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Abstract

This dissertation studies the subject-specific modeling of bodies and the modeling

of contacts with environment, which are required for the estimation of muscle forces

from noninvasive measurement data on the basis of geometric characteristics for the

individuals’.

In this dissertation, the useful important findings to model the subject-specific

musculoskeletal systems are to be provided as follows: (1) The fundamental and

simple-manner techniques of muscle modeling and inertial parameter modeling for

large-DOF musculoskeletal systems on the basis of geometric characteristics of bod-

ies are to be developed. Not only for the humans, but also through the modeling of

heterogeneous mammals, especially for the mice, the wide range of applicability of

developed techniques are to be perceived. (2) Through the development of the contact

modeling, the method of practical motion analysis combined with multiple people are

to be proposed. Especially, practical contact force estimation in multipoint become

possible by solving the optimization problem for contact forces and muscle forces

simultaneously considering force directions and somatosensory electromyography sig-

nals even if the contact forces can not be measured directly. (3) The quantitative

assessment techniques for the large-DOF whole-body motor functions of the labora-

tory mice are to be newly developed ahead of the world through the presentation of

the measurement techniques and the analysis results, which include the time-series

data of the muscle tensions, joint torques, and joint trajectories.

The proposed methods and results to model the subject-specific muscu-

loskeletal systems are to be appeared in the publication (in preparation).
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Chapter1

Introduction

1.1 Goals of this dissertation

According to the theory of evolution by Charles Darwin in 1859, the process of

evolution requires the following four conditions [13, 44]:

1. Living creatures lay children more than the number of those survive.

2. An individual in the same species has a variety of mutations.

3. Some mutations affect the probability of survival and reproductive capacity.

4. Some mutations that affect the probability of survival and reproduction capacity

are inherited to children.

A mutation spreads in the population through the generations. It is the mechanism of

evolution by natural selection. The genetic information of an individual is determined

by the combination of the parents’ genes and their mutations. The body and its

functions, including the motor function, are formed as the gene phenotype. In the

process of growth, an individual continues to change the body characteristics through

development and acquisition under the influence of stress from the environments.

Although the inheritance of an acquired character is controversial, it is safe to say

that the character of an individual is formed by two factors, namely, the hereditary

and environmental factors. The mutation appears in cells because of any a posteriori

reasons. Only those that appear in the reproductive cells are inherited. Biological

diversity indicates the large number of different species on earth and appears in large

types of small differences in a species. The diversity is stored in the genetic system of

1



Chapter 1: Introduction 2

living species as the memory of evolution. The essence of the trait of living creatures

is the genetic information transmitted through a long period [14].

The Wolff’s law is a well-known theory in biomechanics, which was proposed in

1892 by the German orthopedist, Julius Wolff. The theory explains that the shape of

a bone is formed by the applied force over a certain period. It also describes the rule

of deformation. The bone shape is formed with a minimum weight that withstands

the applied force. Therefore, the theory can be regarded as an optimization principle.

Harold Frost proposed the Mechanostat Theory in 1960 as a refinement of the Wolff’s

law [40, 19, 20, 18, 21]. The theory explains that the reason of the bone shape change

is not continuous, but dynamic stress. The applied peek force above the certain

level induces the bone shape change. The increased bone density of the dominant

hand of an athlete or the decreased bone density of an astronaut after a long stay in

space or a person in bedridden life is considered the consequence of the Mechanostat

Theory. The theory is supported by much data and now widely accepted. The

shape and properties of the bone are originally planned and formed by the gene and

continuously changed by the gravity force, muscle force, and applied forces from the

environments. In other words, the Mechanostat Theory implies that the bone shape

is formed by the interaction between the a priori phenotype of the gene and the a

posteriori acquisition throughout life. Let us consider the Mechanostat Theory in

a broader sense. It is the idea that biological shape is formed as a collective of its

function. That is, functional information can be implicitly seen in the body shape

information. The Mechanostat Theory and the Wolff’s law explain that the bone is

formed to make the bone functional under the load of life. Accordingly, we may say

that the bone shape and properties characterize the environments, where the animal

belongs. It would not be too ambitious to say that the bone shape and properties,

including the bones and the muscles, characterize the life and functions of the animal.

This dissertation aims to typically explain the physical and functional properties

of animals, human, and mammals at large by developing the modeling and analysis

methods using the model. Even a simple movement of an animal is the result of

the combined role of body motion elements, such as bones, muscles, tendons, and

ligaments, of which activity signals are initiated at the central nerve system and

transmitted through the connected neural system by neuro transmitters. The energy
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of movement is supplied by the circulatory system and transferred via chemical re-

action cycles. Many parameters are involved in this whole phenomenon, from macro

parameters (e.g., bone weight and length) to micro parameters (e.g., the gap at a

nerve junction and the distribution of mitochondria in the muscle fibers).

The scope of this dissertation lays in the subject-specific modeling of bodies. This

is motivated by the thoughts that the information of life and functions is in the body

shape and properties, and the difference of information is the essence of distinguishing

the individuals. Note that the parametric modeling of the body shape and properties

is considered to extract the essential parameters of life and functions. System mod-

eling does not only mean the reconstruction of the exact physical phenomenon in a

mathematical form, but also is the common and significant practice of modeling that

would represent the best approximated behavior of the system using a small number

of parameters in a sense of optimality. The Advanced Industrial Science and Tech-

nology Digital Human Center offers an open repository of the measured human body

dimensions of a large Japanese population of different ages and areas of residency in

Japan. The data set includes the data of approximately 500 persons and more than

250 kinds of body lengths belonging to each [35][29]. The principal component anal-

ysis of the data showed that only five principal components are sufficient to model

the body geometry of the Japanese population with approximately 80% coverage.

Following the engineering technology development in recent years, robotics has

rapidly developed in combination with information science and technology. The tar-

geted degree of freedom (DOF) has increased its number. A large-DOF humanoid

robot that mimics the human shape or a large-scale simulator has also been devel-

oped in the past few years. The simulator was created from the calculation method

developed in the robotics fields and can calculate the joint trajectory, joint torque,

and muscle tension in the motion. Furthermore, this simulator is actively used to

analyze human motion and reflect the parameters determined from calculation to hu-

manoid development design. In the field of sports science, an attempt to understand

the features of the simulator was made by analyzing the movement of skilled ath-

letes. Information about the shape of the model used in these simulators are a very

important factor because it directly affects the analysis result. Trying to provide a

practical subject-specific modeling for large-scale simulators is the second objective of
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this dissertation. The social and technical background in problems with the motion

analysis of the musculoskeletal simulator using the subject-specific model is presented

in the next section away from shape and functionality.

1.2 Background

1.2.1 Subject specific musculoskeletal model

A musculoskeletal system model is necessary for the musculoskeletal motion anal-

ysis. The model should include the skeletal model for the kinematic analysis and the

musculotendinous model for the motor function analysis. It is desirable to suppress

the modeling error in the musculoskeletal model parameters intended for use by the

simulator because it directly affects the analysis results.

The two types of models considered in this dissertation are the skeletal and muscle

models. The skeletal model manages two types of parameters, namely the geomet-

ric parameter representing the joint distance and the marker position and dynamic

parameter representing a mass center of gravity, inertia tensor. The generalized co-

ordinates obtained from inverse kinematics is not the natural result if the geometric

parameters are not correctly estimated. The error appears as a joint torque if the dy-

namic parameter is not correctly estimated. One of the parameter errors also becomes

the cause of the muscle tension error if the muscle model is used in the simulation.

The position error of the muscle starting and end points in the muscle model cause

the error of the muscle tension estimation results.

Human modeling is generally considered to be difficult.

The method for the direct measurement of the geometry parameters, such as joint

position or link length, is available. However, experienced techniques are required.

The mechanical parameters may be measured using the corpses cutting method, but

a direct measurement is impossible in a living state. CT scan and MRI technology

modeling is essential for the creation of a detailed musculoskeletal model, but using it

for the purpose of individual modeling is not realistic because of the cost increase. The

individual model parameter estimation method intended for simple models has also

been propose [25]. As regards the geometric parameter identification technique, the
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calculation of the link length by the inverse kinematics solver using motion capture

data is a simple measurement method [26]. The real-time identification method using

a visual feedback has been proposed for the dynamic parameters [7]. However, the

method of the high-DOF musculoskeletal model is absent. Hence, simple and practical

modeling techniques are required.

