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Pinpointed Muscle Force Control Using

Power-assisting Device*

Ming Ding

Abstract

Power-assisting system is an important research area of robotics technology
for enhancing the mobility of senior citizen and people with disability. Power-
assisting device uses the assist power of actuators to support operator’s athletic
ability (e.g. reduce load or increase ability), such as for assembly operation
and outdoor work. Other potential applications are for muscle rehabilitation
and sports training. Various power-assisting devices have been developed for
supporting the human joint torque. Power-assisting device is also expected to
support the load of muscle individually, such as for muscle function diagnostic,
muscle force test and sport training. However, most of the power-assisting devices
can only control the joint torque, thus making it difficult to control the muscle
force due to the nonlinear and complex relations among muscles to support a
particular muscle.

The purpose of this research is to propose a Pinpointed Muscle Force Control
(PMFC) method to control the load of selected muscles by using power-assisting
device, thus enabling pinpointed motion support, rehabilitation, and training
by explicitly specifying the target muscles. By taking into account the physi-
cal interaction between human muscle forces and actuator driving forces during
power-assisting, the feasibility of the muscle force desired in the PMFC method
is also analyzed as a constrained optimization problem

We also developed a control system, named Muscle Assist System (MAS).

It provides an easy operation to calculate and control muscle force to desired

*Doctoral Dissertation, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DD0761033, February 4, 2010.



value. Software configures the target muscle force and computes the driving force
of power-assisting device. It is composed as modules depending on the PMFC
algorithm. Graphics user interface is created, which simplifies the configuration,
calculation and control of the target muscle force and driving force. Two power-
assisting device, a wearable device and an unwearable device, are used as hardware
to control the human force actually in experiments.

The proposed PMFC method is tested by simulation and experiments. In
experiments, surface electromyographic (EMG) signals of several target and non-
target muscles are measured. Two power-assisting devices are examined and the
result shows the possibility of controlling the target muscle and the difference
among each power-assisting device. The validity of the PMFC method is con-
firmed by comparing the change rates of EMG signals and the estimated muscle

force in simulation.

Keywords:

Muscle force control, Power-assisting device, Muscle force estimation, Muscu-

loskeletal model
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Chapter 1

Introduction

1.1 Background

Power-assisting device and power-assisting system are wildly researched as an
important research area of robotics, to enhance the mobility of senior citizen
and people with disability. Using the driving force applied by actuators, power-
assisting device can support operator’s athletic ability (reduce load or increase
ability). The potential applications of power-assisting devices are covered from
assembly operation and outdoor work to muscle rehabilitation and sports train-
ing. Various power-assisting devices have been developed for supporting human
exercise capacity and the validation of these devices have been confirmed in many
experiments. On the other hand, for supporting human athletic ability accurately
and more effectively, many kinds of human models have also been developed to
estimate the states of human body (e.g. posture, speed, force, and so on). As
the background of this research, some typical power-assisting devices and human

models developed in past research are introduced in the following section.

1.1.1 Power-assisting devices

Power-assisting devices are classified into wearable devices and unwearable de-
vices. Table 1.1 shows some major characteristics of the developed power-

assisting devices.

Wearable devices

Wearable power-assisting device is also called Wearable Robot (WR) which has a
closest interaction with operator. Wearable devices are a person-oriented robots
and designed to wear around operators. Generally, wearable devices can be con-
trolled intuitively and have the same degree of freedom (DOF) of human body.

To our knowledge, the earliest research of wearable device was Yagn’s Running



aid proposed in 1890 M. In his invention, two large springs operating in parallel
to the legs were consisted to augment running and jumping. With the support
of the power from two springs, the length of stride can be increased. Although
Yagn’s mechanism was proposed to support human walking and running, at last
this device had not been built successfully. In 1960s, researchers at General
Electric Research and the Cornell University finally succeeded in construction of
Hardiman, a prototype full-body power-assisting device 2. It was a huge machine
with 30 hydraulic-driving DOFs and more than 680 [kg]. With the support of
motor power, it can amplify the power of operator’s arm and leg.

During the last two decades, with the development of robotics technology,
many kinds of actuators and sensors were used to develop power-assisting de-
vices. The most successful work in these researches has been Berkeley Lower
Extremity Exoskeleton (BLEEX), a exoskeleton for leg support, developed by
Prof. Kazerooni’s team at the University of California for Defense Advanced
Research Projects Agency (DARPA) program 4. BLEEX was powered by
internal-combustion engine and driven by hydraulic pumps. The force between
human and device was measured by many sensors to control the actuators in-
telligently. By minimizing the human load, BLEEX realized a high walking
and carrying capacity. Kazerooni’s team also developed another 6 DOFs power-
assisting device Hydraulic Fxtender for human arm assistant. This device can
arbitrarily amplify the output power of operator’s arm via measuring the force
data of human-machine and machine-object.

Wearable Energetically Autonomous Robot (WEAR) is another power-assisting
device of DARPA program, which was created by Sarcos Research Corporation .
Similar to BLEEX, the force between operator and device was measured to con-
trol the movement of device. Contrary to BLEEX, WARFE was driven by rotary
servomotor. It also achieved high moving and carrying capacity.

Unlike the active devices, some passive power-assisting devices also have been
developed for human motion support purpose. One type of these passive devices
was developed by Prof. Goldfarb’s team [0/, This device was designed to assist
the lower limb of spinal-cord-injury victim. Instead of active motors, brakes were
used to control the joint torque of hip and knee passively.

In Japan, for the upcoming aging society, many kinds of power-assisting de-



vices have been developed. The most famous one was Hybrid Assistive Leg (HAL),
a full-body power assist suit, developed by Prof. Sankai’s team at the University
of Tsukuba [, for performance-augmenting and rehabilitative purposes. The leg
construction of HAL supported the flexion/extension movement at the hip and
knee via DC motors. In distinction from BLEEX or WEAR, HAL’s system was
controlled by electromyography (EMG) signals. Skin-surface EMG electrodes
were placed below the hip and above the knee on both the front and the back
sides of the wearer’s body. Stable walking assistant has been realized using a dy-
namics human-device model of the human-device system. The most recent type,
HAL-5, is a full-body assistable device and can support the full-body motion,
both upper and lower limb.

Another device has been developed by the researchers at Kanagawa Institute
of Technology in Japan for assisting nurses during patient transfer . Pneumatic
rotary actuators were used to flex/extend the hips and knees joint. In order
to reduce the effect of electromagnetic noise in the hospital, a kind of muscle
hardness sensor was invented to measure the contraction of human muscles. This
device can determine the torque required at the joint using the muscle hardness
data and the joint angle information.

Using a kind of artificial pneumatic muscles, the McKibben actuators, Prof.
Noritsugu’s team at Okayama University developed many kinds of power-assisting
devices to assist each part of human body (e.g. leg, hip and arm) [ 1011 For
example the arm assisting device they developed named ASSIST, can control the
load in human joint via actuators and force sensors.

Prof. Kanaoka also have been developing a power-assisting device. Just like
Hydraulic Estender, it can amplify the power of human upper limb 2. The
expansion of lower limb was also developed to support standing and walking.

Other wearable power-assisting devices developed in Japan include HONDA'’s
Walking Assist Device '3 and Activelink’s Robot Suit 14,

Unwearable devices

Unwearable power-assisting devices were mainly developed for human-machine
collaborative work. The construction of most unwearable devices is not similar

to human body. The movement of these devices is not controlled by the operator



directly. Most of these devices can recognize the motion or intent of the operator
and use these data to decide the assist method. As a result, these devices can
support the motion and reduce the load.

One famous unwearable power-assisting device has been MIT-Manus. It was
developed by Prof. Hogan’s team at Massachusetts Institute of Technology in two
decades ago for rehabilitation purposes ). MIT-Manus calculates the driving
force by measuring the patients’ force. It is consisted of several modules. The
link structure and the range of movement of the robot arm can be changed to fit
for the treatment of patients. The clinical experiment in two decades proved its
effectiveness in neurorehabilitation. Prof. Furuso’s team also developed a similar
device for rehabilitative purpose 1. Instead of active motors, the joint torque in
this device was controlled by a type of ER brake passively.

The REHAROB project led by Prof. Zlatov, mounted some robot arms to the
human upper and lower arm for rehabilitation purpose ). They analyzed the
basic movement of rehabilitation treatment and control the robot arms to realize
it. By measuring the reaction force from operator, the movement of robot arms
can be adjusted automatically. In Japan, Yaskawa Electric Corporation devel-
oped a similar power-assisting device, dubbed TEM LX2 type D, for automatic
rehabilitation of leg '8l TEM is a 2-DOF robot arm. It can conduct the move-
ment of rehabilitation treatment automatically via the information measured by

angular and force sensors.

1.1.2 Human model and application

Human model is to estimate and measure the states of human body, thus applying
better human athletic ability support. For example, in the design of Perry’s arm
assist device or Kobayashi’s Muscle Suits, human model is used to consider the

201 Some biomedical signals measured

complex link structure of human shoulder
from human body were also used to control the power-assisting device by using
the human model, for example the electromyography (EMG) signal used in HAL
(Prof. Sankai et al.)["l and the muscle hardness used in Power Assist Suit (Prof.
Yamamoto et al.)l®l. For supporting human movement using a robot arm, Prof.
Shibada’s team proposed a method without using any force sensor ). The data

of EMG signal and human posture was used as a virtual force sensor to estimate



Table 1.1. Power-assisting devices
Assisting Control  Power

Device . Actuator
Part signal Source
Running aid [V ) ,
Lower limb - - Spring
(Yagn et al.)
Hardiman ©# .
. Full body - Electric Motro
(General Electric)
BLEEX 54 , _
_ Full body Force Hydraulic Direct Motor
(Kazerooni et al.)
Hydraulic Extender %
_ Arm Force Hydraulic Motor
(Kazerooni et al.)
WEAR % _
Full body Force Electric Motor
(Sarcos)
- HALIM
. Full body EMG Electric DC Motor
(Sankai et al.)

""" Power Assist Swit 9 | Muscle
ower Assist ot Lower limb Muscle Air Artificial Muscle
(Yamamoto et al.) hardness

 Muscle Suits 20|

e Ifz ° Upper limb - Air Artifical Muscle
(Kobayashi et al.)
""""""""" ASSIST [
] - - Air McKibben Actuator
(Noritsugu et al.)
Robot Suit 4] , . . :
o Lower limb  Joint angle Air McKibben Acturator
(Activelink)
MIT-Manus 19 .
- Force Electric Motor
(Hogan et al.)
REHAROB "] _
- - Electric Motor
(Zlatov et al.)
TEM LX type D 18 Eloctri Mot
- - ectric oto
(YASKAWA) . '




the output force from the human hand.

