern B. As the value of the 

variable p is changed to approaching 1, the motion pattern is approaching to the standard 

motion pattern. Then the control variable is assumed to be s (0 ~ s ~ 1). The variable p is 

defined as follows to create the pattern A as the control variable s is changed to approaching 0 

and the pattern B as the control variable s is changed to approaching 1. 

p = s + 0.5 when s ~ 0.5 

p = 1.5 - s when s > 0.5 

When the control variable s is 0.5, the standard motion pattern is created. 
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Then the lifting operations were conducted to validate the method to create various motion 

patterns with the formula as described above. One participant (height: 172.0 cm, mass: 66.0 

kg), after informed consent, participated in this study. Participant conducted three motions, 

the standard motion, the motion where human gets off his hip before lifting up the object 

(pattern A) and the motion where human gets offhis hip after lifting up the object (pattern B). 
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Each lifting operations was recorded at 125 

frames per second using the CCD camera 

(SONY Corp. XC-009). The conditions of 

the lifting operations were that the height of 

lifting was 1.0 m and the mass of the object 

was 10 kg. The positional data of the joints 

obtained from the captured images were 

smoothed using a Butterworth filter (cutoff 

frequency 6 Hz) [6, 7]. Then the angel 

variation calculated from the captured 

images was compared with that created by 

the formulas. The results of the angle 

variation of the standard motion, the pattern 

A and the pattern B are shown in Fig. 4.12. 

Then the angles of the ankle, knee, hip, 

shoulder and elbow joints that have a great 

effect on the lifting operations are shown in 

the Figures. The motion pictures in the 

Figures are the motions created by the 

formulas. 

The results showed that the patterns of the angle variation calculated from the captured 

images were similar to those created by the formulas. So the proposed method was considered 

to be validated to create various motion patterns with the control variable s changed in the 
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formulas. 

Evaluation of muscle forces. This study evaluated various motion patterns of the lifting 

operations created by the method described in the preceding section considering the muscle 

forces of the upper and lower limbs. This study used the musculoskeletal model to estimate 

muscle forces of the upper and lower limbs described in chapter 4. 2. The musculoskeletal 

model includes 6 representative muscles of the upper limb and 6 representative muscles of the 

lower limb in sagittal plane. The following muscles are included: deltoid anterior (Da), deltoid 

posterior (Dp), brachialis (Br), lateral head of triceps brachii (TIa), long head of biceps (BIo) 

and long head of triceps brachii (TIo) on the upper limb and gluteus maximus (GMAX), 

iliopsoas (IL), biceps femoris and short head (BFSH), vastus lateralis (VAS), 

semimembranosus (SM), rectus femoris (RF) on the lower limb. Furthermore the 

musculoskeletal model can consider the roles of antagonistic muscles and biarticular muscles. 

The maximum output force distribution derived from the maximum force of each muscle is 

necessary to be clarified preliminarily to estimate the muscle forces during motions with the 

musculoskeletal model. Then, this study applied the method of measuring the maximum 

output force distribution suggested by Oshima et al. [5]. The results of the maximum output 

force distributions of the upper and lower limbs are shown in Fig. 4.13 that is the same as the 

participant 2 in Fig 4.5. Using these results and the musculoskeletal model, muscle forces can 

be estimated during various motion patterns of the lifting operations created by the method 

described in the preceding section. 
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Fig. 4.13 Measured output force distribution on the distal extremities of upper and lower limb 

4.3.2 Results and discussion of lifting operations in computer simulation 

This study evaluated various motion patterns of the lifting operations created by the 

proposed method based on the standard motion in the experiment. In this study, 5 motion 

patterns were created with the control variable s, which determines the motion pattern, 

changed to 0, 0.25, 0.5, 0.75 and 1. The motion pictures of each created motion are shown in 

Fig. 4.14. The net forces and the net moments of the joints were calculated on each created 

motion using the human rigid segment model described in chapter 2. The condition of the 

lifting operations was that the mass of the object was 10 kg. The results of the net moments of 

each created motion calculated with the human rigid segment model are shown in Fig. 4.15. 

Then, the net moments of the knee joint (flexion as a positive direction), the hip joint 

(extension as a positive direction), the shoulder joint (flexion as a positive direction) and the 

elbow joint (flexion as a positive direction) that have a great effect on the lifting operations 

are shown in the Figures. The results of the normalized muscle forces of each created motion 

of the upper and lower limbs estimated by the musculoskeletal model are shown in Fig. 4.16. 
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Fig. 4.14 Motion patterns oflifting operations created with the control variable 

Then the muscle forces were normalized by their maximums. 