1.2.2 Applicable fields of the musculoskeletal motion analysis

The quantification and visualization of motor skills based on the development of

large-scale dynamics computations[33] and techniques of the somatosensory measure-

ment have become available in recent years [16, 39, 17, 30]. The method for high-

speed inverse kinematics and inverse dynamics calculation reduces the calculation

time [9][8]. Hence, more motion data have recently been analyzed. This motion

analysis simulator is used for applications in various fields.

Conventionally, in the field of sports, the physical skills obtained from long-term

training have to be transmitted to the next generation through trial-and-error because

quantifying the movement is difficult. Accordingly, a muscle tension estimation and

visualization system for a physical activity during exercise was developed using an

optical motion capture system, a force plate, and EMG sensors [32]. One technique

provides the subject with a real-time visualization feedback of the muscle tension

estimation using a simplified human musculoskeletal model [30, 11].

Meanwhile, from the ergonomics point-of-view, the motion analysis result can be

applied to the environmental assessment in a workplace. The estimation of the load

to the human body in the assembly work and the simulation result have been used

as a reference value of the facility design. In the medical field, there is a trend to try

to apply the simulator to the rehabilitation assessment. The simulator can provide a

method to directly evaluate a patient’s progress.

One example shows the motion analysis of mammals. A running horse or a walking

rat motion analysis is studied through the capturing motion [27]. However, neither

of them performed the muscle tension analysis estimation. The invasive approach

method can be significantly adopted for use in mammals. One subject that we are

attracted to are laboratory mice. Mice are useful laboratory animals for biomedical
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studies. These animals are classified under early Mammalia in toxicology and have

a close biological relationship with humans. The bifurcation on the evolutional tree

from mice toward humans started 75 million years ago [48]. The homology of the

two species is the reason of the mice’ importance as laboratory animals. The comple-

tion of decoding the whole genome for mouse and human was declared in 2002 and

2003, respectively. The two species are reported to have 90% of genome in common

and show 70% homology in their phenotypes [48]. The whole database, including

the mouse genome, has been made available in the WEB as the Mouse Genome In-

formatics [1]. The recent development of a genetically modified mouse and the low

cost of breeding and managements in laboratories have increased the importance of

laboratory mouse as a model animal for studies in medical and pharmaceutical fields

[23]. In genetic disorders, transferring knowledge from mouse experiments to humans

is considered a useful approach.

The phenotype observation is commonly done for cell development and social be-

haviors of individual mice. More quantitative observations are of critical importance

for the biomechanical evaluation of the musculoskeletal system. Technological de-

velopments are most demanded for such qualitative biomechanical observations of

laboratory mice.

Many publications released studies on the modeling and analysis of the human

musculoskeletal system based on the rich accumulation of anatomical and physio-

logical knowledge [12, 24]. Nakamura et al. developed the whole-body model of the

human musculoskeletal system that is appropriate and consistent with the algorithms

of robotic kinematic and dynamic computation [31, 32, 34]. They also proposed an

optimization algorithm to estimate muscle activities based on the information from a

motion capture system and other sensory systems. Their model is one of the most de-

tailed human musculoskeletal models in the world. The human anatomical knowledge

is rich. Hence, there is an advantage for model creation.

Meanwhile, only a few studies in the literature have focused on the mouse skeletal

system[10]. Little research has been done and published as regards the musculo-

tendinous system modeling of mouse and other mammalian animals. As it is done

for humans, MRI and CT imaging are the main sources of anatomical information.

The MRI imaging resolution depends on the relative scale of animals and excitation
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coils. Therefore, MRI imaging faces technical difficulties when it comes to small an-

imals. Oota et al. [36, 37] more recently developed the skeletal system model of a

laboratory mouse based on X-ray CT scanning. However, the modeling of the whole

musculotendinous system remains to be a future problem. A practical and convenient

modeling technique is required for mouse muscle modeling.

1.3 Composition of chapters

This dissertation consists of eight chapters. In Chapter 2, a mapping method for

modeling the musculoskeletal system based on the skeletal geometric information is

presented. Using the mapping function obtained from the homology of geometric

information, wire muscle models can be transmitted to the targeted skeletal system

based on the large amount of accumulated anatomical knowledge of human muscle

models. We assume that the bone shape information based on Mechanostat theory

preserves the stress originating from the muscle placement. First, a musculoskeletal

model is introduced. To obtain the mapping function, we propose the use of SSD

(Skeletal Subspace Deformation). This method obtains the mapping function from

multiple feature points in the skeletal system. A weight map function, which is calcu-

lated from the distance between the muscle model and the feature points, is provided.

Muscles, tendons, ligaments, and cartilage that can be modeled by the start and end

points on a skeletal bone can be transmitted only from the feature points of the asso-

ciated link. A virtual link that describes the branching of muscles is mapped from the

mapping function formed from multiple surrounding links. The method presented in

Chapter 2 is able to provide a musculoskeletal model for a human, other mammals,

or even extinct animals since the mapping function is created from geometric skeletal

models. The proposed method cannot present a perfect solution for the creation of

new musculoskeletal modeling but can improve the modeling efficiency. In Chapter 3,

the identification of the geometric and inertial parameters for a subject-specific model

using body-geometry polygonal models is presented. There exists a method for identi-

fying the kinematic or inertial parameters of lower–degrees-of-freedom (DOF) human

figures up to 15 segments, does not for the larger- DOF musculoskeletal system. For

extending the lower-DOF model, an identification process that uses a time series of
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the motion data is presented. As an attempt to increase the estimation accuracy of

the inertial parameters, the parameters are calculated beforehand on the basis of a

geometric polygonal model found in database. Subject-specific kinematic parameters

are identified by solving for the introduced inverse-kinematic time-invariant variables,

which is the link length. The base parameter of the kinematically identified model for

each link is obtained by a sequential identification method [7, 45, 5, 47, 46, 6]. The

subject-specific inertial data can be estimated by the sum of the mass points arranged

at regular intervals inside the body shape obtained from database. Furthermore, a

weight map function obtained from the distances between distributed mass points and

body links is introduced. Using the weight map proposed in Chapter 2, the deviation

in the mass parameters for the spine links could be reduced. The inertial parameters

are calculated using a quadratic programming method satisfying the conditions of the

base and inertial parameters obtained previously. The obtained results are all of the

inertial parameters that satisfy the physical consistency of the parameters. The ex-

perimentally measured data related to the force acting on the base link and the force

calculated from the identified inertial model are compared to validate the identified

model. The proposed method can provide simple subject identification method since

the required reference motion data are one. In Chapter 4, the optimization problem

for estimating the muscle tension is presented. The contact force is an important

issue in dynamics simulation for estimating the joint torque and muscle tension. A

contact estimation policy is classified according to the force measurement objects,

and estimation for an individual case is discussed. An overview of a method for esti-

mating the muscle tension that includes the inverse kinematics, simple contact-force

estimation, and muscle-tension estimation using inverse dynamics is presented. The

redundancy problem for contact-force estimation for the case where there are multiple

unknown contacts is detailed. Moreover, the simultaneous optimization problem for

multiple unknown contact forces and whole-body muscle-tension estimation is newly

proposed. We propose a method to cope with the redundancy problem by using

EMG information and limiting the direction of the force at the contact point. Thus,

an analysis of contact sports becomes possible. The proposed method can also be

applied to the musculoskeletal system to understand multiple contact forces from

only outside observation. In Chapter 5, the dynamics simulation results based on the
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method presented in Chapter 4 using the identified subject-specific model based on

the method presented in Chapter 3 are analyzed. Chapter 5 also presents the results of

an analysis of experts’ motions using the generated individual musculoskeletal model

described in Chapter 4. For the calculation, the method introduced and proposed in