Additionally, some power-assisting research also used human internal model
(e.g. musculoskeletal model, and circulatory system model) to measure or esti-
mate internal state of human body for more accuracy support. The musculoskele-
tal structure has direct relation with human motion and load. It is the most nec-
essary in power-assisting device reseach. However, the musculoskeletal structure
of human body is very complex. Currently, various musculoskeletal models have
been developed to estimate the movement of human muscle. The most famous
models include SIMM (MusculoGraphics, Inc.) 21, AnyBody (Cybernet Systems
CO. LTD.) 4, LifeMod (LifeModeler, Inc.) 3l and ARMO (GSport Inc.) 4.
The validity of these models have been confirmed from many research methods.
Using these musculoskeletal models, in many power-assisting research, the load
of muscle was considered for human assistant. For example, in the research of
Prof. Komura at University of Edinburgh, a musculoskeletal model of arm was

used to show the states of patients’ body for remote rehabilitation purpose 2%

1.2 Research purpose

Currently, various power-assisting devices and assist methods have been devel-
oped. Most of these research methods focused on how to assist human motion
or force in joint torque level. However, in some cases, power-assisting devices are
also expected to support the muscle load individually, such as for muscle function
diagnostic, muscle force test and sport training.

In this dissertation, we proposed a novel method named Pinpointed Muscle
Force Control (PMFC), to control the load of selected muscles by using a
power-assisting device as shown in Fig. 1.1, thus enabling pinpointed motion
support, rehabilitation, and training by explicitly specifying the target muscles.
By taking into account the physical interaction between human muscle forces and
actuator driving forces during power-assisting, the feasibility of this pinpointed
muscle force control is analyzed as a constrained optimization problem.

This muscle force control is formulated as a constrained optimization prob-
lem. Driving force of power-assisting device is calculated based on minimizing
problem of muscle force estimation. A mathematical analysis obtains a closed-

form solution for a feasible set of desired forces for target muscles. This analysis



Figure 1.1. Pinpointed muscle force control

is more rigorous than the numerical iterative method.

We also developed a control system named Muscle Assist System (MAS)
to simplify the calculation and control of PMFC. Software sets and computes the
target muscle force and the driving power of device. The software is composed of
some modules based on the algorithm of PMFC method. Graphical user interfaces
are used in the software, thus makes it easy to configure, calculate and control
the target muscle force and driving power. As the hardware, two power-assisting
devices (a power-assisting suit and a robot manipulator) are used to control the
human force actually.

The proposed PMFC method is tested in simulation and experiments. In sim-
ulation, the control result given by power-assisting devices shows the possibility
of controlling the target muscles and the difference among each power-assisting
device. In experiments, surface electromyography (EMG) signals of target and
non-target muscles are measured. The validity of the PMFC method is confirmed

by comparing the change rates of the EMG signals and the estimated forces.



1.3 Dissertation organization

This chapter presents the background and the main goal of this research work.
It introduces the past research and explains why and where pinpointed muscle
force control is necessary.

The chapter 2 introduces an overview of the pinpointed muscle force control
method. It also presents some past methods of pinpointed muscle force control
and the algorithm using in this research.

The chapter 3 explains the detail of the pinpointed muscle force control
method proposed in this dissertation. Two calculation methods of joint torque
control and external force control are derived analytically for different degree of
freedom in assist device.

The chapter 4 introduces the configuration of the force assist system developed
in this research. The software of the this system is modularized and designed to
make setting and control easy. As hardware, two assist devices used in this
research, a power-assisting suit and a robot manipulator, are presented.

The chapter 5 and 6 present the results of simulation and experiments. The
results show the validity of the pinpointed muscle control method.

Finally, in Chapter 7, a conclusion terminates the dissertation by summarizing

the main contributions and giving the directions of future works.



Chapter 2

Pinpointed Muscle Force Control

2.1 Summary

The purpose of Pinpointed Muscle Force Control (PMFC) proposed in this re-
search is to control the load of a part of muscles selected by user, which has no
effect on other muscle and do not change the human’s posture or motion. Con-
sider a motion assisted by a power-assisting device. Let 7 € R be a total joint
torque vector needed for a target motion. At joint level, the resultant joint torque

7 is simply the sum of human torques and assist torques represented by:
T =1Th + Ta, (2.1)

where 7, € R™ is the human joint torque; 7, € RM is the torque generated by
a power-assisting device. M is the number of the control joints. Power-assisting
devices are designed as the interface to apply forces or torques to the user. The
torques created by the actuators are transmitted to the user’s body through
the joints. The joint-level effect is relatively easy to examine, by analyzing the
interaction between tow rigid link mechanisms, e.g., the human body and assisting
device.

However, the purpose of this research is to control the muscle force. At first,
it is necessary to know how large force the human muscle extorted. In bio-
informatics studies, many kinds of different ways that a muscle can generate

force have been found [26],

Some of these ways are active ways worked by nervous
control. However, one of these ways shows that muscle can also generate force
by stretching without nerve stimulation, just like a spring. By these active and
passive ways, without changing the muscle length and position, muscle can also
gain various force. An example of this would be the hold motion while having
different weight in hand. With contracting, muscle produces linear force. From
this linear force and the moment arm about the joint’s center of rotation, the

rotary motion and torque of human body are produced. The function of each
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Figure 2.1. Concept of muscle force control

muscle depends on its position. For example, as the main muscles of upper arm,
Biceps, Coracobrachialis and Brachialis can all work for flexing the elbow, but
Biceps brachii can also work for supinating the forearm and Coracobrachialis can
pronating it. All muscles product output force cooperatively and optimally 127
So it is possible to change the distribution of muscle forces by changing the joint
torque without changing the posture. The detail of this musculoskeletal model
and the muscle force estimation method is explained in Appendix A.

The concept of PMFC is to control a power-assisting device such that a desired
set of muscle forces is realized as illustrated in Fig. 2.1. The upper part of
Fig. 2.1 illustrates the scheme where the distribution of subject’s muscle forces is
estimated from posture measurement. If the joint torque is controlled precisely,
only a part of muscles force would be changed without effecting on other muscles.
The main problem that have to be solved in this research is to obtain the joint
torque and control it. The bottom part of Fig. 2.1 shows the idea of the muscle
force control; the flow is basically the inverse of muscle force estimation, where

desired muscle forces are given, e.g. based on nominal muscle forces without
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assisting, then the joint torques that the power-assisting device generates are
calculated. However, this muscle force control at the level of individual muscles
is not straightforward. Excluding direct stimulation of individual muscles, the
distribution of muscle forces are indirectly controlled through the modification of

a limited number of joint torques by power-assisting devices.

2.2 Past control methods

In past research, two methods have been proposed to solve this problem to calcu-
late the joint torque to realize the desired force of target muscle. One method is
to simplify the human musculoskeletal model to make the calculation easy. The

other one is to search the solution in iterative calculation.

2.2.1 Model simplification method

For getting the relation between muscle force and joint torques, a method to
simplify the musculoskeletal model was proposed. For a detailed musculoskeletal
model (e.g. the model in this research shown in Appendix A), the number of
muscle forces and joint torques is too large to get the relation between their from
the muscle force estimation problem defined as (2.11). However, a lot of simplified
human musculoskeletal models have also been developed, and the verifications
were confirmed by experiments.

Figure 2.2 shows a well-used simplified musculoskeletal model, which is pro-
posed by Prof. Kawato 28/, Table 2.1 shows the moment arms of each muscle.
In this model, using the same muscle force estimation method introduced in Ap-

pendix A.3, the muscle force can be calculated by solving following optimization

problem.
u(f)=>_ f; — min, (2.2)
= Af;
such that: fj Zo(j:LQ, ,6),
where f = [f1, fo, -+, f6]* is the muscle force vector of all 6 muscles. 7 = |1, 7o]”

is the joint torque vector for shoulder and elbow joint. A is the moment arm

11



Shoulder Elbow

Figure 2.2. Simplified musculoskeletal model

Table 2.1. Moment arms of simplified model

a1 Gz a4z G4
Moment arm [cm] | 4.0 2.5 3.5 2.8

matrix of all muscles defined as:

A = _al —a; 0 0 a1 —aq
B 0 0 s —QA9 a3 —Aas
B _0.040 —0.040 0 0 0.028 —0.028
B 0 0 0.025 —0.025 0.035 —0.035|

The solution of this estimation problem is:
When 71 > 0,

if (71/72 < —0.53 or 71 /70 > 0) : else:

{f121457'1+]_1367'2 {flO

fao=0 fo=—21.451 — 11.367,
if (=243 <7/m <0): else:
{fl — 7107 — 17.287 {fl ~0
fa=0 ’ fy = 7.107, + 17.287
if (11/72 <0orm/m>320): else:
fs = 5.077 — 16.237 fs=0
fs=0 ’ fo = —5.07m + 16.237;

12



else when 71 < 0,

if (—0.53 <7 /m<0): else: (2.7)
fi = 21457 + 11.367 fi=0
fo=0 ’ fo = —21.457 — 11.367

if (11/m < —2.43 or 71 /73 > 0) : else: (2.8)
fi=—-7101 — 17.287 fi=0
f2=0 ’ fo = 7107 + 17.287,

if (0<m/m <3.20): else: (2.9)
fs = 5.07r, — 16.237 fs=0
fo=0 ’ fo = —5.077 + 16.237.

This solution gives all relations of muscle force and joint directly. Using this
relation, target muscle force can be designed arbitrarily. However, designable

muscle force and the design accuracy are limited by the simplified model.

2.2.2 Iterative calculation method

In order to be able to control more muscles force and to control the muscle force
more accurately, an iterative calculation search method was proposed to calculate
the joint torque from the force of target muscle which user designated 2.