The results of the net moments of the knee joint showed that the net moments worked for the 

flexion of the knee joint on the motion with the control variable s < 0.5 , where human gets 

off his hip before lifting up the object, and the net moments worked for the extension of the 

knee joint on the motion with the control variable s ~ 0.5, where human gets off his hip after 
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Fig. 4.15 Net moments of the knee, hip, shoulder and elbow joints 

lifting up the object. 

The reason that the net moments of the knee joint worked for the flexion of the joint while 

the knee was extended is considered that the net moment working for the flexion of the joint 

made the body to be supported because the body gravity position was located in front of the 

knee joint. The reason that the net moments of the knee joint worked for the extension of the 

joint is considered that the net moment working for the extension of the joint made the knee 

joint to be extended because the body gravity position was located posterior to the knee joint. 

The results of the net moments of the hip joint showed that the net moments were smaller as 

the control variable s was larger, where the motion pattern was changed to the motion that 

human gets off his hip after lifting up the object. The reason of this is considered that the 

horizontal length between the hip joint and the body gravity position was longer as the motion 

pattern was changed to the motion that human gets off his hip forward. However, the net 
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moment of the hip joint on the motion with the control variable s = 1 was large after 

%Cycle = 50. The reason of this is considered that the angle accelerations of the joints of the 

lower body were large as human gets off his hip at twice the speed of the standard motion. 

The results of the net moments of the shoulder joint showed that the net moments were 

larger as the control variable s was larger. The reason of this is considered that the horizontal 

length between the shoulder joint and the object was longer as human lifts the object forward, 

and that the external forces on the distal extremity derived from the object were larger with 

the acceleration of the object larger as human gets off his hip faster with the control variable s 

larger such as 0.75 and 1. 

The results of the net moments of the elbow joint showed that the net moments were not 

greatly different among the created motions. But the net moments were a little large on the 

motions with the control variable s = 0, 0.75 and 1. The reason of this is considered that the 

external forces on the distal extremity derived from the object were larger with the 

acceleration of the object larger as the motions were changed to the pattern A that human gets 

off his hip forward extremely or the pattern B that human lifts up the object forward 

extremely. 

The results of the muscle forces of the upper limb showed that muscles Da, Br and Blo were 

activated greatly. The results of the muscle forces of the lower limb showed that muscles 

GMAX, BFSH and SM were activated greatly. 

The muscle forces of muscle Br, which works for the flexion of the elbow joint, were not 

greatly different among the created motions. The muscle forces of muscle Da, which works 

for the flexion of the shoulder joint, and muscle Blo, which works for the flexion of the 

shoulder and elbow joints simultaneously, were larger as the control variable s was larger, 
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where the motion pattern was changed to the motion that human lifts up the object forward. 

The reason of this is considered that the horizontal length between the shoulder joint and the 

object was longer as human lifts the object forward, and that the external forces on the distal 

extremity derived from the object were larger with the acceleration of the object larger as 

human gets off his hip faster with the control variable s larger such as 0.75 and 1. Muscle Dp, 

which works for the extension of the shoulder joint, or muscle Tla, which works for the 

extension of the elbow joint, were also activated. These muscles were considered to work in 

opposition to the prime movers or agonists of the joints. These muscles are considered to have 

no effect on the evaluation of various lifting operations because of their slight activations. 

The muscle forces of muscle VAS, which works for the extension of the knee joint, were 

small on each created motion. The results that muscle RF, which is biarticular muscle and 

works for the extension of the knee joint, was not activated showed that only muscle VAS 

were used for the extension of the knee joint on each created motion. Though muscle VAS 

was not activated greatly, muscle VAS is considered to contribute to the extension of the knee 

joint mainly because the maximum muscle force of muscle VAS was large. However, muscle 

VAS is considered not to have a great effect on the evaluation of various lifting operations 

because the muscle forces of muscle VAS were not greatly different among the created 

motions. 

The muscle forces of muscle GMAX, which works for the extension of the hip, and muscle 

SM, which is biarticular muscle and works for the extension of the hip, were larger as the 

control variable s was smaller, where the motion patterns were changed to the motion that 

human gets off his hip forward. Especially, muscles GMAX and SM were activated greatly on 

the motions with the control variable s = 0 and 0.25. The results of this showed that the 
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motion that human gets off his hip forward was a back-straining work. The back-straining has 

been clarified to cause disorders on back such as a hernia of intervertebral disk and a 

spondylolysis in the lifting operations. Thus, muscles GMAX and SM are very important to 

evaluate various lifting operations. 

Muscle BFSH, which works for the flexion of the knee joint, were also activated greatly. 

This muscle was considered to work in opposition to the prime movers or agonists of the joint. 

Muscle BFSH can be considered to have no effect on the evaluation of various lifting 

operations though muscle BFSH was activated greatly because muscle BFSH is a very small 

muscle. 