Chapter 4 is applied to each case. We cover elite athletes’ motions that have not been

quantified and visualized so far (Tai Chi, tap dance, drum performance, and internal

contact force in judo). Methods for measuring the somatosensory signals by EMG

and the floor reaction forces as well as the motion capture system are described. The

data for the COG, joint angle, contact force, muscle activity, and muscle tension are

analyzed, and the characteristics of the data are described. By understanding the

actions of elite players, a greater understanding of the motions for these technique

can be obtained. Chapter 6 describes a systematic method for building a muscu-

lotendinous model of a mammal—specifically, a laboratory mouse. This approach

relies on the homology between mammalian species. The proposed method consists

of two consecutive steps. The first step is to find a geometric morphing map from one

bone of the human skeletal system to the corresponding bone of another mammalian

species—namely, a laboratory mouse. The second step uses the geometric morphing

maps of bones to transfer the terminal and via points of the elements of the human

musculotendinous system to those of the mouse musculotendinous system. A motion

capture experiment for natural walking motion is conducted. Inverse kinematics are

incorporated by using the obtained mouse musculoskeletal model. The results of a

muscle length analysis of the motion capture data of a mutant hairless mouse are

presented. In Chapter 7, the setup for the dynamics analysis, which includes the de-

velopment of force-measuring stairs and the identification of the inertial parameters

of mice, is presented. The mass is identified with an approximation of the mass points

distributed inside the mouse-skin geometric model. We create a staircase for a mouse

that can measure the force during walking. Motion measurement including synchro-

nized force measurement by motion capture is performed. A muscle-tension analysis

of a hugger mouse, a mutant mouse, is performed, and the results are presented. The

proposed method provides a simple screening measurement and a basis for evaluating

detailed motor functions. The concluding remarks are given in Chapter 8.



Chapter2

Subject Specific Musculoskeletal

Modeling

Based on Geometric Morphing of a

Skeleton

2.1 Introduction

In a motion analysis simulator including human muscle function, a musculoskeletal

model is required. The model developed by Nakamura [32] is one of the most detailed

musculoskeletal models in the world. The skeleton of this model has 53 grouped

bone models and 155 degrees of freedom. A total of 1206 elements including 997

muscles attached to the skeleton, are arranged. Since abundant knowledge has been

accumulated so far, a musculoskeletal model is often created by relying on multiple

literature sources and is created by the process of carefully defining the start, end,

and via points of a muscle for the skeleton, which are obtained beforehand from

CT/MRI image scans. Since the muscle placement is checked individually, there is

the advantage that the model can be created while checking the function of each

muscle [2]. However, it is not realistic to create a large number of models tailored to

subjects because of the cost. As described in the previous chapter, it is considered that

the bone shape implicitly includes functional information including applied stress.

1. It is a method for obtaining a muscle model at once by creating a spatial map-

ping function from the bone shape of the mapping source and the mapping

destination.

10
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2. On the basis of representative data for individuals, we obtain the musculoskele-

tal model by fine-tuning using the geometric and dynamic parameter identifi-

cation method obtained from the motion data.

The model parameters obtained by an optimization calculation based on the motion

data will be described in detail in the next chapter.

The following sections are to be appeared in the publication (in prepa-

ration).



Chapter3

Subject Specific Inertia Modeling

Based on Geometric Morphing of

Skin

3.1 Introduction

This chapter describes a kinematic and inertial parameter identification technique

for the musculoskeletal model. Kinematic parameters define the link lengths of the

skeletal system and the markers used for inverse kinematics. Inertial parameters

representing the mass, center of gravity, and inertia tensor are used in the dynamics

simulator. Recent years have seen the proposal of human dynamics simulators based

on kinematics and dynamics computation techniques developed in the field of robotics

[16, 30, 32]. Since parameter errors in the musculoskeletal model affect the precision

of the calculated result, those parameter errors should be minimized. If kinematic

parameters cannot be estimated correctly, the generalized coordinates obtained from

inverse kinematics cannot be described naturally. Likewise, incorrect estimation of

inertial parameters leads directly to calculation errors of the joint torque. In cases in

which the muscle model is introduced as an entity of the actuator, these parameter

errors affect the result of muscle tension estimation.

Human modeling is not easy. Specifically, kinematic and inertial parameters of

the human body are difficult to measure directly. A CT scan or MRI is required to

create a detailed model; however, the cost of such scans means that it is unrealistic to

scan every subject to create individual models. To overcome this problem, estimation

methods for subject-specific modeling using a lower–degree-of-freedom (DOF) model

12
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have been proposed [25]. To identify kinematic parameters, obtaining link lengths

by solving the inverse kinematics from motion capture data is straightforward [26].

A real-time identification technique using visual feedback has been proposed for the

identification of the inertial parameterscite [7].

In this chapter, we apply these technologies to propose a method for estimating

the kinematic and inertial parameters for subject-specific musculoskeletal modeling

using body shape information. First, link length is identified by solving the inverse

kinematics and introducing time-invariant parameters. Second, base parameters are

ascertained via a sequential identification method [7]. Third, using statistically esti-

mated body shape, inertial parameters are calculated using the sum of the distributed

mass point for each segment. To estimate the inertial parameters from set of mass

points, a many-to-one relationship is used to calculate the distance function between

each mass point and link position. In the proposed method, one mass point gives

mass and inertia to multiple neighboring links in accordance with their distance. Fi-

nally, inertial parameters are obtained by solving the quadratic programming method

that minimizes the error of the identified and estimated inertial parameters, with an

inequality constraint to ensure positive values for the inertial parameters. To vali-

date the proposed method, we compare the obtained inertial parameters calculated

using different weighting mapping functions as reference inertial parameters. Addi-

tionally, we present the cross-validation results on external forces recalculated from

the identified inertial parameters and a measured force acting on the base link.

3.2 Kinematic and Inertial Parameter Identifica-

tion for a Human Musculoskeletal Model

3.2.1 Outline of Kinematic and Inertial Parameter Identifi-

cation

In this study, we use the detailed human musculoskeletal model proposed by Naka-

mura et al [32]. Bone is modeled as a rigid body and each joint is modeled as either

spherical or revolute. Assume that the muscle, as the entity of the driving joint, is
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modeled as a massless wire, and that the mass of the model is concentrated on each

link. The purpose of the proposed identification method is to find the rigid body

parameters that describe the whole body.

Figure 3.1 shows an outline of the proposed method for identifying kinematic and

inertial parameters. A time series of marker data and floor reaction force measured

by an external force marker trajectory motion capture system is the input of the

proposed method, which consists of the following five steps.

Marker TrajectoryExternal Force

Kinematic Parameters

Inertial Parameters

1. Inverse Kinematics

2. Sequential Identification

4. Quadratic Programming

3. Database Estimation

5. Scaling Links

Base Parameters

Kinematic ParametersInertial Parameters

Figure 3.1: Outline of the proposed method to identify kinematic and inertial
parameters

1. Identification of kinematic parameters by solving the inverse kinematics: We

use the kinematic parameter identification method proposed by Ayusawa et al

[26]. In this method, introducing virtual prismatic joints—the distance between

human body joints as virtual generalized coordinates—results in the inverse

kinematics problem. The kinematic identification method follows the steps

below.

(a) The result of the inverse kinematics about generalized coordinates defined
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as spherical and revolute joints is set to the initial value of the generalized

coordinate on each frame.

(b) By introducing additional virtual generalized coordinates to the model as

time-invariant prismatic joints that describe the distance between each

joint, link length can be obtained by solving the inverse kinematics for all

generalized coordinates at all frames.

(c) By temporarily fixing all generalized coordinates and introducing a new

generalized coordinate that describes the marker position, the position of

the model marker can be determined by solving inverse kinematics.

A converged solution of link length and marker position are obtained by iteration

of (b) and (c).

2. Identification of base parameters of sequential identification method: The base

parameters of the kinematically identified model on each link is obtained by

sequential identification method. Base parameters are the set of inertial pa-

rameters dependent on the joint structure of the model, obtained by deleting

redundant parameters in the equation of motion. For more information about

the sequential real-time identification method, see [7]. This method utilizes the

identifiability of any chained rigid body based only on information about the

base link motion and external force.