As shown in Fig. 2.3, in this method, joint torques were changed in each
search loop until the estimated force f.; is close to the desired force f;;. An
evaluation function v(f.,) was used in this method to minimize the difference to
target muscle force as follow:

N
o(fe,) = ]i[ |ff_f’*| x 100%, (2.10)
j=1  Jmax;
where N is the number of muscles. The difference between estimated and target
muscle force was regularized with the maximum muscle force fyax;-

In this method, detailed musculoskeletal model was used which made PMFC
more accurate. However, since the number of variables (muscle forces and joint
torques) is very large, it has to take a considerable long time to find out the best

solution. Table 2.2 shows the computation time to the number of movable joints

13
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Figure 2.3. Iterative calculation search method

Table 2.2. Computation time of search method
Movable joints 1 2 3 4 5 6 7 8
Average time [s] | 88.9 | 159.6 | 424.1 | 408.0 | 378.2 | 488.3 | 720.5 | 447.0

by using this method. If only one joint was controlled, about 1.5 minutes was
needed for getting the best torque. If the number of joints was more than 3,
above 7 minutes was needed to find out the solution. Therefore, this method is

not practical to set and does not confirm whether the target is realizable.

2.3 Algorithm of this research

In this research, for maintaining the accuracy of muscle force control, detailed
complex human musculoskeletal model is used. Instead of using the iterative
calculation method, we propose a mathematical analysis method to make target
muscle force design fast and accurate. A following four-step algorithm is used to

control the selected muscles force arbitrarily.

Step 1 - Posture measurement: In this step, the body posture is measured

and the operating load, joint angle and torque are calculated.

Step 2 - Unassisted muscle force estimation: From the human posture and
the joint torque, the muscle force fy without using the power-assisting de-
vice (i.e. T, = 0) is estimated by Crowninshield’s method [*7 defined as

following muscle force estimation problem, hereafter called nominal muscle
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Figure 2.4. Muscle force control algorithm in this research

force.

u(f) = % (gjj) — min, (2.11)

such that:
Jminj < fj < fmaxj (=1, M)
where u(f) is the cost function. A is a moment arm matrix of the muscles.
S; is the physiological cross sectional area (PCSA), and fiax; = €5; is the
maximum muscle force for muscle j. ¢ = 0.7 x 10°[N/m?| was given by
Karlsson % and S; found in B are shown in Table A.l. fi; = 0,V] is
used. Also, a quadratic cost function, i.e. r = 2, is used for simplicity. The
detail of the musculoskeletal model and the muscle force estimation method

used in this research will be introduced in Appendix A.

Step 3 - Designation of desired muscle forces: Based on f, estimated in

Step 2, the desired forces of target muscle f;, € RN are set by:
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where N; is the number of target muscle (N; < N), v, is a rate of change
for muscle j, fo; is the normal muscle force of muscle j. The feasibility is
checked based on constrained optimization problem. Then, if all fj are
feasible, other muscle forces are designated and the desired joint torque 7,

are calculated.

Step 4 - Control of power-assisting device: Finally, the joint torque and the
driving force are calculated to compensate for a difference between 7 and

Th-

In this research, any method and device can be used for the human posture
measurement (Step 1), for example the 3D motion capture device used in this
research. Therefore, the explanation of this step is omitted in this dissertation.
The muscle force estimation (Step 2) used in this research is based on the Oya’s
model ?) and Crowninshield’s method. The detail of the estimation method is
described in Appendix A. How to designate the desired muscle forces (Step 3)
and how to control the power-assisting device (Step 4) to realize these forces are
the main problem in this research work. Next chapter will introduce the detail

of these two steps.

16



Chapter 3

Muscle Force Control Methods

This chapter describes the detail about how to designate the desired force of target
and non-target muscles, and calculate the driving force of power-assisting device.
The desired muscle force f; is designated based on the nominal muscle force fy
estimated by minimizing the cost function defined as (2.11). Two methods were
proposed in this research to control the force of target muscles. At first, we
consider the case where all joint torque of human body was controlled to realize
the target muscle force for simplifying the designation and calculation. However
most power-assisting devices can only drive a part of joints. Using the result
calculated in this method would reduce the control accuracy. Next, an advanced
method was proposed by taking into account of the degree of freedom (DOF) of
power-assisting device to solve this problem, which does not need to control all
of the human joint torques, but control a subset. Hereafter, the former is called
as (1) full-DOF control method, and the latter is called as (2) low-DOF

control method.

3.1 Classification of muscle force

Based on the muscle force f, the N muscles are classified into two groups: active
muscles and inactive muscles. The active muscles correspond to the elements
having non-zero values (f; > 0) in f ( fe f), and the inactive muscles correspond
to zero elements (f; = 0). Let N < N be the number of the active muscles, and
N — N be the number of the inactive muscles. In our pinpointed muscle force
control method, the inactive muscles are kept inactive even after control. The
active muscles are further divided into two portions: target muscles f; and
non-target muscles f,. If the number of target muscle is N; and the number
of non-target muscle is N,, Ny + N,, = N. f+ is of interest for control. The
desired rates of change are explicitly set by user and the power-assisting device is

controlled to realize it. On the contrary, f,, is not of interest for control; the forces
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of the non-target muscles may also be changed due to the physical coupling among
muscles. The muscle force of f,, keep the same values, e.g., tries to minimize the
changes of the force of non-target muscles.

Without the loss of generality, the order of the N muscles may be permutated
according to the three groups: target, non-target, and inactive muscles, for the
simplicity of description. Let f = [fT, f7]7. The force vector f is defined as:

- ft| --- target muscles;
f= f = fn -+ - non-target muscles; (3.1)
0 0| --- inactive muscles.

Note that the actual values for f,, are not determined at this point. The moment

arm matrix A is permutated accordingly.

Ay
AT — {i“} = |A,], (3.2)
v Av

where A, and A, are the moment arm matrix of active and inactive muscles. A;

and A,, are the moment arm matrix of target and non-target muscles.

3.2 Full-DOF control method

Considered that all of joint torques of human body can be controlled individually.
At first, the feasibility of desired forces of target muscle is checked. If the desired
forces is feasible, the desired force of non-target muscle is designated and the

driving force of power-assisting device is calculated.

3.2.1 Feasibility of muscle force control

First, the feasibility of desired forces for target muscle set by (2.12) is examined.
For simplicity, the inequality conditions f; < fuax; (j = 1,---, V) in muscle force
estimation problem defined as (2.11) are omitted. Since the entire muscle force

set is a solution of (2.11), according on Karush-Kuhn-Tucker theorem (32 1 the

!Please read Appendix B for the detail of Karush-Kuhn-Tucker Conditions.
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entire set of f must satisfy:

Vu(f)JrzMNhi(f)+2/\j+V9j(f) = 0; (3.3)
W) =0 (i=1,- M), (3.4
/\]g](f):O,/\]ZO,g](f)SO(jzl,Q,,N), (35)

where hi(f) =7, —al f, and g;(f) = —f;. a; € RY is a column vector of A.

a ) r—1 R
gff? = (g) = 55 (3.6)
oh;
agﬁ _17 jl = ]27
= (3.8)
0fa {o, ji # Jo-

Therefore, (3.3) is written as:

q=w(f)=ATp+ X, (3.9)
where q = [Cha T 7QN]T7 r = [Iula T 7[’LM}T7 and A = [)‘17' o aAN]T' w(*) is a
conversion function for f and gq.
1 1
g=w(f)=rS7f Y f=wl(q) =r —18—iqgrT, (3.10)

where S is a diagonal matrix consisting of the PCSAs shown in Table A.1,
S = diag([S1, -+, Sn]). When r =2,

a=u(f)=257f; f=uwllg)= 5% (3.11)

From (3.5), \; = 0 if f; > 0. When the number of elements of f; is N, the
following equation is obtained by the permutation of the rows of (3.9):

3 (3.12)
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where ¢ € RY and A € RV~ are non-negative, A, € RVM and A, €

RW-N)xM  For the nominal muscle force fo(= w™(go)), (3.12) is represented

q A, 0
= ATpo+ o — |2 = 15" o + | = . 3.13
do Ko 0 0} A, Ko X, ( )
For the desired muscle force f;(= w='(qq)) must satisfy:
] A, 0
qq = AT[J,d + Ay — qd = e g o] (314)
A, Ad

In the muscle force control method developed in this research, f; has to be
realized by applying the joint torque 7, from the power-assisting device. For
analyzing the feasibility of fy, the following theorem is derived from (3.13) and
(3.14).

Theorem: Feasible Desired Muscle Force

Suppose Ao exists, and also suppose Ja € RY such that:
Ao — A,a > 0. (3.15)

A feasible set of desired muscle force (f;) is represented by:
qi = qo + Ay, (3.16)

where a is a free parameter for defining the desired muscle, hereafter called

designate coefficient. a can be chosen freely if Xo does exist.

Proof:
It is enough to show the existence of gy and A, that satisfy (3.16) for the
proof. Let pg = po + o and S\d = 5\0 — A,a. These parameters satisfy (3.16)

since
G| _ |do+Aa
0 0
A ] . 0+_A o
= |- U T |- SCIRERE DI S TR Q% T |
AT T A, “Ao
A ] 0
= [ @) 4 | . 3.17
&(m o) (M—mw} (3.17)




Comparing (3.17) with the right of (3.14), g = po+c and Ay = Ag— A, . Since
(3.14) also satisfies (3.9) and the inactive muscle keeps inactive after assisted, all

elements of Ay must be positive, shown as (3.15).
U

In order to have non-negative values for all the elements of fy for (3.15), fu

must satisfy:

fae = Ufl(‘]dt) >0

(3.18)
= qu = qot + Ay > 0,

where qo; = w™'(fo;) and A; are normal force and moment arm matrix for the
target muscle respectively.

In addition, in order to guarantee the existence of a, fy must satisfy:
rank( A; ) = rank( [At Ath} ), (3.19)

From (3.1) and (3.16), the following equation is obtained by extracting with the

target muscle force and non-target muscle force.

Agqyr =g —qo0 = A (3.20)
Aqdn =d4dn — qQon — Ana, (321)

where fo, (= w™(qo,)) is the nominal force of non-target muscle. A, is the
moment arm matrix for non-target muscle. The solution a for (3.20) exists if
and only if (3.19) holds.