The averages of normalized muscle force of muscles Da and Blo on the upper limb and 

muscles GMAX and SM on the lower limb, which have great effects on the lifting operations, 

are shown in Fig. 4.17 to discuss the relationship among the muscles on various created lifting 

operations. The results showed that the muscles on the upper limb were more activated, but 
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Fig. 4.17 Average of normalized muscle force of each muscle on the various lifting operations 
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the muscles on the lower limb were less activated as the motion patterns were changed to the 

motion that human lifts up the object forward from the motion that human gets off his hip 

forward. Thus, the strain of the upper limb was more, but that of the lower limb was less on 

the motion that human lifts up the object forward. However, the results that muscles GMAX 

and SM, which work for the hip joint, were activated greatly as the maximum normalized 

muscle forces were over 80% during motion that human gets off his hip forward are 

considered that the motion that human lifts up the object forward is better to reduce the 

possibility of working injuries during the lifting operations. Thus, the proposed method to 

create various motions in computer simulation and evaluate the motions considering the role 

of muscles can provide ergonomically safe working motions. Furthermore, the proposed 

method can also provide the environments where humans can work efficiently and safely. 

In this section, various motion patterns in lifting operations were created in computer 

simulation based on the experimental lifting operations and evaluated considering the muscle 

forces of the upper and lower limbs estimated with the musculoskeletal model that considers 

the roles of antagonistic muscles and biarticular muscles. The results of this study showed that 

the proposed method to create various motions in computer simulation and evaluate the 

motions considering the role of muscles can provide ergonomically safe working motions. 

Furthermore, the proposed method provides simulated environments where human motions 

can be tested safely for work efficiency. 

4.4 Conclusion 

Previously, computer human models that can evaluate for the products designs, the 

improvement of working environments and the efficiency of rehabilitation procedures have 
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been developed. However, they are not unfortunately enough to evaluate the workload of 

muscles because they have used the human rigid segment model or the musculoskeletal model 

that can not consider the roles of antagonistic muscles and biarticular muscles. Furthermore, 

the evaluation of various motion patterns for human considering the muscle forces has not 

been investigated sufficiently. Then, this study investigated a musculoskeletal model of the 

upper and lower limbs including the roles of antagonistic muscles and biarticular muscles. 

This study also proposed the method to estimate muscle forces during the lifting operations as 

an example of a working motion. Furthermore, this study proposed the method to create 

various motions in computer simulation and evaluate the motions considering the roles of 

muscles. 

The lifting operations were conducted to estimate muscle forces of upper and lower limbs 

with the proposed method. Surface electromyograms (EMGs) of deltoid anterior (Da), deltoid 

posterior (Dp), brachialis (Br), lateral head of triceps brachii (Tla), long head of biceps (BIo) 

and long head of triceps brachii (Tlo) were measured to compare with the estimated muscle 

forces. The results showed that the proposed method was considered to successfully estimate 

the muscle activation patterns during the lifting operations. Various motion patterns in lifting 

operations were created in computer simulation based on the experimental lifting operations 

and evaluated considering the muscle forces of the upper and lower limbs. The results of this 

study showed that the proposed method was considered to successfully create various motions 

in computer simulation and evaluate the motions considering the roles of muscles. Thus, the 

proposed method provides simulated environments where human motions can be tested safely 

for work efficiency. 
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5. Muscular fatigue model to evaluate muscle fatigue progress under several 

muscular force patterns 

5.1 Introduction 

For several decades, factory automation or unmanned factory productivity has been 

progressed to realize much higher productivity in manufacturing. However, human centered 

manufacturing system is getting attention to realize much more flexibility for manufacturing 

of wide product variety and volume. Previously, computer human models that duplicate the 

properties and the functions of human have been developed. Various researches [1,2] for the 

evaluation of human properties have been investigated to improve the computer human 

models. This study have also investigated the human rigid segment model to estimate the net 

forces and the net moments of the joints during motions described in chapter 2 and the 

musculoskeletal model to estimate the muscle forces during motions described in chapter 3. 

Estimation of muscle fatigue progress is also important to evaluate the operability and the 

workability. Especially, the muscle fatigue can not be neglected to evaluate the operations that 

give great physical workload or need long hours. However, the previous computer human 

models have not considered the muscle fatigue practically. So the previous models are 

considered to be limited to apply to the short-hours motion that can neglect the muscle fatigue 

[3]. A few researches to model a mechanism of muscle fatigue have been investigated [4, 5]. 

But unfortunately they have only been applied to the muscle fatigue progress under the 

condition of maximum voluntary contraction. 