3. Estimation of inertial parameters using statistical data: Subject-specific inertial

data can be estimated using the sum of the mass point arranged at regular

intervals in the body shape obtained from the database. Assume that a rigid

body is constituted by mass points, which are closest to the center of gravity

(COG) of the link. The Body Shape Browser, created by Ergo Vision Co., Ltd.,

was used to create our subject-specific model. Operating parameters to form the

body shape were determined by principal component analysis based on scanned

and measured data at the Digital Human Research Center National Institute

of Advanced Industrial Science and Technology. In this study, we acquired an

initial subject model using height and chest circumference.
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4. Calculation of inertial parameters by quadratic programming: Inertial parame-

ters are obtained by solving quadratic programming that satisfies the conditions

of the base and inertial parameters obtained from steps 2 and 3, respectively.

5. Applying the kinematic parameters of the lower-DOF model to the high-DOF

musculoskeletal model: Kinematic parameters obtained from step 1 are applied

to the high-DOF model. The distance between joints applies to corresponding

segments of the high-DOF model. Joint position in the lower-DOF model is

equal to the corresponding joint position in the high-DOF model.

In the next section, steps 3 and 4 are explained in detail.

3.2.2 Identification of inertial parameters

The equation of motion of a rigid body can be described as follows, using identifiable

base parameters ϕB [28].

YBϕB = f , (3.1)

ϕB = Zϕ. (3.2)

Equation (3.1) is the equation of motion transformed linearly, where YB is a regressor

matrix related to ϕB, and f describes generalized force.

ϕ ∈ R10NJ describes the inertial parameters, and consists of vector ϕi , which are

inertial parameters of each link:

ϕ = [ϕ1 ϕ2 . . . ϕNJ
]T ∈ R10NJ , (3.3)

where NJ is the number of joints, Z is a restructured matrix determined by link

structure, and ϕi ∈ R10 is a vector consisting of 0th-,1st-, and 2nd-order moments.

ϕi = [mi mici,x mici,y mici,z

Ii,xx Ii,yy Ii,zz Ii,yz Ii,zx Ii,xy]
T, (3.4)

where mi is the mass of the ith link, ci,x, ci,y, ci,z are members of COG position ci

described from the ith link coordinate, and Ii,xx, Ii,yy, Ii,zz, Ii,yz, Ii,zx, Ii,xy are members

of inertia matrix Ij ∈ R3×3 around the coordinate origin of the ith link.
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Let us assume that the whole rigid body consists of NP mass points. Each mass

point has a constant mass value and one-to-one correspondence with a rigid body.

Inertial parameters of a rigid body can be described as follows using mass vector

ρref = {ρrefj } =
[
ρref1 ρref2 . . . ρrefNP

]T
∈ RNP :

ϕref = Ŵρref . (3.5)

Coefficient matrix Ŵ ∈ R10NJ×NP , which relates the vector mass and mechanical

parameters, is defined as follows:

Ŵ = W ◦ V , (3.6)

where W ∈ R10NJ×NP is a weighting matrix that represents the contribution of

the mass to each rigid body, and V ∈ R10NJ×NP is a matrix consisting of inertial

parameters normalized by mass. The elements of matrices W and V are composed

of 10-dimensional column vectors Wij and Vij, defined below.

W = {Wij}, Wij ∈ R10,

V = {Vij}, Vij ∈ R10, (3.7)

Wij = wij [1 1 . . . 1]T , (3.8)

Vij = [1 rij,x rij,y rij,z r2ij,y + r2ij,z r2ij,z + r2ij,x

r2ij,x + r2ij,y − rij,yrij,z − rij,zrij,x − rij,xrij,y]
T. (3.9)

wij is a weighting constant of the jth mass point related to the ith link, which

is often defined by a distance function, and can have any form under the condition∑NJ

i=1wij = 1. rij,x, rij,y, rij,z represents the elements of the position vector to the jth

mass point as seen from the ith link.

Thus, ρ is derived as the solution of the quadratic programming below:
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f(ρ) =
1

2
Wϕ|ϕref

base −ZŴρ|2 + 1

2
Wρ|ρ− ρref |2

s.t. ρj > 0. (3.10)

The first term in the formula describes the evaluated value of identified base parame-

ters ϕref
base. The second term describes the evaluated value of all reference mass points

in vector ρref to the body shape database set. To solve the quadratic programming

introducing above, values of distributed mass points ρ are obtained. The obtained

inertial parameters always satisfy the physical conditions that ρj > 0.

The reference values of mass points ρref are constant, and can be described as

ρref = {ρref}, ρref = M/Np using the total mass of the rigid body of system M . The

weight parameters Wϕ and Wρ in the quadratic programming can be set based on

the reliability of the measured base parameters or all inertial parameters calculated

from the body shape database. The above equation can be reduced to a general

constrained quadratic programming problem by deformation.

f(ρ) =
1

2
ρTAρ+ bTρ, s.t. ρj > 0, (3.11)

where

A = Wϕ(ZŴ )TZŴ +WρE, (3.12)

b = −Wϕ(ZŴ )Tϕref
base −Wρρ

ref . (3.13)

In the experiment described in the next section, the two types of weight parameter

wij in (3.8) are designed and compared with the obtained mass parameters.

1. Weight map as the function of the distance between the link COG and mass

points:

wd,ij =
|pij|−4∑NJ

i=1 |pij|−4
. (3.14)

pij is the COG position of the ith link referred from the coordinate of the jth

mass point. Introducing weight map wd,ij may describe the mass parameters of

deformable body segments.
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2. Weight map obtained from one-to-one correspondence between rigid body link

and mass point:

wn,ij =

 1
(
|pij| = argmin

1≤i≤NJ

|pij|
)

0 (otherwise)
(3.15)

The weight map wn,ij describes that each mass points gives inertial parameters

to the nearest rigid body links. All inertial parameters obtained from the two

types of weight function are described by ϕwd
and ϕwn , respectively.

3.3 Experiment for identification of kinematic and

inertial parameters

The optical motion-capture system was used to measure human motion. The posi-

tions of the 34 optical reflective markers pasted on the whole body were recorded by

10 motion capture cameras (Motion Analysis Corporation) at 200 fps. At the same

time, the external force applied to the body was measured at 1000 fps using a force

plate (Kistler Japan Co., Ltd). The subject was an adult male with 182.2 cm height,

66.8 kg weight, and 87.0 cm chest circumference. It is desirable to excite all the body

joints for the identification of motion. The progress of their identification at the time

of measurement were fed back to the subjects using a visualization application [7].

Figure 3.2 shows the model used in this experiment. The left-hand side depicts the

lower-DOF model and its joint placement and the large-DOF model (53 links, 155

DOF) and its body shape model. The lower-DOF model was equal to the correspond-

ing joint position of the large-DOF model. In identifying the kinematic parameters,

we introduced 14 prismatic joints as time-invariant generalized coordinates between

the joints. The inertial parameters were obtained in advance using the body shape

information shown in Fig. 3.2. To that end, the initial posture of the body shape

model and the skeletal model needs to be matched. An initial model was obtained by

fitting the skeletal model to the body shape model by solving the inverse kinematics

used in the kinematic identification targeted to the body shape model obtained from

the height and the chest with virtual markers (same as the 34-measurement marker
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Spherical Joint

Rotational Joint

Slide joint

Figure 3.2: Model overview: (from the left-hand side) lower-DOF joint definition (18
links, 40 DOF (excluding 14 prismatic DOFs)), and its model (34 markers) and the
large-DOF skeletal model (53 links, 155 DOF) and its body shape.

placement). The subject-specific model can be estimated by applying the kinematic

parameters obtained earlier. The points defined in the muscle model described the

relative position from the position of the joint centers. Hence, the kinematic param-

eter identification created subject-specific muscle models at the same time. A mass

point was placed inside the subject-specific model in a grid at 5-mm intervals. The

inertial parameters were then obtained. For the calculation of the inertial parameters,

the initial posture of the model was set to open hands and legs to avoid an unnatural

interference between the segments. The kinematic parameters were identified using 50

frames of marker data. The contact forces measured by the force plates were used as

an input for the sequential identification method [7]. The 180 s motion data (36,000

frame data) were used to identify the base parameters. The weight parameters Wϕ

and Wρ for the optimization of Eq. (3.10) were set as 1.
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3.4 Result of the inertial parameter identification

Tables 3.1 and 3.2 show the identification result of the mass parameters used to ex-

tract all the inertial parameters. The left-hand side of the table presents the following

column values: 1) identified mass mwd
using the weighted map wd; 2) identified mass

mwn using the one-to-one mass point weight map; and 3) calculated mass only from

the distributed mass points to the database body shape mref using the constant value

of the mass point. Note that the mass point values in the identification results were

not constant values because each mass points’ value was the target to be optimized.
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Table 3.1: (1/2) Comparison of the mass [kg]: (from the left-hand side) 1) identified
mass ϕwd

using the weighted map wd; 2) identified mass ϕwn using the one-to-one
mass point weight map; and 3) calculated mass only from the distributed mass points
to the database body shape ϕref using the constant value of the mass point.

