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Abstract

Many kinds of power-assist robots have been developed in order to assist daily activi-

ties or rehabilitation of the elderly or physically weak persons. Upper-limb power-assist

robots are important to assist in many daily life activities such as eating, drinking, etc.. A

human upper-limb has 7 degrees of freedom to achieve various tasks dexterously. There-

fore, to assist all upper-limb joint motions of a human, the upper-limb power-assist robot

is required to have 7DOF. To achieve a desired task, a person moves the hand to the de-

sired position and orientation and/or applies certain amount of force to the target. There-

fore, it is important that the upper-limb power-assist robots help control the hand po-

sition/orientation or hand force of the user. However, the hand position/orientation or

hand force is 6-dimensional vector, so the 7DOF upper-limb power-assist robot has a re-

dundancy and in general, a pseudo-inverse matrix is used in the control. In this paper,

an optimal control method is proposed to deal with the redundancy of the upper-limb

power-assist exoskeleton robot considering comfortable motion of the user. The motion

intention and the comfort of the user are taken into account in the pro-posed method. The

effectiveness of the proposed method was evaluated by the experiments.

1 Introduction

The increase in the aged population is rapidly

progressing in several advanced countries. A short-

age of the caregivers for elderly persons is one of

the most serious problems. To assist daily life mo-

tions of physically weak persons, many kinds of

power-assist robots have been developed to assist

the daily activities or rehabilitation of physically

weak persons such as elderly, disabled, or injured

[1]–[11]. The upper-limb power-assist exoskeleton

robots [2]–[6] have been getting attention, because

the upper-limb motion is important in daily life to

carry out various tasks. The upper-limb power-

assist robots are supposed to be activated in accor-

dance with user’s motion intention in order to assist

user’s upper-limb motion. For this reason, the bio-

logical signals like electromyogram (EMG) are of-

ten used so that the power-assist robot can estimate

the user’s intention in real-time [2], [3].

An upper-limb of a human has 7 degrees of free-

dom to achieve various tasks dexterously. While an

object in 3-dimensional space can be manipulated

with 6DOF in general, a human upper-limb has a re-

dundancy and is able to perform dexterous motions

such as altering elbow position while keeping the

position and the orientation of the hand. Therefore,

in order to assist all upper-limb joint motions of a

human user, the upper-limb power-assist robot is re-

quired to have 7DOF. EMG signal based impedance

control has been proposed for the 7DOF upper-limb

power-assist exoskeleton robot to control the robot

according to the user’s motion intention [3]. In

this method, the upper-limb power-assist robot fo-

cuses on the 6-dimensional hand force vector to es-
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timate user’s motion intention and assist the esti-

mated motion in real-time. In the controller, the

6-dimensional hand force vector calculated from

EMG signals is realized with the impedance con-

trol. Because the robot has a redundant degree of

freedom, the pseudo-inverse matrix is used in the

controller.

Many kinds of motion optimization methods us-

ing a pseudo-inverse matrix have been proposed.

In reaching motion to move the hand from the

initial posture to the target posture for a human

upper-limb, Flash et al. proposed the minimum-jerk

model [12]. This model is based on the hypothe-

sis that the upper-limb motion is decided so that the

hand vector becomes smoother. Uno et al. proposed

the minimum torque-change model that considered

the physical dynamics of a human [13]. In addition,

the methods which optimize the moving distance,

the motion energy, etc. have been proposed. There

is the method which optimizes the manipulability

for a robot also [15]. However, many of these meth-

ods only focus on the hand vector. In the upper-

limb power-assist exoskeleton robot, it is one of the

most important things that the robot follows and as-

sists every joint motion of the user. Specifically, the

robot needs to move according to the user’s motion

intention so that the user can use the robot with-

out the sense of discomfort. This means that the

robot needs to assist not only the user’s hand mo-

tion but also the whole arm motion of user’s upper-

limb comfortably. In this paper, an optimal control

method is proposed to deal with the redundancy of

the upper-limb power-assist exoskeleton robot con-

sidering comfortable motion of the user. In the pro-

posed control method, not only the user’s motion in-

tention of the hand, but also that of the elbow and/or

wrist joint is taken into account. The effectiveness

of the proposed method was evaluated by the exper-

iments.

Figure 1. Structure of the robot.

2 7DOF Upper-Limb Power-Assist
Exoskeleton Robot [3]

The 7DOF exoskeleton power-assist robot for

upper-limb used in this study is shown in Figure

1. The robot consists of seven DC motors with en-

coders or potentiometers to measure each joint an-

gle, force/torque sensors set in forearm and wrist

part to measure the force between the user and

the robot and links. The robot is attached to the

user with an upper-arm holder, a forearm holder,

and a palm holder. This robot is able to assist

most of human upper-limb motion (shoulder verti-

cal and horizontal flexion/extension motion, shoul-

der internal/external rotation motion, elbow flex-

ion/extension motion, forearm supination/pronation

motion, wrist flexion/extension motion and wrist

radial/ulnar deviation motion). Furthermore, the

robot is able to assist combined upper-limb motions

such as eating, drinking water and so on in the ac-

tivities of daily living.