Then, this study investigated a mechanism of muscle fatigue and proposed a muscular 

fatigue model to evaluate the muscle fatigue progress under several muscular force patterns. 
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Then, the endurance times for keeping constant forces of participants were estimated 

considering their physical characteristics. The iteration numbers for keeping constant forces 

with interval were also estimated. To validate the effectiveness of the proposed method, 

experimental verifications were conducted. 

5.2 Muscular fatigue model 

5.2.1 Muscular fatigue model suggested by Liu [4] 

Liu et aZ. [4] suggested the muscular fatigue model including the states of activity, fatigue 

and recovery of a muscle. This model as shown in Fig. 5.1 includes three groups of muscular 

motor units: the motor unit of standby state represented by Muc, that of activity state 

represented by MA and that of fatigue state represented by MF. The parameter that effects on 

the strength to change the motor unit of standby state to that of activity state is represented by 

B. The parameter that effects on the strength to change the motor unit of activity state to that 

of fatigue state is represented by F. The parameter that effects on the strength to change the 

/\ MF(t) R 

F 

MA(t) 

B 
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Fig. 5.1 Dynamic relationship among three groups of muscular motor units 
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motor unit of fatigue state to that of activity state is represented by R. Then, this model 

defined the variation of each muscle state based on the physiological mechanism. The 

variation of each motor unit is described as follows. 

dM (t) 
A = B. M uc (t) - F . M A (t) + R . M F (t) 

dt 

dM Ii (t) = F . M (t) - R . M . (t) 
~ A f 

The number of each motor unit is assumed as follows at the initial state (t = 0). 

Muc(O)=Mo 

M A(O) = 0 

MF(O) =0 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

Then, if the parameters of the brain effort (B), the fatigue factor (F) and the recovery factor 

(R) are assumed to be constant, the following equations are obtained from the equations (5.1) 

and (5.2). 

d 2M dM 
--=-2~A +(B+F+R)-_A +B(F+R)MA -BRMo =0 

dt dt 
(5.5) 

d 2M dM 
---:-2F=-+(B+F+R)-_F +B(F+R)MF -BFMo =0 

dt dt 
(5.6) 

Then, the following equations [4] are obtained from the equations (5.3), (5.5) and (5.6). 

MA(t) R FB -(F+R)t B-R -Bt 
--"'-'--'- = --+ e - e 

Mo F+R (F+R)(B-F-R) B-F-R 
(5.7) 

M F(t) = ~+ FB e-(F+R)t + F e-Bt 
Mo F+R (F+R)(B-F-R) B-F-R 

(5.8) 

Muc(t) =1- MA(t) _ MF(t) =e-Bt 

Mo Mo Mo 
(5.9) 

Fig. 5.2 shows the variation of each motor unit under the condition of maximum voluntary 
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Fig. 5.2 Variation of each motor unit in the muscular fatigue model suggested by Liu et at. [4] 

contraction, However, the fatigue model suggested by Liu et at. [4] can be applied only to the 

condition of maxImum voluntary contraction. The model cannot evaluate the muscle fatigue 

progress under several muscular force patterns. 

5.2.2 Muscle fatigue progress under the condition for keeping constant output force 

This study proposed the method to evaluate the muscle fatigue progress under the condition 

for keeping constant output force and estimate the endurance time for keeping constant forces 

with the help of the fatigue model suggested by Liu et al. [4]. This study proposed the 

variation of each motor unit with the unit MA arbitrarily constant though the model suggested 

by Liu et al. [4] can be applied only under the condition of maximum voluntary contraction. 

Fig. 5.3 shows the variation of each motor unit under the condition for keeping arbitrarily 

constant output force. 

Phase a is the phase before output force, where every motor unit is standby state. Phase b is 
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Fig. 5.3 Muscle fatigue progress under the condition for keeping constant output force 

the phase just after beginning constant output force, where the motor unit of standby state is 

changed to that of activity state gradually. Subsequently, the phase is changed to phase c, 

where the motor unit of standby state is changed to that of activity state and that of activity 

state is gradually changed to that of fatigue state, under the condition for keeping constant 

output force. Phase d is the phase where every motor unit of standby state has been changed 

to that of activity state, where the constant output force can not be kept. Then the phase is 

changed to the phase e, where the motor unit of activity state is balanced with that of fatigue 

state. This study can evaluate the variation of each motor unit under the condition for keeping 

arbitrarily constant output force by considering each phase separately. The percentage of 

constant output force is assumed to be X %. Then, the variation of each motor unit between 

the phase a and the phase b is described by the formula (5.1) to formula (5.3). That between 
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the phase b and the phase d is described as follows. 