The feasibility of target muscle force fy is checked by (3.16), (3.18) and (3.19).
If v exists, fy is feasible. If a does not exist, fy is infeasible and need to be
reset. Equations (3.16), (3.18) and (3.19) are called the feasibility conditions
of the muscle force control. Theoretically, it is impossible to control over M
muscles since the degree of freedom of the muscle force control is not greater than
rank( A, ) < M. The other non-target muscle forces are not designated uniquely,
due to the lack of the degrees of freedom. Note that, each of the conditions has a
physiological meaning. In the PMFC method proposed in this research, if all of
the conditions are not satisfied, the control of the designated target muscles for
given fy is not feasible. Therefore, the change rates of the target muscle force ~

or the choice of the target muscles must be modified.
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3.2.2 Minimizing change of non-target muscle forces

If fy is feasible, the non-target muscle force fy, will be designated by (3.20). All

feasible sets of a can be represented by:
a=AAqy+ (I - A A)B, (3.22)

where 3 is a free parameter, which give a range of the non-target muscle forces.

Equation (3.21) is written as:

Aqdn = {dn — qon

= A«

= A {AAqu+ (I - A A,)B}

= A, AfAqy+ A, (I — AFA)B

= Y - Dg, (3.23)
where Y = A, A Aqy, D = —A,(I — AT A,). The change of the non-target
muscle forces (Aqqy,) is determined by the parameter 3. fq, is obtained by solving
following constrained linear least-squares problem (Appendix C) to minimize the

change.
I Agan [I’=]| Y — DB ||*— min, (3.24)

s.t. (3.25)
fdnj>0 (]:177Nn)7

where f,, is given by:
.fdn = w_l(qdn) = w_l(qO'rL + Aqdn) (326)

3.2.3 Calculation of joint torque

Finally, the desired joint torque 7, is given by:

T
Au fdt
A, 0
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Then the joint torque of power-assisting device 7, is calculated from (2.1):
Ty =T — Th. (3.28)

Here, the device joint torque 7, has the same size with human joint torque 7.
For using this method, all of the human joint have to be controlled by a power-

assisting device.

3.3 Low-DOF control method

In full-DOF control method, power-assisting device must have the same DOF as
the human body to control all human joint torques. However, limited by the
current technology, it is difficult to develop such power-assisting device. Most
power-assisting device can only control a subset of human joint torques, for ex-
ample for elbow or for wrist only. In order to realize the PMFC in these low-DOF
control devices, an advanced method is proposed. The designated muscle force
not only have to be feasible, but also must be able to be gained by the low-DOF
control device.

This method is based on the result of the full-DOF control method explained in
the previous section, but the joint torque of power-assisting device 7, is calculated
in kinematics by taking into account the DOF of the power-assisting device. (1)
At first, the relationship between human muscle force and device driving force is
derived to get the the set of muscle force that can be realized by power-assisting
device. (2) Then, the designate equation (3.16) and the feasibility conditions
(3.16), (3.18), (3.19) is used to get the subset of muscle force by that target
muscle force can be realized. (3) Finally, the optimum muscle force is decided
from this subset while minimizing the effect for other non-target muscle. However,
in order to make this low-DOF control method computable, the index number 7 in
(2.11) have to be fixed to 2. Currently, other index number or other muscle force
estimation method cannot be used for this method. The following subsections

will give the detail of the derivation of this method.

3.3.1 Muscle force and driving force

Consider a power-assisting device, which can control only the subset of force and
joint torque of human body. Let K be the DOF of device, which is lesser than
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the number of human joint M, K < M. The generalized force given by the
power-assisting devices is F, = [1y, 7o, , f1, fo, |1 € RE. (11,79, +) are the
joint torques directly controlled by the devices; and (fi, fo, - ) are the forces
from the devices. Note that control with more than one device is forbidden in

RKxM

this method. Using F, and its Jacobean matrix J, € , Tq 1s calculated in

kinematic as:
17,=J!'F,. (3.29)

The human joint torque 7 is controlled by power-assisting device. From (2.1),

the first constraint condition of (2.11) can be represented as:
™ = Af (3.30)
= T+ T, :To—{—JeTFe.
Using (3.30) as a new constraint condition in muscle force estimation problem
(2.11), the muscle force f can be estimated from device power F, directly, without
using the joint torque 7.
However 7, has a different size of F, due to K < M. The same method in
full-DOF control can not be used to designate the target muscle force because

the muscle force with assist f; is limited by F,.. The relationship between human

muscle force f; and device driving force F, have to be derived first.

3.3.2 Feasible muscle force

Consider two feasible muscle force with and without assist, fy and f;. qo = w(fo)
and g4 = w(fy). If these two sets of muscle force are feasible, the change of g

with and without assist can be calculated form (3.16) as:
Ag=qi—q=A"a. (3.31)
Therefore, the change of muscle force is:
Af = wl(Aq) = 352(1 _ ;S2ATa. (3.32)

The index number r of muscle force estimation problem (2.11) is fixed to 2 here
for keeping the linear relation between f and q. This change of muscle force A f

is applied by power-assisting device.

AAf=1i—Ty=J'F,. (3.33)
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Substitute (3.32) into this equation and the designate coefficient ax can be rewrit-

ten in F, as follow:
A(;SQATa) = JI'F,
[;ASQAT]a _ J°F,
=>a = [;ASQAT]—lJZFe; (3.34)

where A is a M x N matrix, S? is a N x N matrix and (AS?AT) isa M x M

matrix.

rank( A) = M,rank(S*)=N,M < N
= rank( AS?A” ) = min (rank( A ), rank( §? ), rank( AT ))
= M. (3.35)
Therefore (AS?AT) is a full rank and the inverse matrix is exist.

Substitute it into (3.31) again, Aqg can also be obtained from the driving force

F, of power-assisting device as follow:

Ag=ATa=A". [;ASQAT]‘lJeT F.. (3.36)

Aq can be divided into Ag; and Agq, according to the target and non-target
muscle as:

Ag; = A - [;AS2AT]‘1JET F. = G\F,; (3.37)

Ag,= A, - [;ASQAT]lJeT F.=G,F.. (3.38)

where G, = A,[LAS?AT) 1 JT and G, = A,[LAS?AT] 1T

3.3.3 Minimizing changes of non-target muscle force

Agq; is known value for target muscle (Ag; = w(Af;)) , which was set in (2.12).
Therefore, the generalized force of power-assisting device F, can be determined
by Agq; as follow:

F.=G{ - Aq+(I-G/G)B, (3.39)
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where B is a free parameter which give a range of the non-target muscle realized
by the driving force F,. Substitute it into (3.38), the change of non-target muscle
force Agq,, (= w(Af,)) can be represented as:

Aqn = GnFe
= G.G -Aq+ G, (I -G}G,)B. (3.40)
Rewrite (3.40) with f; and f,,, and the change of f,, can be given by f; as following
designate equation.
Af.=Y -Af,— D, (3.41)
Y = S%A,[LAS? AT JT A [LAS? AT TS
D=-158%4,[1A82AT1JT
(I - AJ[LASAT ' T A[LAS2 AT D).

The non-target muscle force fy, is calculated by minimizing this change. The
similar method of (3.24) is used by solving a constrained linear least-squares
problem. The feasibility conditions for (3.34) used in full-DOF control method
(3.16), (3.18) and (3.19) is also applied in this method for fg;. These feasibility

conditions are defined as follow, which are rewritten by the known nominal muscle

force fy and desired force of target muscle Afy (= (v — 1) for).

1. The resultant muscle force of the non-target muscles remain positive if

Jno+Afn > 0; (3.42)

2. fa for the target muscles is completely realized if
rank( A; ) = rank( [At (2572Aft)] ); (3.43)
3. The inactive muscles keep inactive if
A
A, [ '
A,

Proof of the designate equation (3.41) and the conditions (3.42)-(3.44) is can
be done by the similar method of full-DOF control (3.17).

S2Afor

A,S’Af, < 0. 3.44
s2af,) 00 .
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3.3.4 Calculation of driving force

Using the designated Af = [AfL, AfT 07]7, driving-force of power-assisting

device F, can be calculated from (3.32) as follow:

F. = J'TAAf

= JTA AL (3.45)

Unlike the full-DOF control method that in this low-DOF control method, any
device can be used to realize the target muscle force f, even though the power-

assisting device can not control the the human joint torques absolutely.
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Chapter 4

Muscle Force Control System

We also developed a system named Muscle Assist System (MAS) to control muscle
force using PMFC method we developed. This Chapter introduces the configu-

ration of the software and hardware used in this research.

4.1 Software

Control software calculates and controls the driving force of power-assisting device
using the posture and the load measured from the human body. It also simulates
the pinpointed muscle force control. The configuration of software is shown in
Fig. 4.1. Depending on the muscle force control algorithm introduced in section
2.3, this software is also composed of four modules: the posture measurement
module, the muscle force estimation module, the muscle force designation module

and the device control module.

Posture measurement module

Any motion capture device may be used in the PMFC method. As an example,
Mac3D system (NAC Image Technology, Inc.), a motion capture device, is used
to measure the body posture in this research. Measurement software (EvaRT)
reproduces the posture of the subject as 3 dimensional positions of the markers

attached on the subject and calculates joint angles.

Muscle force estimation module

Joint torques are calculated by substituting the obtained joint data for a muscu-
loskeletal human model described in Appendix A. This skeletal model provides
the moment arms and lengths of muscles, then Crowninshield’s method?” is used
to estimate the nominal muscle forces for the given posture. This estimation is

solved by a quadratic programming written in C. The estimation speed is about
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Figure 4.1. Configuration of muscle force control system

200[Hz]. This obtained muscle forces are used for the designation of muscle force

in the following module.

Muscle force designation module

The target muscle force is set by given the rates of change for target muscles ~;
using a graphical user interface. Before designating the desired force of non-target
muscle fy,, the feasibility of this desired force of target muscle fy is checked using
the method described in Chapter 3. If the given set of f; is feasible, the non-
target muscle force f,, is calculated by solving a least-squares linear optimization

problem using the method explained in Appendix C.2.

Device control module

This module calculates driving-force of the power-assisting devices from the des-
ignated muscle force f;. Power-assisting devices are control in feedback method.
The measured data (e.g. force, position) from sensors equipped on the devices is
used to calculate the control value via PID controller. When the number of actu-
ators is larger than the DOF of power-assisting device, optimization calculation

is also used for obtaining the best force set of actuators.
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4.1.1 User interface

Figure 4.2(a) shows the main control window of this software. The body posture
measured by posture measurement module is displayed in this window using 3D
CG model in real-time. The result of the muscle force estimation is displayed in
a graph. Figure 4.2b shows the result window.