Link 1) mwd
[kg] 2) mwn [kg] 3) mref [kg]

Pelvis 5.43 6.72 10.72
Lumber vertebra 5 2.85 3.07 3.39
Lumber vertebra 4 2.12 1.87 1.89
Lumber vertebra 3 1.80 1.83 2.17
Lumber vertebra 2 1.67 1.79 2.00
Lumber vertebra 1 1.61 1.22 1.72
Rib vertebra 12 1.54 1.58 1.33
Rib vertebra 11 1.48 2.29 1.50
Rib vertebra 10 1.25 0.83 0.67
Rib vertebra 9 1.16 1.45 1.28
Rib vertebra 8 1.26 1.88 1.28
Rib vertebra 7 0.97 0.67 0.61
Rib vertebra 6 0.90 0.64 0.56
Rib vertebra 5 0.85 0.58 0.44
Rib vertebra 4 0.76 0.43 0.28
Rib vertebra 3 0.73 0.77 0.67
Rib vertebra 2 0.61 0.57 0.56
Rib vertebra 1 0.48 0.09 0.22
Neck vertebra 7 0.42 0.30 0.39
Neck vertebra 6 0.39 0.12 0.11
Neck vertebra 5 0.41 0.21 0.44
Neck vertebra 4 0.44 0.02 0.11
Neck vertebra 3 0.59 0.35 0.50
Neck vertebra 2 0.77 0.12 0.22
Neck vertebra 1 1.32 2.29 2.17

Head 0.93 1.35 0.83
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Table 3.2: (2/2) Comparison of the mass [kg]: (from the left-hand side) 1) identified
mass ϕwd

using the weighted map wd; 2) identified mass ϕwn using the one-to-one
mass point weight map; and 3) calculated mass only from the distributed mass points
to the database body shape ϕref using the constant value of the mass point.

Link 1) mwd
[kg] 2) mwn [kg] 3) mref [kg]

Right shoulder clavicle 0.57 0.53 0.50
Right shoulder blade 1.04 1.16 1.11
Right upper arm 1.87 2.05 1.28
Right forearm ulna 1.16 1.30 0.94
Right forearm radius 0.65 0.51 0.33

Right hand 0.34 0.34 0.11
Left shoulder clavicle 0.50 0.35 0.33
Left shoulder blade 1.09 1.30 1.22
Left upper arm 1.72 1.90 1.22
Left forearm ulna 0.96 1.13 0.83
Left forearm radius 0.58 0.41 0.28

Left hand 0.40 0.40 0.22
Chest 1.09 0.33 0.33

Right cartilago rib 0.83 1.17 1.44
Left cartilago rib 0.86 1.16 1.44
Right leg thigh 4.29 3.73 5.55
Right leg tibia 1.67 1.50 0.89
Right leg fibula 1.20 0.97 0.56

Right foot 1.37 1.40 0.67
Right toe 0.22 0.4 0.22

Right kneecap 2.06 2.15 1.44
Left leg thigh 3.91 3.53 6.05
Left leg tibia 1.72 1.60 1.00
Left leg fibula 1.21 1.04 0.56

Left foot 1.40 1.39 0.56
Left toe 0.33 0.53 0.22

Left kneecap 2.15 2.17 1.50

Total 67.43 67.46 66.8
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Table 3.3 shows the standard deviation of the mass parameter in the spine link

groups. The standard deviation among the mass of the spine links in the identified

results using the weight map wn was less than that of the weight map wd. The varia-

tion calculated by the weight map wd showed discreteness because of the mass point

estimation. Meanwhile, the results on the weight map wd described the absorbance of

the mass variation of the neighboring links. The weight design wd described the hu-

man model well, especially the segments that included the deformable bodies, because

the variation was less.

Table 3.3: Standard deviation of the spine link mass [kg]

Link group σwd
[kg] σwn [kg] σref [kg]

Lumbar vertebras 0.46 0.60 0.60
Rib vertebras 0.32 0.63 0.42
Neck vertebras 0.31 0.75 0.63

Table 3.4: Comparison of the proportion of the segment mass to the total mass of the
whole body [%] (the data are from the right side of the body, except the head and
the trunk): (from the left-hand side) the segment mass of the Japanese male athlete
[3] identified mass using the weight map wd, identified mass using the weight map
wn, and calculated mass only from the distributed mass points to the database body
shape ϕref using the constant value of the mass point.

Segment Body mass[3] [%] mwd
[%] mwn [%] mref [%]

Head 6.9 7.79 7.05 6.98
Body 45.9 48.88 50.81 56.36

Upper arm 2.7 2.77 3.03 1.91
Lower arm 1.6 2.69 2.68 1.91

Hand 0.6 0.51 0.51 0.17
Thigh 11 6.36 5.52 8.31
Shank 5.1 4.26 3.67 2.16
Foot 1.1 2.36 2.67 1.00

Upper body 30.2 25.93 26.36 23.61
Lower body 18.7 22.95 24.45 32.75
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Table 3.5: Corresponding table for the segment names on the Japanese athlete model
[3] and the link names on Nakamura’s model.

Segment name Link name on Nakamura’s model
used in Table 3.4
Head Head, Neck vertebra 1-5
Body Rib Vertebra 1-12, Clavicles,

Shoulder blades, Chest, Cartilago ribs

Pelvis, Lumber vertebra 1-5
Upper arm Upper arm
Lower arm Fore arm ulna, Forearm radius
Hand Hand
Thigh Leg thigh
Shank Leg tibia, Leg fibula, Kneecaps
Foot Foot, Toe
Upper Body Rib vertebra 1-12, Clavicles,

Shoulder blades, Chest, Cartilago ribs

Lower body Pelvis, Lumber vertebra 1-5

Table 3.4 shows the comparison result of the mass distribution of the Japanese

male athlete [3] and identified the results in percentage. The identification result

calculated using the weight map wd was close to that of the athlete’s results. The

mass values of the shank and the foot were slightly different. However, the sum of the

shank and the foot in the identified results was close to that of the athlete’s because

of the design of the weight function using the position of COG being nothing but a

joint position.

Moreover, the mass of the kneecap seemed to be much larger than that shown

in Fig. 3.2. The calculation of all the inertial parameters using the body shape

information showed that some of the lower thigh mass were absorbed because of the

COG calculation of each link. However, the resultant force calculated in the dynamics

simulator did not have much effect because no DOF is usually provided to the kneecap

bone. This finding was also observed in the neck vertebra to the head and the pelvis

to the lumbar vertebra 5.

Figure 3.3 shows the comparison of the measured force and the force calculated

from the identified inertial parameter and the force calculated from the body shape

model. In the figure, the thin line denotes the measured force applied to the base

link, while the bold line represents the force calculated from the regressor matrix
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and the identified inertial parameter, YBϕB. The dotted thin line shows the force

calculated from the regressor matrix and the estimated inertial parameter, YBϕref .

Another motion datum with the same subject was used for this cross-validation. The

average error between the measured and identified forces during the 167 s motion was

Fx : 0.32 [N], Fy : 0.99 [N], Fz : 0.25 [N], Nx : 1.04 [Nm], Ny : 1.20 [Nm], and Nz : 0.04

[Nm], which matched well. The estimated values from the body shape were Fx : 0.32

[N], Fy : 2.75 [N], Fz : 9.13 [N], Nx : 5.86 [Nm], Ny : 4.21 [Nm], and Nz : 2.39 [Nm],

which were larger than the identified one.

Knowledge on the body composition density can possibly be used as the reference

of ρref .