MA(t) =Mo x X 1100 (5.10) 

dM F (t) = F . M (t) - R . M (t) 
dt A F 

(5.11) 

dMuc(t) =-B·M (t) 
dt uc 

(5.12) 

Thus, the variation of each motor unit under the condition for keeping arbitrarily constant 

output force can be evaluated by defining the variation of each unit so that the output force 

can be changed arbitrarily. The phase between the phase d and the phase e is the same as the 

condition of maximum voluntary condition without the unit Muc in the model suggested by 

Liu et al. [4]. Then, the variation of each motor unit between the phase d and the phase e is 

described as follows. 

dM A (t) = -F. M (t) + R . M (t) 
dt A A 

(5.13) 

dM F (t) = F . M (t) - R . M (t) 
dt A F 

(5.14) 

(5.15) 

The number of each motor unit for each instant of time can be calculated with the formula 

described as follows. Ll t is the scale of timestep. 

dM(t) 
MJt+1)=MJt)+ 1 .M 

dt 
(i = A,F,uc) (5.16) 

5.2.3 Muscle fatigue progress under the condition for keeping constant output force with 

interval 

This study also proposed the method to evaluate the muscle fatigue and recovery progress 
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Fig. 5.4 Muscle fatigue and recovery progress under the condition for keeping constant output 

force with interval 

and estimate the iteration numbers for keeping constant forces with interval. Fig. 5.4 shows 

the variation of each motor unit under the condition for keeping constant output force with 

interval. Phase f is the phase where the motor unit of standby state is changed to that of 

activity state and that of activity state is gradually changed to that of fatigue state after 

constant output force same as the phase c in Fig. 5.3. Phase g is the phase just after stopping 

output force, where every motor unit of activity state in phase f is change to that of standby 

state with interval. Phase h is the phase where the motor unit of fatigue state is changed to that 

of standby state gradually with interval. Subsequently, after beginning constant output force 

again, the phase is changed to the phase i, that is the same as the phase f, and changed to the 

phase k, where the motor unit of standby state is decreasing and that of fatigue state is 
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increasing, for keeping constant output force. Then, the phase is changed to the phase g with 

interval again. After that, the variation of the motor unit is the same with alternating between 

output force and interval. The variation of each motor unit between the phase i and the phase 

k is described by the formula (S.lO) to formula (S.12) because this phase is the same as the 

condition for keeping arbitrarily constant output force. The variation of each motor unit 

during recovery between the phase g and the phase h is described as follows. 

(S.l7) 

(S.l8) 

dMuc(t) = R· M (t) 
dt uc 

(S.l9) 

Thus, the endurance times for keeping arbitrarily constant forces and the iteration numbers 

for keeping arbitrarily constant forces with interval of participants can be estimated with the 

proposed muscular fatigue model described above when their physical characteristic 

parameters such as the maximum output force (Mo), the strength of muscle activity (B), the 

strength of muscle fatigue (F) and the strength of muscle recovery (R) are determined. 

5.3 Experimental method 

Five participants (height: 172.0 + 6.6 em, mass: 60.0 + 4.9 kg), after informed consent, 

participated in this study to validate the proposed method. 

First, the participants kept maximum output forces to one direction until the output forces 

were stagnated due to their muscle fatigue in order to determine their physical characteristic 

parameters, Mo, B, F and R. Then, the parameters were determined with the sum of squares of 

differences between the measured output forces and the theoretical variation of the unit MA defined 
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Fig. 5.5 Measuring equipment of the output forces at the distal extremity 

in the muscular fatigue model ofLiu et at. [4] as the equation (5.7) minimized. The aluminum 

frame with a hand grip on a three component dynamometer (KYOWA Corp. LSM-B-SAI) 

shown in Fig. 5.5 was used to measure the output forces. 

Subsequently, the endurance times for keeping constant forces were estimated with the 

determined physical characteristic parameters and the proposed method described in the 

preceding section. Then, the endurance times were estimated under the condition that the 

output forces are 50% of the maximum output forces. Furthermore, the participants kept 50% 

of the maximum output forces until they could not keep the constant output forces watching 

the monitor displaying their output force simultaneously to compare between the estimated 

times and the measured ones. The measuring equipment as shown in Fig. 5.5 was used to 

measure the endurance times. 

Finally, the iteration numbers for keeping constant forces with interval were estimated with 

the proposed method described in the preceding section. The participants alternated between 

keeping 50% of the maximum output forces for 20 seconds and interval for 10 seconds until 

they could not keep the output forces to compare between the estimated numbers and the 
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Fig. 5.6 Measuring equipment of iteration numbers for keeping constant force with interval 

measured ones. The aluminum frame with a hand grip on a driving table of linear motor 

(GMC Hillstone Corp. S250D-420st) shown in Fig. 5.6 was used to measure the iteration 

numbers. The participants kept the hand grip alternating between burdening and interval 

without moving until the linear motor was turned off after the hand grip moved to 30 mm with 

their muscle fatigue. 