The body posture can also be set off-line by changing the joint angles using
slide bars. The muscle force in the posture set by a user can also be calculated.
The design dialog window shown as Fig. 4.2(c) is used to set the rate of change
~. The result of muscle designation can also be displayed as a graph in the result
window. Finally, it controls the device to obtain the driving-force calculated by

the device control module.

4.2 Hardware

In this research, two power-assisting devices are used to confirm the validity of
the method, a wearable device (a power-assisting suit) and an unwearable device
(a robot manipulator). Note that, based on the pinpointed muscle force control
method proposed in Chapter 3, other power-assisting devices can also be used to

control the muscle force.

4.2.1 Wearable device

In order to control the muscle forces of human right upper limb, a wearable power-
assisting suit shown in Fig. 4.3(a) has been developed. 8 McKibben pneumatic
actuators are used in this device to apply 4 degrees of freedom (DOFSs) torques
of the right arm, 1-DOF of the elbow joint and 3-DOF of the wrist joint. Both
ends of each actuator are attached to plastic frames which are then attached
to the body by velcro tapes. Although this paper refers this robotic device as
“exoskeleton,” this device, unlike other exoskeleton mechanisms, does not have
any rigid frames but flexible pneumatic actuators for safety reasons.

The pneumatic actuator shown in Fig. 4.3(c) with 20 [mm] diameter, maxi-
mum pressure of 0.4 [MPa], and maximum force of 60 [N] is used. This actuator
contracts when pressurized by a compressor controlled by an electropneumatic

regulator. The actuators are also modeled as wires and integrated with the human
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kinematic model as shown in Fig. 4.3(b). The force of each actuator is controlled
by feedback (Proportional-Integral(PI) force feedback) control using a force sen-
sor. Force feedback control compensates for un-modeled nonlinear and dynamic
characteristics of the actuator. Figure 4.4 shows the response for a stair-case

reference.

4.2.2 Unwearable device

As an unwearable device, a 7-DOF robot manipulator (PA10, Mitsubishi Heavy
Industries) shown in Fig. 4.5 is used to control the muscle forces of the human
right upper limb. The tip of the manipulator can be transferred to all 3 directions
and rotated on all 3 axes. A handle is designed and mounted into the tip of the
manipulator in order to grasp it easily. A force sensor is set into the centre of
this handle to control 3 axes force in user’s hand. Origins of both handle and
force sensor are aligned. It makes the measurement of the external force easy and
accuracy. Appendix E will show the construction of this handle.

Limited by the measuring range of the force sensor used in the handle, maxi-
mum force of each axial applied by this robot manipulator is given as 5 [kgf] (=
49.05 [N]). Feedback control is also used to realize the designated external force.
Figure 4.6 shows the control result of the force feedback control for a downward
30.0 [N] force. The dashed line shows target force; the solid line shows the con-
trolled force. In the stable period (e.g. 6-18 [s]), the control error was smaller
than 0.22 [N] and the control accuracy is high enough for human force control.

Contrary the power-assisting suit, this robot manipulator can apply large
range of movement and great output power. The control software limits the
movement and the output power to prevent runaway and dangerous for subjects.
In order to keep subjects safe, not only operator but also subject can stop the
system immediately when they sense any dangerous by using two parallel series

emergency stop switches. !

!The safeness of the device has been approved by Ethics Committee of NAIST.
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Chapter 5

Muscle Force Control Simulation

This chapter describes the results of muscle force control simulation. The human
posture (the angles of every joint) and the operating load are set to simulation
at first. Then the force change rate of target muscle ~; is set to calculate the
desired muscle force. If the muscle force is feasibility, the driving torque/force
would be calculated. The control possibility of target muscle will be analyzed
and the change of driving torque/force will be verified.

The PMFC method proposed in this research can be used to control any
posture. As an example, a posture shown in Fig. 5.1(a) is considered where the
elbow joint angle is 90[deg]. An nominal external downward force F' = 10[N] is
applied to the hand. Figure 5.1(b) shows the nominal muscle forces fy for this
designated posture and external force, where the horizontal axis of the graph
represents the number of muscles shown in Table A.1.

In this chapter, for testing the validity of PMFC, the following two cases are
examined: (1) control of a single muscle force and (2) simultaneous control of
multiple muscle forces. Then, (3) some power-assisting devices with different

DOF of control are examined to analyze the effect of non-target muscle.

5.1 Control of single muscle

Feasibe case

As an example, Brachialis (BRA., No.27) is considered as a target muscle in this
test. The desired muscle force for Brachialis is given as a half of the nominal mus-
cle force, i.e. fgo7 = 0.5 X foo7. Using the remaining DOF's of control, other muscle
forces are controlled to minimize the variation of change. Figure 5.2(a) shows the
incremental rate of change of the controlled muscle forces from the nominal mus-
cle forces. If a nominal muscle force and the controlled muscle force are the same,
this graph shows 100%. Similarly, this graph shows 50% if a controlled muscle
force is a half of the nominal muscle force. Black boxes represent the target mus-
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cles and white boxes represent the non-target muscles. The anatomical function
of Brachialis is flexion/extension of the elbow. This implies that a certain group
of muscles having the similar function for the elbow may change in consequence
of the control of Brachialis. As shown in the figure, Brachialis changed accord-
ingly, showing —0.5. However, other non-target muscles also changed due to the
coupling among muscles although this effect has been reduced minimally.
Figure 5.2(a) shows the change of joint torque before and after assist, that is
the joint torque of power-assisting device 7,. The horizontal axis represents the
number of human joint shown in Fig. A.1(b). The result shows that in order to
control the target muscle force, the joint driven by the target muscle have to be

controlled.

Impossibe case

Every muscle can be controlled in a certain range of change rate if it is not inactive
muscle and the nominal force of this muscle is not zero. However, if the change
rate 7y is too large, it will be deemed impossible by the feasibility condition (3.16)
or (3.44) due to effecting the inactive muscle.

As an example, if we set the rate of change for Brachialis (BRA., No.27) to 3
times of nominal muscle force, i.e. v97 = 3.0. Since the 97 is too large to satisfy
the feasibility condition, this change rate can not be realized in the simulation.
However, even if this case was deemed impossible by checking the feasibility
conditions proposed in this research, it may also be realized in other method, e.g.

using the iterative calculation search method introduced in Section 2.2.2.

5.2 Control of multiple muscle

Feasibe case

Figure 5.3(a) and 5.4(a) show the results when multiple muscle forces are con-
trolled simultaneously.

In the former example, desired force of Brachialis (BRA., No.27) and Flexor
Carpi Ulnaris (FCU., No.33) were given as 0.5 X foor and 1.5 X fo33, respectively.
Brachialis is for moving the elbow, and Extensor Carpi Ulnaris is for moving

the wrist. This simultaneous control is challenging, since Brachialis is supported
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but Flexor Carpi Ulnaris is trained by increasing the load. The result shows
that two target muscles were controlled independently, showing —0.5 and 0.5.
Similarly, other non-target muscles also changed due to the coupling among these
two muscles. Figure 5.3(b) shows the change of joint torque before and after assist
for this control. Main control is applied at elbow joint and wrist joint, which is
similar to the function of target muscles.

In the latter example, desired force of Pectoralis (PEC., No.2) was added for
0.6 X foo and three muscles are control simultaneously. The anatomical function
of Pectoralis is flexion/extension of the hummers. It is different from other two
muscles and the result shows that this target muscle was controlled individually.
Comparing with the former result, the force of other non-target coupling with
this muscles are also changed. Figure 5.4(b) shows the change of joint torque
before and after assist. With the increase of target muscle, more joint have to be

controlled.

Impossibility case

With the exception of impossible case of single muscle control, in multiple control,
it is also impossible if the target muscles are coupling to each other.

For example, consider Brachialis (BRA., No.27) and Brachioradials (BRD.,
No.28) as two target muscle. The function of these two muscles is to flex the elbow
joint. It is very similar, thus these two muscles are strongly coupled. Therefore,
the same desired rate of change should be given to them. So these two muscles
cannot be controlled with a large different of change rate at once, for example
giving the desired as 0.5 x foor and 1.5 X fgog.

5.3 Effect from DOF of power-assisting device

The Effect from the DOF of power-assisting device was tested to confirm the
validity of method proposed in Section 3.3. As an example, four power-assisting
devices with different DOF are examined to investigate the controllability of
target muscle and the effect of non-target muscle. Each device can support a
subset of 10 DOFs of human upper right body: 7 DOFSs are joint torque of arm
and 3 DOFs are tip force in human hand.
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- Device 1: The device applies 3-DOF forces to hand, e.g. using a robot

manipulator.

- Device 2: The device applies 3-DOF joint torques to elbow and wrist joint,

e.g. using a power-assisting suit.

- Device 3: The device applies 6-DOF forces (3-DOF forces to hand and 3-
DOF joint torques to elbow and wrist joint), just as using Device 1 and 2

simultaneously.

- Device 4: The device applies all 7-DOF joint torques of human arm includ-

ing wrist, elbow and shoulder joint.

Figure 5.5 shows these device and DOF of control. The Jacobian Matrix of each
device was also be checked, and the really controllabe DOF is same as the DOF
of control the posture in this simulation (fepe, = 90[deg]). Black means it is a
joint with control and gray means it is free joint. The average value of the change
rates for non-target muscle are calculated represent the effect for each device.

Hereafter the average value is called as effect rate v, which is defined as:

(Aﬁ) x 100%. (5.1)

V= —
Nj: ij

1
Three target muscles were controlled independently, Flexor Carpi Ulnaris (FCU.,
No.33), Biceps (BIC., No.25) and Deltoideus (DEL., No.17). The desired force
for each muscles are given to 1.5 times of nominal force, v; = 1.5.

Figure 5.6 shows the results of average rate of each device. v = 0 means
the device cannot realize the desired muscle force of target muscle. Figure 5.6(a)
shows that each device can realize the desired muscle force of Flexor Carpi Ulnaris.
The effect for non-target muscles was reduced with the increase of control DOF.
Figure 5.6(b) and 5.6(c) shows that Device 2 cannot realize the desired muscle
force of Biceps and Deltoideus. It is because of that Device 2 can control elbow
and wrist joints, but cannot give any force to the muscle of shoulder since one
function of these 2 muscles is to move shoulder. For other devices, a similar result
was obtained. Especially, all the results of Device 1 (tip force control) show that

desired muscle forces of every muscles can be realized. This is because of that the
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Figure 5.6. Effect of the DOF of power-assisting devices

tip force in human hand can change all joint of human manipulator. However,
since more than one joint torque were changed simultaneously, the effect rate of
non-target muscle is larger than other device.