3.5 Summary

This study proposed the identification of the kinematic and inertial parameters of

a subject-specific model using body shape information. The link length was obtained

by introducing additional virtual generalized coordinates to the model as a time-

invariant prismatic joint that described the distance between each joint and by solving

the inverse kinematics for all the generalized coordinates at all frames. The base

parameters were obtained using the sequential identification method. The subject-

specific inertial data can be estimated by the sum of the mass point arranged at regular

intervals for the body shape data obtained from the database. The inertial parameters

were obtained by solving the quadratic programming satisfying the conditions of the

base and inertial parameters. The five characteristics of the proposed method are

presented as follows:

1. The proposed method can provide subject-specific parameters from the mea-

sured one motion. Hence, the simplicity of model creation was achieved.

2. All the inertial parameters can be identified, while the unidentifiable inertial

parameters can be optimized from the information of the body shape obtained

from the database.

3. The identified mass parameters in the spine links can be obtained under the
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Figure 3.3: Cross-validation on the force applied to the base link: comparison of
the measured force (bold line) and the force calculated from the identified inertial
parameter (thin line) and the force calculated from the body shape model. The
average error between the measured and identified forces during the 167 s motion
is Fx : 0.32 [N], Fy : 0.99 [N], Fz : 0.25 [N], Nx : 1.04 [Nm], Ny : 1.20 [Nm], and
Nz : 0.04 [Nm]. The error between the measured and estimated values from the body
shape isFx : 0.32 [N], Fy : 2.75 [N], Fz : 9.13 [N], Nx : 5.86 [Nm], Ny : 4.21 [Nm], and
Nz : 2.39 [Nm].
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condition of less standard deviation by introducing the weighted map for the

mass point’s calculation of the link mass.

4. The optimization problem of the mass points is solved with the positive con-

straint. The physical condition is always satisfied.

5. The subject-specific muscle model can be obtained through the parametrization

of the kinematic parameters and is expected to improve the accuracy of the

muscle motion analysis because the muscle is modeled by a relative value of the

joint center.

A motion capture experiment was conducted to validate the proposed method. A

cross-validation on the measured force and that calculated by identifying the inertial

parameter was also performed. Moreover, a recreation of the reaction force was

confirmed using the identified parameters. Four findings are obtained according to

the inertial identified data:

1. The deviation of the spine mass can be suppressed to 0.31 to 0.46 kg in the

proposed method.

2. The average error applied to the base link between the measured and identified

forces during the 167 s motion is Fx : 0.32 [N], Fy : 0.99 [N], Fz : 0.25 [N],

Nx : 1.04 [Nm], Ny : 1.20 [Nm], and Nz : 0.04 [Nm].

3. Some of the link masses are absorbed into the neighboring links because of the

position.



Chapter4

Motion Analysis with Contact

Force Estimation

4.1 Introduction

Studies on human motion analysis in the field of biomechanics have been performed

concurrently with the improvement of computer resources and the development of

sensing devices for somatosensory information.　 Especially with the advent of the

musculoskeletal motion simulator, the visualization and quantitative analysis of mo-

tion skills has been positively realized, which has been technically difficult thus far

[16, 17, 39].

The recent method of high speed inverse kinematics and inverse dynamics calcu-

lation drastically reduces the calculation time [8, 9], so more motion data can be

analyzed. Additionally, there is a simulator that can provide muscle force estima-

tion results in real time for a variety of motion measurements and analyses in sports

biomechanics [11, 30]. Thus, it has become possible to immediately give kinematic

and dynamic estimation to the experimental subject through visualization feedback.

Biomechanics research in individual sports has already begun to target a wide variety

of fields. In the dynamics calculation, along with the mass parameters of the simula-

tion model, an estimation of the contact force applied to the model is also required

in the simulation system.

In most musculoskeletal simulators, it is possible to run dynamics calculations to

determine the contact force applied to the multibody system. Usually the reaction

force measured by the force plate can be directly input into the dynamics calculation.

If the contact force is unknown during the measured motion, Open Simm, which is

29
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being developed by Delp et al. [15, 16, 42], can be used to estimate the contact force

by the modeling of elastic deformation and friction of the contact point [43]; therefore,

the accuracy of the contact force estimation result depends on the precision of the

elasticity and friction coefficient of the model. Nakamura et al. [32], has proposed a

technique for optimizing the acting contact force by solving quadratic programming

to minimize the errors between the dynamic force at the floating base link and the

actual reaction force data measured in the force plate data, regardless of the number

of contact points.

Those musculoskeletal dynamics simulators initially estimate the contact force and

subsequently optimize the muscle tension of the system. Because the simulator cal-

culates the contact force first, the error of the contact force will affect the resultant

muscle tension estimation. If the experimental setup can access the force plate data

and these data are similar in number to the number of contact points, the contact

force can be calculated accurately. If the number of the contact points with unknown

forces increases, accurate results cannot be expected from solving the optimization

problem for the estimation of all the contact forces. In those cases, it is necessary

to measure or estimate the contact force at each contacting point; however, measure-

ment interferes with or limits the motion in many situations. The contact state, which

includes the number of contact points, measurement rate, and contact duration are

highly dependent on each motion. Therefore, a simplified and practical measurement

is needed. In this chapter, techniques for estimating the contact force in four specific

situations—described in the following section—are proposed.

The following sections are to be appeared in the publication (in prepa-

ration).



Chapter5

Analysis of Masters’ Skills from

Musculoskeletal Estimation

5.1 Introduction

Physical skills acquired over a long period of time are transmitted to the next gen-

eration through trial and error because it is difficult to quantify movement. In recent

years, on the basis of development of large-scale dynamics computation [33] and the

technique of somatosensory measurement, quantification and visualization of motor

skills are becoming available [16, 17, 39]. Using the subject-specific musculoskeletal

model identified based on the method proposed in Chapter 3, we analyzed the motion

of experts, which has been difficult to quantify and visualize previously. For the mo-

tion analyses, we also applied contact force estimation based on the previous chapter.

The four motions listed below are analyzed, and the findings obtained are described:

1. Tai Chi: measurable contact force obtained from force plate

2. Tap dancing: force plate data obtained using a high-speed camera to detect

contact states

3. Drum playing: contact force converted from sound

4. Judo Uchimata: simultaneous estimation of contact force and muscle tension

31
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PC for System Control

Force Plate (KISTLER)

Wireless EMG
(Delsys / NihonKoden)

Capture Cameras (Motion Analysis)

Figure 5.1: Overview of the motion capture system.

5.2 Musculoskeletal Model and Experimental En-

vironment

This chapter deals with motion analysis, and all subject-specific musculoskeletal

models are identified and used for calculations based on Chapter 3. Figure 5.1 shows

the overview of the optical motion capture system, by which time series data of body

marker trajectories (34 trajectories in total) are measured. Floor reactive force and

surface EMG are measured simultaneously with the motion capture system using a

faceplate (Japan Kistler) and wireless surface EMG sensors (Delsys, Nihon Kohden).

For consideration of external force on the rigid body, the timing of contact with

external environment must be known. In this study, the contact timing and joint

motions are recorded by high-speed cameras (300?600 fps) synchronized with the

motion capture system.
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5.3 Experts’ motion skills

5.3.1 Tai Chi motion

Tai Chi motion is characterized by slow and flowing movements. It is considered

important to focus on the muscles of the lower limbs and to maintain a lower center of

gravity (COG). Forty seconds of dance performance were analyzed. The orientation

of the trunk was reversed after each 20-second or 35-second increment (right foot

forward to left foot forward). Figure 5.2 shows snapshots of the calculation results

of muscle tension analysis. Figure 5.3 shows changes in the position of the COG and

major muscle activities during movement.