5.4 Results and discussion 

First, the results of the measured output forces and the theoretical curve of the muscular 

fatigue model of Liu et af. [4] in the experiment to keep maximum output forces until the 

output forces were stagnated are shown in Fig. 5.7. The physical characteristic parameters 

determined in the experiment are shown in Table 5.1. 

The parameter Mo depends on the maximum output force of the participant. So this 

parameter was different among the participants. The parameter B, which depends on the 

velocity to reach the maximum output force, was assumed to be same among the participants 

because the velocity to reach the maximum output force is considered not to be great different 
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Fig. 5.7 Comparison of the measured output forces and the theoretical curve 

Table 5.1 Determined physical parameters in the muscular fatigue model 

Mo B F R 

Participant A 336 5 0.021 0.005 

Participant B 300 5 0.Q17 0.006 

Participant C 249 5 0.017 0.008 

Participant D 294 5 0.009 0.002 

Participant E 319 5 0.017 0.007 
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Fig. 5.7 Comparison of the measured output forces and the theoretical curve 

Table 5.1 Determined physical parameters in the muscular fatigue model 

Mo B F R 

Participant A 336 5 0.021 0.005 

Participant B 300 5 0.Q17 0.006 

Participant C 249 5 0.017 0.008 

Participant D 294 5 0.009 0.002 

Participant E 319 5 0.017 0.007 
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among the participants. The parameter F, which depends on the strength of muscle fatigue, 

determines the degree of depression of the output force in the maximum voluntary contraction. 

The parameter R, which depends on the strength of muscle recovery, determines the output 

force stagnated with muscle fatigue. These parameters of each participant were determined 

from the measured output forces as shown in Fig. 5.7. 

Subsequently, the variations of the measured output forces in the experiment to keep 50% of 

the maximum output forces until the participants could not keep the output force and those of 

the motor units estimated in the muscular fatigue model are shown in Fig. 5.8. The results of 

the measured endurance times and the estimated ones are shown in Table 5.2. The results of 

the endurance times of participants A, B and D showed that the measured endurance times are 

almost the same as the estimated ones. Those of participants C and E showed that the 

differences between the measured times and the estimated ones were relatively large. 

Finally, the variations of the motor units estimated in the muscular fatigue model under the 

condition of alternating between keeping 50% of the maximum output forces for 20 seconds 

and interval for 10 seconds are shown in Fig. 5.9. The results of the measured iteration 

numbers and the estimated ones are shown in Table 5.3. The results of the iteration numbers 

of participants A, C and D showed that the measured iteration numbers are almost the same as 

the estimated ones. Those of participants B and E showed that there were the differences 

between the measured iteration numbers and the estimated ones. 

The reasons of the differences between the measured endurance times and the estimated ones 

and those between the measured iteration numbers and the estimated ones are considered to 

be the precision of the experiment to determine the physical characteristic parameters in the 

muscular fatigue model. The endurance times estimated in the muscular fatigue model depend 
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Fig. 5.8 Variations of the measured output force and the motor units under the condition for 

keeping constant output force 

Table 5.2 Comparison of the measured endurance times and the estimated ones 

Measured time [s] Estimated time [s] Differences [%] 

Participant A 54.1 54.5 0.7 

Participant B 53.5 53.2 0.6 

Participant C 95.1 79.6 19.5 

Participant D 85.8 81.2 5.7 

Participant E 65.1 75.9 14.2 
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Fig. 5.9 Variations of the motor units under the condition for keeping constant output force 

with interval 

Table 5.3 Comparison of the measured iteration numbers and the estimated ones 

Measured IteratIOn EstImated iteratIOn 
number number 

Participant A 2 2 

Participant B 3 4 

Participant C 4 4 

Participant D 6 6 

Participant E 6 4 
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largely on the parameter F of the strength of muscle fatigue. The iteration numbers estimated 

in the muscular fatigue model depend largely on the parameters F of the strength of muscle 

fatigue and R of the strength of muscle recovery. Therefore, the estimated endurance times 

and iteration numbers are different from the measured ones without the physical characteristic 

parameters determined precisely. The reasons that the physical characteristic parameters were 

not determined precisely is considered that the physical and mental conditions of the 

participants were not always constant and made effects on the parameters. 

However, the results that the differences between the measured endurance times and the 

estimated ones and those between the measured iteration numbers and the estimated ones 

were not so large showed that the proposed method was considered to successfully to evaluate 

muscle fatigue progress under several muscular force patterns. 