These results show that, the device with low-DOF also can be used for PMFC
using the method proposed in Section 3.3. However, for realizing the desired

force, the device need to have the same function with the target muscle.
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Chapter 6

Muscle Force Control Experiment

Muscle force control experiments for the same posture used in simulation (Fig.
5.1(a)) are conducted by using the wearable and unwearable robotics device in-
troduced in Section 4.2. Surface electromyography (EMG) signal are measured in
each experiments to validate the tendency of muscle force change (e.g. increase
or reduce). The measuring and the processing methods of EMG is introduced in
Appendix D.

In this chapter, we verify the accuracy of muscle force estimation used in this
research at first. Then two power-assisting devices are examined to control the
muscle force using the PMFC method. Finally, two power-assisting devices are
used simultaneously to check the effect of the different DOF of power-assisting
device for PMFC.

6.1 Accuracy of muscle force estimation

The validity of the muscle force estimation used in this research (described in
Appendix A.3) is confirmed by comparing the change rate of EMG signals and
that of the estimated result. In this experiment, 1[kg|, 2[kg] and 3[kg] load are
applied to the hand of subjects by holding iron dumbbells and the elbow joint
is flexed to 90[deg] as used in simulation (Fig. 5.1(a)). The EMG signals of
three muscles, Brachialis (BRA), Brachioradials (BRD) and Flexor Carpi Ulnaris
(FCU), were measured. The EMG measurement positions for each muscle are
shown in Fig. D.1. The data of 3]kg] was considered as the base value, which was
used to calculated the change rate of muscle forces in simulation and EMG signals
in experiments. The accuracy of muscle force estimation is shown by estimation

error, which is defined as the different of these two change rates.
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Table 6.1. Difference of muscle force change
( Difference = |Desired — Measured| )

Muscle | BRA BRD FCU @ Avg.
1[kg] 8% 2%  16% = 9%
2[ke] 4% % 1% 1%
,,,,,,,,,, ske) | - - - -
Avg 6% 5% 14% @ 8%
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Result

Each experiment was conducted for eight male subjects. Each weight was tested
five times for every subject. Ten seconds EMG data was measured in each test
and five seconds stable data was used to analyze the change of human muscle
force. Figure 6.1 shows the result of change rates. White boxes show the change
rates of muscle force estimated from musculoskeletal model; Black boxes show
the average change rates of EMG signals measured in experiments. Error lines
show the standard deviation (SD) of eight subjects.

As shown in the graphs, same changing tendencies were obtained by comparing
the change of EMG signals and estimated value. Table 6.1 shows the difference of
change rate between simulation and experiment. The average error for Brachialis
was 6%, for Brachioradials is 5%, and for Flexor Carpi Ulnaris was 14%. The
average error for all experiments is 8% and the maximum error was 16%. The
error between simulation and measurement was small enough. It shows that the
musculoskeletal model is valid and can be used in rough muscle force estimation.
However, EMG signal are not accurate enough to measure the amount of change
since the relation between the magnitude of muscle force and the one of the

corresponding EMG signals is not necessarily linear.

6.2 Wearable device

In this experiment, the power-assisting suit introduced in Section 4.2.1 was used
for examining the PMFC method. In this experiment, the target muscles are set
to Brachialis (No.27), Brachioradials (No.28), and Flexor Carpi Ulnaris (No.33).
Eleven sets of desired change rates were given as shown in Table 6.2 for con-
trolling three target muscles independently. For example, Experiment I, J are
to support only Flexor Carpi Ulnaris, Experiment C, G are to support only
Brachialis and Brachioradials, and other Experiments are the mixture of support
and training for these three target muscles. Since Brachialis and Brachioradials
are physiologically coupled, these two muscles are treated as a group and given
the same change rates. The feasibility for all the five experiments has been con-
firmed. Table 6.3 shows the target torques of elbow and wrist joints calculated

by muscle force control simulation, which are realized by the power-assisting suit

45



introduced in Section 4.2.1. Table 6.4 shows the driving force of each actuator in
power-assisting suit calculated by the device model shown in Fig. 4.3(b). Since
a antagonistic construction is used for each joint in power-assisting suit, only 4

actuators have to be controlled in each experiment.

Result

Each experiment was conducted for eight male subjects. Each control was tested
five times for every subject. In each control, ten seconds EMG data was measured
and five seconds stable data was used to analyze the change of human muscle
force. Figure 6.2 shows the results. White and black boxes show the desired and
measured changes of the muscle forces.

As shown in the graphs, all the tendencies of the change among the EMGs are
as expected. For example, in Experiment A-D, the desired muscle force change
rates of Brachialis (BRA) and Brachioradials (BRD) were fixed to 50% and the
changes of measured EMG signals for these two muscles were stayed within 67%
to 88%; Compared with this, the desired muscle force change rate of Flexor Carpi
Ulnaris (FCU) increased from 50% to 125% and the changes of measured EMG
signals for this muscle were increased similarly, from 70% to 101%. On the other
hand, in Experiment A, E and I, the desired muscle force change rates of Flexor
Carpi Ulnaris were fixed to 50% and the changes of measured EMG signals for this
muscle were stayed within 67% to 72%; the desired muscle force change rate of
other two target muscles are given as 50% and 100% and the changes of measured
EMG signals for these two muscles were increased from 71% to 84% and from
69% to 86%.

Table 6.5 shows the control error for each muscle in all experiments. The
average control error for all muscle forces were from 11% to 19%; for each exper-
iments were from 2% to 33%; and it for all experiments was about 15%.

These results show the validity of the PMFC method by using the wearable
power-assisting device. However, in some experiment (e.g., Experiment C and
D), the control errors for some muscles were not so small to obtain good control

accuracy due to the weak output power of the device.
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Table 6.2. Desired change rate of target muscle force

, BRA
Experiment FCU : BIC

BRD
A x50%  x50%  x101%
B x50%  x75%  x101%
C x50% x100% x101%
D x50%  x125% = x101%
E xT5%  x50%  x101%
F xT5%  xT5%  x101%
G x75%  x100% x101%
H x75% x125%  x101%
I x100%  x50% = x100%
J x100%  x75%  x100%
K x100% x100% = x100%

Table 6.3. Target joint torque

[Nim]

Experiment | Tpow  Twristt™  Twrist2™
A -1.27  -0.15 -0.22
B -1.15  -0.05 -0.08
C -1.02 0.05 0.07
D -0.90  0.16 0.21
E -0.76  -0.18 -0.26
F -0.64 -0.08 -0.12
G -0.51 0.03 0.03
H -0.39  0.13 0.18
I -0.25 -0.21 -0.29
J -0.12  -0.10 -0.14
K 0.00 0.00 0.00

* Dorsal and palmar flexion joint in wrist

** Radial and ulnar flexion joint in wrist
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Table 6.4. Output power of artificial muscles

Experiment

Fy

Fy

F3 Fy

F

Fs

1%

A

A= moH"Hggaw

7.78
7.02
6.26
5.50
4.65
3.89
3.13
2.37
1.52
0.76
0.00

7.36
6.64
5.92
5.20
4.40
3.68
2.96
2.24
1.44
0.72
0.00

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

0.64
0.35
0.00
0.00
0.62
0.32
0.00
0.00
0.59
0.30
0.00

8.61
2.93
0.00
0.00
9.98
4.30
0.00
0.00
11.36
5.68
0.00

0.00
0.00
2.65
8.11
0.00
0.00
1.32
6.79
0.00
0.00
0.00

Table 6.5. Control error in power-assisting suit
( Error = |Desired — Measured| )

Experiment | BRA BRD FCU BIC @ Avg.
A 21%  20%  20% 26% @ 20%
B 2% 17% 0% 13%  16%
C 2% 21% 2% 9% = 19%
D 36%  38% 24% 1% @ 33%
D 6% 1% 22% 14%  10%
F 3% 0% 2% 12% 2%
G 4% 2% 4% 6% @ %
H 23% 1% 17% 12% = 14%
I 15% 14% 1% 8%  15%
J 3%  18% 4% 6% @ 12%
K - - - - -

""""""" Avg. | 19% 4% 1% 1%  15%
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6.3 Unwearable device

In this experiment, the robot manipulator introduced in Section 4.2.2 was used
for examining the validity of PMFC method as an unwearable device. Deltoideus
(No.17) and Biceps (No.25) were set as target muscles. The desired change rates
of target muscles were given as shown in Table 6.6. Experiment A was considered
as the nominal case. In this experiment, a downward force F, = 30[N] was applied
to the hand. All other change rates of Experiment B - G were based on the value
of Experiment A. Experiment B was only to control Deltoideus to 2.0 times.
Experiment C was only to control Biceps to 1.5 times. Experiment D gave a
mixture control to make both Deltoideus and Biceps to 2.0 and 1.5 times. On
the contrary, Experiment E, F and G were controlled to reduce the muscle force
individually or together. Experiment E and F were to control Deltoideus and
Biceps to 0.5 times of nominal muscle force individually. Experiment G was
to control both Deltoideus and Biceps to half of nominal muscle force together.
Table 6.7 shows the driving-forces in each experiments calculated in simulation,
which are realized by control the robot manipulator. X is front-back direction; Y

is left-right direction; Z is up-down direction.

Result

Each experiment was also conducted for eight male subjects. Same as other
experiments, in this experiment, each control was also tested five times for every
subject. Five seconds stable EMG data in all ten seconds measured data was
used to analyze the change of human muscle force. Figure 6.4 shows the results.
As shown in previous figure, the white boxes show the desired value and the black
boxes show the value calculated from the measured EMG signals.