Chapter 5: Analysis of Masters’ Skills from
Musculoskeletal Estimation 34

t 
=

 1
.0

[s
]

t 
=

 2
.0

[s
]

t 
=

 3
.0

[s
]

t 
=

 4
.0

[s
]

t 
=

 5
.0

[s
]

t 
=

 6
.0

[s
]

t 
=

 7
.0

[s
]

t 
=

 8
.0

[s
]

X
Z

Y

F
ig
u
re

5.
2:

S
n
ap

sh
ot
s
of

th
e
T
ai
C
h
i
m
ot
io
n



Chapter 5: Analysis of Masters’ Skills from
Musculoskeletal Estimation 35

The graphs show the (a) anterior deltoid, (b) posterior deltoid, (c) long head of

the biceps, (d) triceps lateral head, (e) rectus femoris muscle, (f) long head of the

biceps femoris muscle, (g) tibialis anterior muscle, and the (h) lateral head of the

gastrocnemius muscle.

The following considerations are based on the analysis results.

• The height of the COG is low and movement is stable. The height of the COG

is low compared with the standing posture, as shown in Figure 5.2. As shown

in Figure 5.3, the maximum position in the Z-axis direction is 50 mm at most

over 30 s, which is substantially parallel to the XY plane. Considering the lower

height of the COG, the movement is very stable.

• Displacement of the COG in the axial direction Y is periodic. In each period, the

COG moves from the vertical position on the right foot to the left foot, similar

to walking behavior in the steady state. In addition, the periodic movement of

the COG along the X-axis direction can be seen. This is because the subject

orientation is reversed after 20 seconds. Eight periodic cycles can be confirmed

during 40 seconds of motion. The duration of one period is about 5 s, which is

rather slow compared to other movements.

• Muscles of the lower limbs work actively. There is a relationship between the

periodicity of the motion of the COG in the axial direction Y and the periodicity

of the motion of the rectus femoris, tibialis anterior, and gastrocnemius. The

movement in the positive Y-axis direction corresponds to the muscles of the

right side of the body, and negative movement corresponds to the left side of

the body. The biceps femoris works for only about 20 to 35 seconds to turn the

body.

• Muscles in the upper body work less compared to the muscles in the lower limbs.

In particular, the triceps does not work substantially. Motion under the weaker

condition is presumed. However, the deltoid and biceps work periodically, and

both arms are used to move the COG. That is, the subject moves forward with

both hands spread apart and moves backward with hands closed. This can be
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interpreted in the sense that forward movement represents an attack movement,

and backward movement represents a defense movement.
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Figure 5.3: TaiChi motion: Position of the COG and activation of major muscles
(Blue line shows the right side of the body, red dot shows left side of the body)
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5.3.2 Tap dancing

Tap dancing is characterized by sounds initiated by contact between the floor and

special shoes with metal on the toe and heel. The sound is produced by vertical

motion. Twenty seconds of motion were analyzed in this study. Figure 5.4 shows

snapshots of tap dancing with visualized muscle activity. Figure 5.5 shows the con-

tact state between the foot and floor, the height of the COG, and 16 major muscle

activities. In the contact state graph, each line represents a contact state between

the foot and the floor. Tap dancing involves some small differences from Tai Chi

motion: the (i) trapezius muscle and (j) gluteus maximus muscles are measured. The

following considerations are based on the analysis results.

• The COG shows oscillatory motion in the vertical direction. The height of the

COG is lower than in the standing posture, on average. The average value of

the COG in the Z-axis direction was 0.883 m during the initial state over 0–0.8

s and 0.861 m (with a variance of 0.0011 [m 2]) during 0.8–18 s of movement.

These data imply that the subject does not only try to hit the ground with a

jumping motion, but also with a COG lower than in the initial state.

• Muscles of the entire body are actively involved, in particular the upper limb

muscles. The COG along the Z-axis seemed to be controlled using inertial forces

by swinging the hands.

• The hip and knee joints do not move with significant force from an upright posi-

tion in tap dancing. The activity of the biceps femoris and the gluteus maximus

muscles are approximately 0.5, even at instantaneous maximum values, which

is not high compared to other muscle activity.

• Motion of the ankle joint plays an important role in tap dancing. This can be

inferred from the remarkable activity of the tibialis anterior and gastrocnemius.
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Figure 5.5: Tap Dance motion: Contact state (dots mean touch or leave events and
line shows the ”touch” state), position of COG and activation of major 16 muscles
(Blue line shows the right side of the body, red dot shows left side of the body)
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5.3.3 Drum playing

Based on a skilled drummer, ideal motion during playing involves the stable condi-

tion of the trunk. There is no awareness that the player is using muscles, and fatigue

is not easily encountered during long playing periods. Twenty seconds of playing

were analyzed with three drums (snare drum, high tom, and low tom). Contact force

on the snare head and timing of the attack were calculated from the acceleration of

the stick and the timing of the sound. Figure 5.6 shows snapshots of drum playing.

Figure 5.7 shows the score, height of the COG, and 16 major muscle activities. For

convenience, the motion was separated into four phases:

• Phase 1: (12–17.5 s) Hi-hat, snare drum, bass drum

• Phase 2: (17.5–21 s) Ride cymbal, snare drum, bass drum

• Phase 3: (21–27 s) Crush cymbal, ride cymbal, snare drum, and bass drum

• Phase 4: (27–29 s) Snare drum, hi-tom and low-tom

The crash cymbal, ride cymbal, and hi-hat are played by the right hand, the bass

drum by the right foot, the snare drum by the left hand, and the hi- and low-toms by

both hands. Measured muscles were changed partially to the (k) brachioradialis and

(l) external oblique muscles. The following considerations are based on the analysis

results.

• The COG did not change significantly. The average COG height over 10–12

s in the Z direction in the initial static posture was 0.4458 m, while that over

12–30 s during exercise was 0.4453 m (with a variance of 7× 10−6 m 2).

Figure 5.7 shows the change of the COG in the XY plane (10–30 s). The position

of the COG was different for each phase. The reason for the large COG swing

over 30 s was the drummer’s attempt to mute the cymbal, and not because of

the playing itself. Except for that maneuver, the COG moved 40 mm and 15

mm in the X- and Y-axes at most, which is a small amount.

• Muscle activity depends on the specific musical instrument. Radial arm muscle

activity was particularly noticeable: for the hi-hat, the right radial muscle was



Chapter 5: Analysis of Masters’ Skills from
Musculoskeletal Estimation 42

prominent; for the bass drum, the right gastrocnemius; for the ride cymbal, the

right radial muscle and right anterior deltoid; for the crash cymbal, the right

radial muscle, anterior deltoid, and biceps; for the snare drum, the right and

left radial muscles, right rear deltoid, and left biceps; and for the tom-tom, the

right and left radial muscles, left biceps, and right rear deltoid.

In particular, significant activity changes of the right deltoid muscle were ob-

served in each phase. This is attributed to changes in the movement from the

Z-axis direction to the X-axis direction during changes from Phase 1 to Phase

2. In addition, the triceps and biceps worked remarkably well with respect to

Phases 3 to 4. Because of the arm position close to the body trunk in phase 4,

the rear deltoid muscle worked significantly.

• Z-axis movement of the COG correlated with the performance of the bass drum

by the right foot and the snare drum by the left hand. This is because the

motion of the two above-mentioned behaviors is most striking in the vertical

direction. On the other hand, playing cymbals in the right hand influenced the

motion of the COG toward the X and Y directions.
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Figure 5.7: Position of the COG in the XY plane; the origin was set at 12 s.
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Figure 5.8: Drum playing: Contact state, position of COG and Activation of major
16 muscles. The motion is divided into 4 motion phase, Phase(1) 12-17.5[s], Phase
(2) 17.5-21[s], Phase (3) 21-27[s] and Phase (4) 27-29[s].Score: * shows the timing of
right hand contact, + shows left hand contact, o shows right foot contact. Muscle
activation: Blue line shows the right side of the body, Red dot shows left side of the
body.
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The following sections are to be appeared in the publication (in prepa-

ration).



Chapter6

Musculoskeletal Morphing

Between Different Species of

Mammals, from Human to Mouse

6.1 Introduction

In this chapter, modeling of the musculoskeletal system of an experimental mouse

is presented. As discussed in the previous chapter, experimental mice are widely used

in the fields of biology and medicine. In a study of genetic diseases, the research

findings obtained from mouse experiments are employed in the medical field for hu-

mans. However, most genetic studies have focused on the cell phenotype or social

behaviors, and studies of the motor functions, which are the joint torques or muscle

tensions, are rare. For advanced study of the motor functions of experimental mice,

a musculoskeletal model is required.