5.5 Conclusion 

This study investigated a mechanism of muscle fatigue and proposed a muscular fatigue 

model to evaluate muscle fatigue progress under several muscular force patterns. Then, the 

endurance times for keeping constant forces of participants were estimated considering their 

physical characteristics. The iteration numbers for keeping constant forces with interval were 

also estimated. To validate the effectiveness of the proposed method, experimental 

verifications were conducted. The results of this study showed that the proposed method was 

considered to successfully to evaluate muscle fatigue progress under several muscular force 

patterns. However, more validations are considered to be necessary to ensure the proposed 

method effectively and accurately because this study validated only the condition for keeping 

50% of the maximum output force in the estimation of the endurance time for keeping 
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constant forces or the condition for keeping 50% of the maximum output forces for 20 

seconds and interval for 10 seconds in the estimation of the iteration numbers for keeping 

constant forces with interval. These validations will enable the proposed model of muscle 

fatigue progress to provide the simulation that does not put human subjects at risk. 
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6. Conclusion 

This thesis proposed and validated methods to evaluate the walking cycle (a closed-loop 

motion), to estimate muscle forces during motion, and to assess muscle fatigue progress under 

several muscular force patterns. These methods improve computer human models and enable 

more realistic evaluations. 

Chapter 2 reports on a study that investigated a whole-body human rigid segment model to 

calculate the net forces and the net moments from the captured images obtained with motion 

capture system. Furthermore, this study proposed a way to estimate net forces at all joints as 

well as the ground reaction forces throughout a walking cycle using only with motion capture 

data and body segment parameters. Several walking trials were conducted to validate the 

proposed method. The results of this study showed that the correlations between the estimated 

ground reaction forces and force platforms were very strong. Furthermore, the 

root-mean-squared differences between the estimated ground reaction forces and the 

measured ones were relatively small. Therefore the proposed method was considered to 

successfully estimate the net forces at the joints as well as the ground reaction forces 

throughout a walking cycle. 

Chapter 3 outlines a study that investigated a musculoskeletal model of lower limb that 

considers the roles of antagonistic muscles and biarticular muscles. In addition, this study 

proposed a method to estimate muscle forces and muscle activation levels during motion 

using the musculoskeletal model. Vertical jumping was used as a representative 2-dimensional 

motion to validate the proposed method. Ajogging motion was a representative 3-dimensional 

motion for further validation of the proposed method. Surface electromyograms (EMGs) of 
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tibialis anterior (TA), gastrocnemius (GAS), soleus (SOL), rectus femoris (RF), vastus 

lateralis (VAS), semimembranosus (SM), biceps femoris and short head (BFSH) and gluteus 

maximus (GMAX) were measured to compare with the estimated muscle activation levels. 

The results of this study showed that the patterns of the muscle activation levels by the 

proposed method were similar to those of the EMGs. Therefore, the proposed method was 

considered to successfully estimate the patterns of muscle activation during dynamic motions. 

Chapter 4 presents a study that investigated a musculoskeletal model of the upper and lower 

limbs that includes the roles of antagonistic muscles and biarticular muscles. This study also 

proposed a method to estimate muscle forces during a lifting maneuver, which served as a 

representative motion. This study proposed a method to create various motions with a 

computer simulation to evaluate the motion considering the roles of muscles. The lifting 

operations were conducted to estimate muscle forces of upper and lower limbs with the 

proposed method. Surface electromyograms (EMGs) of deltoid anterior (Da), deltoid 

posterior (Dp), brachialis (Br), lateral head of triceps brachii (Tla), long head of biceps (Blo) 

and long head of triceps brachii (Tlo) were measured to compare with the estimated muscle 

forces. The results showed that the proposed method was considered to successfully estimate 

the muscle activation patterns during the lifting operations. Various motion patterns in lifting 

operation were created by a computer simulation based on the experimental lifting operations 

and evaluated considering the muscle forces of the upper and lower limbs. The results of this 

study showed that the proposed method was considered to successfully create various motions 

in computer simulation and evaluate the motions considering the roles of muscles. Thus, the 

proposed method provides simulated environments where human motions can be tested safely 

for work efficiency. 
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Chapter 5 investigated a mechanism of muscle fatigue and proposed a muscular fatigue 

model to evaluate muscle fatigue progress under several muscular force patterns. Then the 

endurance times for keeping constant forces of participants were estimated considering their 

physical characteristics. The iteration numbers for keeping constant forces with interval of the 

participants were also estimated. To validate the effectiveness of the proposed method, 

experimental verifications were conducted. The results of this study showed that the proposed 

method was considered to successfully to evaluate muscle fatigue progress under several 

muscular force patterns. Furthermore, the proposed model of muscle fatigue progress can 

provide safely simulation that does not put human subjects at risk. 