In Experiment B, the desired muscle force of Deltoideus was given as 200% of
nominal muscle force and Biceps was not change after control; EMG signal results
also show that the change of Deltoideus was larger than Biceps. In Experiment
C, the desired muscle force of Biceps was given as 150% of nominal muscle force
and Deltoideus was not change. EMG signal shows the similar results that the
change of Biceps was larger than Deltoideus. Simuilarly, in Experiment D, the

desired muscle forces of Deltoideus and Biceps were given as 200% and 150%
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Table 6.6. Desired change rate of target muscle force

Experiment | Deltoideus (No.17) Biceps (No.25)
A x100% x100%
B x200% x100%
C x100% x150%
D x200% x 150%
E x50% x100%
F x100% x50%
G x50% x50%

Table 6.7. Control force of robot manipulator
Experiment | Fix [N] Fy [N] Fyz [N]
A 0.00 0.00  -30.00
-38.87 147  -32.99
19.87  -0.73  -48.17
-1895 170  -51.33
19.35 -2.56  -28.18
-19.92  -0.30 -11.64
-0.54 -2.34 -9.92

QHmHOOQw

Table 6.8. Control error in robot manipulator
( Error = |Desired — Measured| )

Experiment | Deltoideus (No.17) Biceps (No.25) = Avg.
B 9.5% 281% 18.8%
C 43.9% 17.0%  304%
D 57.5% 75.1%  66.3%
E 14.0% 122%  13.1%
F 10.2% 137%  11.9%
G 7.7% 45% 6.1%

- Ave. | 238% 25.1%  24.4%
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times of nominal muscle force. The results of EMG signal show that two muscle
forces were both increased. In the other hand, in Experiment E, F and G, EMG
signal results are also shows that all the tendencies are as the desired muscles
force.

The control errors of change rate between desired muscle force and the mea-
sured EMG signals are shown in Table 6.8. The average control error of Del-
toideus and Biceps were 23.8% and 25.1%. The average of all experiments is
24.4%. These results imply that the decrease and increase of target muscle force
could been realized not only by simulation but also by experiments. The validity
of the PMFC method is also confirmed by using the unwearable power-assisting

device.

6.4 Multiple device

In the experiment shown in Fig. 6.5, more than one devices were used to con-
firm the effect from the DOF of power-assisting device. A power-assisting suit
(1I-DOF torque-controllable for elbow joint) and a robot manipulator (3-DOF
force-controllable of human hand) were used. Biceps (No.25) was set as target
muscle. Through the simulated calculation, the desired change rates of this target
muscle was fixed to 70%, which can be realized by each device. Same as other
experiments, a downward force F, = 30[N| was applied to the hand as the nom-
inal case. Two experiments have been conducted by using two devices singly or
simultaneously. In Experiments A, target muscle force was only controlled by the
robot manipulator. In Experiments B, target muscle force was controlled by both
power-assisting suit and robot manipulator simultaneously. In each experiment,
other three muscles, Deltoideus (No.17), Brachioradials (No.28) and Flexor Carpi
Ulnaris (No.33) were also measured for checking the change of non-target muscle.

Table 6.9 shows the average effect non-target muscle force in each control in
simulation. For comparing with experimental results, the effect only for measur-
ing three non-target muscles was also calculated. The DOF of the power-assisting
device used in Experiment B is larger than that in Experiment A. Therefore the
effect for non-target muscle in Experiment B is smaller than that in Experiment
A. Table 6.10 shows the target driving-forces and the joint torque in each exper-

iments calculated in simulation, which are used to control the robot manipulator
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Figure 6.5. Muscle force control using multiple device

and power-assisting suit.

Result

Each experiment was conducted for eight male subjects. Each control was tested
five times for every subject. Five seconds stable EMG data in all ten seconds
measured data was used to analyze the change of human muscle force. Figure 6.6
shows the results. As shown in other figure, the white boxes show the desired
value and the black boxes show the value calculated from the measured EMG
signals.

Figure 6.6(a) shows the change rates of target muscle. In both Experiment
A and B, the desired muscle force of target muscle was set to 70%. Though the
power-assisting device can not control the joint torque perfectly and the control
accuracy of Experiment B was lower than Experiment A, the same tendencies
was gained and the target muscle - Biceps has been supported in both these two
experiments as other single device control experiments. The change rate of target
muscle in Experiment A was 78% and that in Experiment B was 85%.

Figure 6.6(b) shows the average effect rate of three measuring non-target
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Table 6.9. Average effect of non-target muscle in simulation

Experiment

All non-target muscle

Measured non-target muscle

A B
1% 8%
2% 1%

Table 6.10. Control force and torque

Experiment | Fix [N] Fy [N] Fz [N]  Tupow|Nm|
A -0.41  -18.13 -10.84 -
B 092 -25.94 -3.36 0.96
150% : 50% _
[ |JEstimated [ |Estimated
Bl Measured 40% Bl Measured
[}
< 100% BC
g 0 u ! u F € 30%
2 3
@ £ 20%
& 50% w
Exp. A Exp. B Exp. A Exp. B

(a) Change rate of target muscle force

(b) Average Effect rate of non-target muscle

Figure 6.6. Result of multiple device control
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muscle calculated in (5.1). Same as the result estimated in simulation, the effect
of non-target muscle in Experiment A was larger than that in Experiment B.
Comparing Experiment B to Experiment A, with the increase of control DOF,
the average effect of non-target muscle is reduced from 24% to 21% in simulation.
In experiments, it also reduced from 15% to 12%. These results show that, same
as shown in simulation, high control DOF device can reduce the effect of non-

target muscle.
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Chapter 7

Conclusion and Future works

This dissertation proposed a Pinpointed Muscle Force Control (PMFC) method
to control the load of selected muscles by using the power-assisting devices, thus
enabling pinpointed motion support, rehabilitation, and training by explicitly
specifying the target muscles. By taking into account the physical interaction
between human muscle forces and actuator driving forces during power-assisting,
the feasibility of pinpointed muscle force control is analyzed as a constrained
optimization problem. Using the PMFC method, the driving forces of power-
assisting devices can be calculated via mathematical analysis of the minimizing
problem of muscle force estimation.

In order to designate and control the muscle force easily, a control system,
named Muscle Assist System (MAS), was developed. The software of this system
is composed of four modules: the posture measurement module, the muscle force
estimation module, the muscle force setting module and the device control mod-
ule. A power-assisting suit and a robot manipulator were used for controlling the
muscle force in this research. The driving forces of these robots were controlled
in feedback controller to realize the joint torque calculated by software.

In simulation, the feasibility of single and multiple muscle force control were
tested. Simulation result showed that single or multiple muscle can be controlled
by the pinpointed muscle force control method. Increasing the DOF of power-
assisting device may reduce the effect of non-target muscles. The method was
also tested in experiments by measuring the surface electromyography (EMG)
signals of target and non-target muscles. Similar tendencies of the change were
obtained by comparing the change of EMG signals measured in experiments with
the estimated change of target muscle force. Most controls are accurate enough
and the average control errors are 15% in wearable robotic device and 24.4%
in robot manipulator. The effect of non-target muscle from the DOF of power-
assisting device was also tested by using multiple devices simultaneously. The

result of EMG signal shows that the effect of non-target muscle was decreased
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if we increase the DOF of device, which is similar to the result calculated in

simulation. These results showed that the PMFC method we proposed is valid.

Future work of this research should mainly focus on the following area:

1. Test the method in more various postures and tasks and test more subjects
to confirm the PMFC. At present, due to the limitation in time and device,
only a few subject experiments were conducted. In the future, this PMFC
method has to be test in more subjects for longer period and for not only

static task but also active task.

2. Improve the muscle force design method to increase the control accuracy
and reduce the effect of non-target muscle. In the current method, in or-
der to enable to check the feasibility of the desired force of target muscle,
inactive muscle has to keep inactive, which limits design of target muscle
and increass the effect of non-target muscle. The main task in this area is
how to develop a design method to make these inactive muscle force can be

changed after control.

3. Develop a more efficient and user-friendly system. Power-assisting device
have to be designed more safely and easier to wear and operate. The control
software needs to be developed for simplifying target muscle force configu-
ration and designation. A easy to understand result display system is also

need to let user check the design and control results.

4. Investigate this method in clinical experiments and test its verification for

neurological diagnosis and treatment planning.
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Appendix

A. Musculoskeletal Model

This section describes the musculoskeletal model which was used for the muscle
force estimation. Musculoskeletal model is composed of skeleton model and mus-

29 s used. This model can be used to

cle model. In this research, Oya’s model
estimate the muscle force for static tasks or quasi-static motions of right upper

body.

A.1 Skeleton model

Skeleton model is used to obtain the position and direction of human bones in
kinematics. The structure of human bones is very complex. Bones are connected
to each other by joints. In many cases, the axis of joint is not fixed and changed
with rotation. Many research methods are studied for how to measure or estimate
the joint axis correctly. However, for uncomplicated movement, simplified model
can also get enough accuracy in low calculation cost.

In this research, a simplified skeleton model of the human upper-right limb
shown as Fig. A.1(a) was developed to calculate the position of each link and
the torque of each joint. This model consists of 5 rigid links with 12 joints
corresponding to the waist, neck, shoulder, elbow, and wrist. Figure A.1(b)

shows the coordination of each joint which is used for kinematic calculation.

A.2 Muscle model

Muscle is the contractile tissue of human, which is classified as skeletal, cardiac,
or smooth muscle. In musculoskeletal model, only skeletal muscle is considered
because only this type of muscle is anchored to bone and is used for effect skeletal
movement such as locomotion and in maintaining posture.

In this research, 41 muscles of the upper right limb are modeled as massless
wire. All muscles are anchored to bones from start point to through point and

end point. In order to estimate the muscle force accurately and easily, branched
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(a) Link constitution (b) Coordination

Figure A.1. Skeleton model of the right upper body
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muscle (e.g. Biceps, Deltoideus, etc.) and large muscle (e.g. Trapezius, Latis-
simus dorsi, etc.) are separated to two or three muscles. Eventually, 41 muscles
are modeled as 51 wires shown as Fig. A.2. Table A.1 lists the names and the
PCSA of all model we modeled.

A.3 Muscle force estimation method

Suppose that the human musculoskeletal model has M joints and N muscles.
Let f = [f1, f2,- -, f~]T be a contraction force vector of human muscles. The

relation between the human joint torque 7, € R™ and f are given by

aixr -+ N f1

m=Af=1|: .. e (A1)
apr -0 ApMN fN

where A is a moment arm matrix of the muscles. The element a;; denotes the
moment arm of muscle j for joint 7. a;; = 0 is given if f; does not affect on joint
1. Note that A is a function of joint angles and provided by the musculoskeletal
model in the previous section.