Although some of the literature has discussed the skeletal system of a mouse [10],

there are not many works on the modeling of the musculotendinous system of a

mouse or even other mammals. As done for humans, MRI and CT imaging is the

main source of anatomical information. Since the resolution of MRI imaging depends

on the relative scales of the animals and excitation coils, technical difficulties exist

for small animals. X-ray CT scanning is the most useful for small laboratory animals

owing to the fact that the problem of radiation exposure is not too critical for these

animals. The ANR project has conducted a musculoskeletal analysis for a laboratory

rat based on the X-ray CT scanning [27]. More recently, Oota et al. [36, 37] developed

a model of the skeletal system of a laboratory mouse based on X-ray CT scanning;
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however, modeling of the entire musculotendinous system is still a future problem.

On the other hand, there are many publications on the modeling and analysis of

the human musculoskeletal system based on the rich accumulation of anatomical and

physiological knowledge [12, 24]. Nakamura et al. developed a whole-body model of

the human musculoskeletal system that is appropriate and consistent with algorithms

for robotic kinematic and dynamic computation [31, 32, 34] and proposed an optimiza-

tion algorithm to estimate muscle activities on the basis of the information obtained

by a motion capture system and other sensory systems. The developed software and

measurement system have been applied to the analysis of human motions.

This chapter describes a systematic method for building a musculotendinous model

of a mammal—specifically, a laboratory mouse. The use of MRI/CT imaging is

assumed for fine anatomical agreement. However, our main proposal is the use of a

human musculotendinous model, which is precisely developed and transferred to build

a preliminary model for another mammal before fine anatomical adjustments using

the MRI/CT image data. This approach relies on the homology between mammalian

species. The proposed method consists of two consecutive steps. The first step is

to find a geometrical morphing map from one bone of the human skeletal system to

the corresponding bone of another mammalian species—namely, a laboratory mouse.

The second step uses the geometrical morphing maps of bones to transfer the terminal

and via points of the elements of the human musculotendinous system to those of the

mouse musculotendinous system. Moreover, this chapter presents the results of a

muscle length analysis from the motion capture data of a mutant nude mouse.

The following sections are to be appeared in the publication (in prepa-

ration).



Chapter7

Muscle Force Estimation for the

Behavioral Analysis of Mutant

Mice

7.1 Introduction

Along with the developments in genetic modification technology, the significance

of mouse-motion measurement and its analysis have increased. It is necessary to

quantitatively evaluate the motion of mice, particularly in forward genetics, which

introduces random mutations. Devices for the assessment of the motion function,

such as the rotor rod, treadmill, and the grip strength measuring device, are used

in screening experiments. The rotor rod measures the time during which there is no

fall from the rotating cylinder, the treadmill measures the distance and the number

of times that an electric shock is given, and the strength measuring device measures

the maximum force of the cling grip. A simple device is required to accomplish the

numerous screening tests. In these devices, the number of evaluable functions are

limited. Therefore, they are not suitable for high-dimensional testing. There is a

ladder for observing the mouse walking pattern [22, 41]. The time for each walking

step and the number of stepping failures can be measured. Although this ladder can

be used for measuring the learning functions, it cannot be used for the analysis of the

gait motion.

Pearson et al. [38, 4] developed a needle electromyogram (EMG) device for mice

and analyzed the walking motion, combined with camera images. They measured the

walking motion of mutant mice (Wph-4) and controlled mice, and reported the vastus
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latetalis usage characteristics. Considering rats, which are also model animals slightly

larger than mice, the walking motion was analyzed using X-ray images. Mice-bone

motion measurements have been performed by ANR projects [27]. However, none of

these studies treat the dynamics of the body mass and the use of muscle tension or

torque has not been reported thus far.

Powerful tools have been developed in the field of robotics for the estimation of the

force dimension by the non-invasive observation of motion [32]. If we can simulate the

measured mouse motion in a computer and obtain the estimated joint torques or the

tension of each muscle, non-invasive testing is possible for natural motion analysis.

We can test the motor skill acquisition process, owing to the environment and assess

the changes.

As mice have small mass, the resultant error from the dynamics simulator becomes

relatively large. The assessment of the contact reaction force, during motion measure-

ment, is necessary for a better torque estimation calculation. The use of a reaction

force sensor is a good option because it can be non-invasively incorporated into the

experimental system. We have developed a force measurable ladder for experimen-

tal mice and have estimated their inertial parameters. Motion analysis in the force

dimension is performed through the measurement of the walking motion of mutant

mice and reported in this chapter.

The following sections are to be appeared in the publication (in prepa-

ration).



Chapter8

Conclusion

This dissertation studies the subject-specific modeling of bodies and the modeling

of contacts with environment, which are required for the estimation of muscle forces

from noninvasive measurement data on the basis of geometric characteristics for the

individuals’.

Important findings obtained in this dissertation are summarized as follows:

(1) The fundamental and simple-manner techniques of muscle modeling and iner-

tial parameter modeling for large-DOF musculoskeletal systems on the basis of

geometric characteristics of bodies were developed. Not only for the humans,

but also through the modeling of heterogeneous mammals, especially for the

mice, the wide range of applicability of developed techniques was perceived.

(2) Through the development of the contact modeling, the method of practical mo-

tion analysis combined with multiple people was proposed. Especially, practical

contact force estimation in multipoint became possible by solving the optimiza-

tion problem for contact forces and muscle forces simultaneously considering

force directions and somatosensory electromyography signals even if the con-

tact forces could not be measured directly.

(3) The quantitative assessment techniques for the large-DOF whole-body mo-

tor functions of the laboratory mice was newly developed ahead of the world

through the presentation of the measurement techniques and the analysis re-

sults, which include the time-series data of the muscle tensions, joint torques,

and joint trajectories.
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The results obtained from the work presented in this dissertation are to be appeared

in the publication (in preparation).

The detail of the features and the methods, their results, and the conclusions of

each chapter are summarized as follows:

In Chapter 3, the identification of the geometric and inertial parameters for a

subject-specific model using body-geometry polygonal models was presented. There

existed a method for identifying the kinematic or inertial parameters of lower–degrees-

of-freedom (DOF) human figures up to 15 segments, did not for the larger-DOF mus-

culoskeletal system. For extending the lower-DOF model, an identification process

that uses a time series of the motion data was presented. As an attempt to increase

the estimation accuracy of the inertial parameters, the parameters were calculated

beforehand on the basis of a geometric polygonal model found in database. Subject-

specific kinematic parameters were identified by solving for the introduced inverse-

kinematic time-invariant variables, which was the link length. The base parameter

of the kinematically identified model for each link was obtained by a sequential iden-

tification method [7, 45, 5, 47, 46, 6]. The subject-specific inertial data could be

estimated by the sum of the mass points arranged at regular intervals inside the body

shape obtained from database. Furthermore, a weight map function obtained from

the distances between distributed mass points and body links was introduced. Using

the weight map proposed in Chapter 2, the deviation in the mass parameters for

the spine links could be reduced. The inertial parameters were calculated using a

quadratic programming method satisfying the conditions of the base and inertial pa-

rameters obtained previously. The obtained results were all of the inertial parameters

that satisfy the physical consistency of the parameters. The experimentally measured

data related to the force acting on the base link and the force calculated from the

identified inertial model were compared to validate the identified model. The pro-

posed method could provide simple subject identification method since the required

reference motion data were one.

In Chapter 5, the dynamics simulation results based on the method presented in

Chapter 4 using the identified subject-specific model based on the method presented
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in Chapter 3 were analyzed. Chapter 5 also presented the results of an analysis of

experts’ motions using the generated individual musculoskeletal model described in

Chapter 4. For the calculation, the method introduced and proposed in Chapter 4 is

applied to each case. We covered elite athletes’ motions that had not quantified and

visualized so far (Tai Chi, tap dance, drum performance, and Judo). Methods for

measuring the somatosensory signals by EMG and the floor reaction forces as well as

the motion capture system were described. The data for the COG, joint angle, contact

force, muscle activity, and muscle tension were analyzed, and the characteristics of

the data were described. By understanding the actions of elite players, a greater

understanding of the motions for these techniques could be obtained.
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