Actually the musculoskeletal model that considers the roles of the antagonistic muscles and 

biarticular muscles, which this study used, have been in discussion about its effectiveness. It 

is pointed that this musculoskeletal model cannot consider the role of internal muscle forces 

because the model is based on the output forces. It is also pointed that this model can evaluate 

only the representative muscles included in the model. Thus, the model is difficult to be 

extended to evaluate muscles other than the representative muscles included in the model. 

However, this model is physiologically based on the relationship between the output forces 

and the muscle activation levels. Thus, this model can consider precisely the physiological 

muscle properties such as the roles of the antagonistic muscles and biarticular muscles. 

Furthermore, this model does not need much time to estimate muscle forces because it is 

simply defined the relationship between the distribution of muscles and the output force. The 

advantage of this model may contribute to realize the evaluation of human motion in real-time 

without depending the performance of computer. Then, antagonistic muscles are the muscles 

that act in opposition to the prime movers or agonists of a movement. The role of these 
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muscles enable human to realize the control function responding flexibly to disturbance. The 

role of these muscles also contributes to control accurately the direction of the output force. 

Biarticular muscles are the muscles that work simultaneously on two joints. Actually, the joint 

can be activated by monoarticular muscles without biarticular muscles. However, if only 

monoarticular muscles activate the joint, the defects of the muscles may be mortal. Then 

biarticular muscles, which look redundancy, can realize robust stability by constructing the 

control system coordinating with other muscles. Thus, the roles of the antagonistic muscles 

and biarticular muscles enable human to perform various motions including bipedal walking 

stably. 

Another musculoskeletal model to estimate muscle forces physically and mathematically has 

been usually used. This model can estimate muscle forces with an optimization method on the 

condition that the net moments calculated by inverse dynamics are equal to those worked by 

muscles attaching the joints. This model can consider the role of the internal muscle forces. 

This model can also be easily extended to evaluate any muscles attaching the joints. The 

advantage of this model enables the model to apply any joints. However, this model needs 

much time to estimate muscle forces because the process of this includes repeated 

computation such as linear programming and sequential quadratic programming. The 

calculation time is increased as the number of muscles in the model is increased and the 

model is complicated. This disadvantage is considered to prevent the model from realizing the 

evaluation of human motion in real-time. Furthermore, this model unfortunately usually does 

not consider the role of the antagonistic muscles and biarticular muscles because the model 

estimate muscle forces optimally with the sum of the muscle forces or the sum of the muscle 

consumption energy minimized. 
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As mentioned above, there are two representative methods to estimate muscle forces during 

motions, one is based on the physical and mathematical model and the other is based on the 

physiological model. This study focused on the physiological model and evaluated muscles 

considering the roles of muscles, which human originally has, such as antagonistic muscles 

and biarticular muscles. 

This thesis needs some future works to improve computer human models and to realize more 

realistic human evaluations. The proposed musculoskeletal model does not include muscles 

working on the trunk such as rectus abdominis muscles and muscles of the back. Actually, 

these muscles can be evaluated with the optimization method based on the physical and 

mathematical model. However, the roles of the antagonistic muscles and biarticular muscles 

cannot be negligible for these muscles. Then, it is necessary to suggest the model to evaluate 

these muscles considering these roles. The proposed musculoskeletal model does not also 

include muscles working for the abduction, adduction and internal and external rotation. The 

musculoskeletal model including the roles of these muscles can evaluate various ergonomic 

situations. Furthermore, the proposed muscular fatigue model can evaluate muscle fatigue 

progress as long as the muscular force pattern is constant or uncomplicated. The evaluation of 

muscle fatigue progress under the muscular force patterns which is changing dynamically is 

necessary to evaluate more ergonomic, dynamic and continuous motions. These functions can 

contribute to realize the following various ergonomic motions. They can evaluate not only the 

degree of the accumulated muscle fatigue of each muscle during single operation but also 

estimate the number of times that workers can keep the operation sequentially and repeatedly. 

Furthermore, they can estimate the optimal interval between the operations so that workers 

can keep the operation repeatedly. 
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In addition, the computer human model as this study proposed, which can evaluate net forces, 

net moments, muscle forces and muscle fatigue with only the motion, can also evaluate the 

motions created in the computer. The results of this are considered to contribute to provide 

athletes with motions that they can give the best performance and unprecedented technical 

advices by feedback of the muscle forces in a moment in the area of sports engineering, to 

provide workers with the optimal motions and environments that they can work safely, 

efficiently and comfortably in the area of manufacturing and to improve the efficiency of 

rehabilitation by giving the precise rehabilitation procedures considering the degree of muscle 

weakness different from one person to another. Thus, the computer human model can conduct 

innovative evaluation by adding the functions lacking in the developing computer human 

model and evaluating various motions in computer. 
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