Generally human body has a redundant number of muscles than the number
of joints, i.e. N > M, which makes the estimation of muscle forces f from joint
torques 73, an ill-posed problem. Various optimization approaches have been

v 27,33, 34

proposed to model the principle of optimalit and to solve this problem

by minimizing a cost function. In this research, Crowninshield’s cost function 7

is used to solve this problem by minimizing a physiologically based criterion u( f)
as follows:
u(f)=>_

1

3 gf)r — min, (A.2)

J J

= Af;

Jminj < i < fmaxj (=1, M)

such that:

where S; is the physiological cross sectional area (PCSA), and fuax; = €5
is the maximum muscle force for muscle j. & = 0.7 x 10°[N/m?] was given by

Karlsson B% and S; are found in BY shown in Table A.1. V7, fun; = 0 is used.
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Table A.1l. List of Muscles in Musculoskeletal Model

No. Muscle Name PCSA [mm?]
1. Levator Scapulae 283
2. Pectoralis major Pars clav. 452
3. Pectoralis major Pars ster. 407
4. Pectoralis minor 487
5. Subclavius 200
6. Serratus anterior superior 700
7. Serratus anterior inferior 700
8. Trapezius superiof 530
9. Trapezius mediums 530
10. Trapezius inferior 530
11. Rhomboids major 314
12. Rhomboids minor 314
13. Latissimus dorsi superior 283
14. Latissimus dorsi mediums 283
15. Latissimus dorsi inferior 283
16. Subscapularis 1351
17. Deltoideus Pars clavicularis 863
18. Deltoideus Pars acromialis 863
19. Deltoideus Pars spinalis 863
20. Supraspinatus 521
21. Infraspinatus 951
22. Teres major 1020
23. Teres minor 292
24. Coracobrachial 251
25. Biceps brachii Caput longum 321
26. Biceps brachii Caput breve 308
27. Brachialis 840
28. Brachioradials 470
29. Triceps Caput longum 230
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Table A.2. List of Muscles in Musculoskeletal Model (Continue)

No. Muscle Name PCSA [mm?]
30. Triceps Caput mediale 230
31. Triceps Caput laterale 230
32. Anconeus 250
33. Flexor carpi ulnaris 626
34. Flexor carpi radialis 360
35. Palmaris longus 76
36. Flexor digitorum superficialis 1 309
37. Flexor digitorum superficialis 2 309
38. Flexor digitorum profundus 790
39. Flexor pollicis longus 336
40. Pronator quadratus 263
41. Abductor pollicis longus 263
42. Pronator teres 337
43. Extensor carpi ulnaris 200
44. Extensor carpi radialis longus 287
45. Extensor carpi radialis brevis 396
46. Digital extensor 485
47. Extensor digiti Minimi 181
48. Extensor indicis 178
49. Extensor pollicis longus 146
50. Extensor pollicis brevis 134
o1. Supinator 470
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B. Karush-Kuhn-Tucker Conditions

This section describes the Karush-Kuhn-Tucker conditions (KKT conditions)
used in the muscle force design. KKT conditions are necessary conditions for
general equality-inequality constrained problem which was published by Karush,
Kuhn and Tucker at 60 years ago.

At first, let us consider the following nonlinear optimization problem.
f(x) — min, (B.1)
gi(®) <0 (i=1,---,m);
hjx)=0 (G=1,---,0).

such that :

where f(x) is the objective function to be minimized, & € R" is the variable
vector with n elements. g¢;(x) are the inequality constraints and h;(x) are the
equality constraints. m and [ are the number of inequality and equality con-
straints.

Suppose that f(x), ¢g;(x) and h;(x) are differentiable at a point . If @ is
a minimum (or local minimum) which satisfies some regularity conditions, such

A€ R™ and p € R are exist as following:

V.L(x, A, 1) =V, f(T) Z \iVgi(&) + Elj 15V =0; (B.2)
gi(Z) <0\ >0, Ngi(2) =0 (i= ©,m)); (B.3)
hi(@)=0 (j=1,---,1)) (B.4)
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C. Optimization Problems

This section describes some special optimization problems and the solution meth-

ods used in muscle force estimation and designation.

C.1 Quadratic Programming Problem

Quadratic programming (QP) problem is a special type of mathematical opti-
mization problem which optimizes (minimize or maximize) a quadratic function
of several variables subject to linear constraints on these variables.

Quadratic programming problem is formulated as:

1
f(x) = §a:TQ:c + ¢’z — min, (C.1)
Ax < b,
such that :
Ex =d.

where f(x) is the objective function to be minimized, € R"*! is the variable
vector with n elements. Q is a n X n matrix, ¢ is a n x 1 vector. If the number
of inequality and equality constraints are m and [, A and E are m xn and [ X n
matrixes, b and d are m x 1 and [ x 1 vectors.

From optimization theory introduced in Appendix B, a necessary condition
for a point & to be a global minimum is to satisfy the Karush—Kuhn—Tucker
conditions. Using the KKT condition, we can find the dual of QP problem is also
a QP problem. Using Sequential Quadratic Programming (SQP) algorithm, QP

problem can be solved.

C.2 Constrained Linear Least-Squares Problem

Linear Least-Squares (LLS) is a computational approach to fitting a mathematical
model to data. It can be applied when the idealized value provided by the model
for each data point is expressed linearly in terms of the unknown parameters of
the model.

Constrained Linear Least-Squares (CLLS) is different from general Linear
Least-Squares problem. It is constrained by some inequality and equality con-

straints.

73



Quadratic programming problem is formulated as:

f(x) = |Cx — d||* — min, (C.2)
Ax < b;

such that :
Fx =d.

where f(x) is the objective function to be minimized, € R"*! is the variable
vector with n elements. C is a k X n matrix, ¢ is a k x 1 vector (where k is the
sample number). If the number of inequality and equality constraints are m and
[, A and E are m x n and [ x n matrixes, b and d are m x 1 and [ x 1 vectors.

(C.2) can be rewritten as followed:
flx) = |Cz—d| (C.3)

= (Cx—d)'(Cx—ad)
= {(Cx)" —d"}(Cx —d)
= (Cx)'Czx+d"'Czx+ (Cx)'d+d'd
= z2'C"Cx +d"Cx + (d'Cz)" +d'd
= z'{C"C}x +2d"Cx +d"d.

Since d”'d is a constant, just minimize the first two terms, f(x) can be minimized.

f(x) — min <= g(x) = 2" {C"C}x + 2d" Cx — min. (C.4)

This new optimization problem g(x) is a QP program introduced in Section C.1,

where Q = CTC and ¢’ =2d"C.
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D. Electromyography (EMG)

This section describes the electromyography (EMG) signal and the proceeding
method used in the evaluation experiments. Electromyography (EMG) is a tech-
nique to record and express the activation signals of muscles. This activation
signals of muscles are also called Myo-Electric Potential (ME potential), which
is generated by muscle cells when these cells are both mechanically active and at
rest. Two kinds of electrode is wildly used to measure the EMG signal. One is
needle electrode, which is stung into the muscle. The measured signal is called
as needle EMG signal. This method is invasive for human body however it has
high resolution, which is mainly used in clinical discipline, such as neuromuscular
disease. The other is surface electrode, which is pasted on the skin surface. The
measured signal is called as surface EMG signal. This method is noninvasive for
human body. It is not only used in basic research and clinical discipline, but also
wildly used many research areas such as sport, rehabilitation, body engineer, and
virtual reality (VR) 1.

D.1 EMG signal measurement

Before measuring the surface EMG signal, electrodes need to be pasted on the
skin surface. Following steps show the main processing in the arrangement of

electrodes.

- At first, find the motor point of the muscle. Motor point is the point at
which the motor nerve enters the muscle. Motor points are often located
over the center of the belly of the muscle, where the muscle contraction is

maximum.

- Second, make sure the direction of the muscle fiber. It can be found from
anatomical drawing of the muscle. However, in many cases, it is also nec-
essary to feel the muscle with hand directly to find the moving direction of
the belly of the muscle.

- Then, reduce the resistance of skin. Generally, it is sufficient to clean the

measurement area with alcohol absorbent cotton. in some cases, for getting
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high Signal to Noise ratio (S/N ratio), we should also rub skin on the motor

point by cotton swab to remove the cuticle.

- Next, fix the electrodes on the motor point. Two electrodes need to be

pasted with the direction of the muscle fiber.

- Finally, paste the grounded electrodes. It has to be paste on the skin under
which there is not muscle, e.g. wrist, ankle, cubical, kneecap, etc. The

pasted skin also need to be process to reduce the resistance.

In the past, for recoding the EMG signal oscilloscope (OSC) and pen recorder
were used. Recently, PC and AD converters are used. Many analysis softwares
can be used directly to measure and process the EMG signal. It is best that
The sampling frequency of AD converter is larger than 2kHz; at least, 1 [kHz| is

necessary. Figure D.1 shows several measurement positions used in this research.

D.2 EMG signal processing

Measured raw EMG signal is shown as Fig. D.2(a). It can be used for qualitative
analysis. For quantitative analysis, the following process is well-used for the EMG

signal.

- Detrend: Remove DC offset from the raw EMG signal. (Fig. D.2(b))

- Rectification: Translates the Detrended EMG signal to a single polarity
(usually positive). (Fig. D.2(c))

- Low-pass: Smooth the Rectified EMG signal. (Fig. D.2(d))

- Integration: Calculate integration value of the EMG signal (Rectified or
filtered EMG signal), which is called as IEMG. For example, the IEMG of
the signal shown in Fig. D.2 is about 0.016. In this research, IEMG data is

used to reflect the largeness of muscle force for a specified period.
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(a) Deltoideus (No.17) (b) Biceps (No.26)
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a®
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(e) Flexor Carpi Ulnaris (No.33)

Figure D.1. EMG signal measurement position
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D.3 EMG signal and Muscle force

In this research, EMG signal is used to measure the change of muscle force with
and without assist. In the past research, it has been confirmed that the EMG
signal has a close relationship with muscle force. EMG signal and muscle force
have the same change tendency. Muscle force f can be estimated from EMG

signal using the following linear relation.
f=0-5-EMG-c, (D.1)

where o is the specific tension of muscle tissue for maximum muscle activation,
S is the physiological cross-sectional area of muscle, EMG is the EMG signal,
normalized to maximum voluntary contraction, and c is a factor for transforming
relative EMG into relative muscle force . For a linear EMG /force relationship,
this factor is 1. For isometric movement, o is constant and the change rate of
EMG is the same as muscle force f. Therefore, in this research the change rate

was compared with muscle force directly.
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E. Construction of the handle

SN
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SECTION B-B

Figure E.2. Drawing of handle
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