Motor-1, motor-2 and motor-4 are the motors

for shoulder vertical, horizontal and elbow motions,

respectively. The generated torque by these motors

is transferred to the robot joints by pulleys and ca-

ble drives. These motors are not installed on the

robot directly. Considering the fact that many phys-

ically weak persons use wheelchairs, the robot was

designed to be installed on a wheelchair. For the

safety and the convenience of users, these motors

were fixed to the back frame of the wheelchair.
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The other four motors are connected to the robot

directly by spur gears. Hook-and-loop-fastener

parts are used in the three holders (the upper-arm

holder, the forearm holder, and the palm holder) for

the user to wear the robot.

For shoulder vertical and horizontal motions, a

moving center rotation (CR) mechanism has been

applied. The main advantage of the CR mecha-

nism is the ability to adjust the distance between the

upper-arm holder and the CR of the shoulder joint

of the robot in accordance with the shoulder joint

angles, in order to cancel out the ill effects caused

by the position difference between the CR of the

robot shoulder and the human shoulder [2], [3].

Force/torque sensors (PD3-32, NITTA COR-

PORATION) are installed. The force/torque sen-

sors are used to measure the difference between the

motions of a user and the robot.

The safety of the user is the highest priority.

Safety components are prepared both in software

and hardware to prevent sudden unexpected mo-

tion. In the software, maximum torque and max-

imum velocity are limited. In the hardware, there

are physical stoppers for each joint to limit the joint

motion within the movable range of human upper-

limb. There are also seven switches for each motor

near the user so that the user is able to stop the mo-

tor immediately in the case of an emergency.

3 EMG-Based Impedance Control

Sixteen channels of EMG signals are used as in-

put signals to estimate the user’s motion intention.

The locations of EMG electrodes are shown in Fig-

ure 2.

Figure 2. Location of the EMG Electrodes.

Each channel mainly corresponds to one muscle

as shown in Table 1, although each motion is related

to at least 2 muscles. The control methods (i.e.,

an EMG-based control method and a force/torque

sensor-based control method) are switched auto-

matically according to the user’s EMG signal lev-

els [2], [3]. When the user’s EMG signal levels

are high, EMG-based control is used to control the

robot. On the other hand, force/torque sensor-based

control is used to control the robot when the user’s

muscle activation levels are low. The structure of

the controller is shown in Figure 3.

Table 1. Muscles for each EMG channel.

EMG

channel

Muscle

Ch. 1 Deltoid-anterior

Ch. 2 Deltoid-posterior

Ch. 3 Pectoralis major-

clavicular

Ch. 4 Teres major

Ch. 5 Biceps-short head

Ch. 6 Biceps-long head

Ch. 7 Triceps-long head

Ch. 8 Triceps-lateral head

Ch. 9 Pronator teres

Ch. 10 Supinator

Ch. 11 Extensor carpi radi-

alis brevis

Ch. 12 Extensor carpi

ulnaris

Ch. 13 Flexor carpi radialis

Ch. 14 Flexor carpi ulnaris

Ch. 15 Infraspinatus

Ch. 16 Teres minor

Figure 3. Structure of the Controller [3].

In order to extract the features of the raw EMG

signal, the root mean square (RMS) of EMG signal
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is calculated and used as an input for the controller.

RMS calculation is written as:

RMS =

√
1

N

N

∑
i=1

v2
i (1)

where N is the number of the segments (N=400),

vi is the voltage at ith sampling. The sampling fre-

quency is 2 kHz.

The relationship between the sixteen EMG

RMSs and the joint torque vector is able to written

as:

τ=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

τ1

τ2

τ3

τ4

τ5

τ6
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⎤
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=

⎡
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...
...
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...
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⎤
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⎡
⎢⎢⎢⎢⎢⎣

ch1

ch2

...
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ch16

⎤
⎥⎥⎥⎥⎥⎦

(2)

where τ is the joint torque vector, τ1-τ7 are the joint

torques for motor-1-motor-7, respectively. wi j is

the weight value for jth EMG signal to estimate

the torque of motor-i and ch j represents the RMS

value of the EMG signal measured in channel i.
The weight matrix (i.e., the muscle-model matrix)

in the eq. (2) can be defined using the knowledge

of human upper-limb anatomy or the results of ex-

periments. Therefore, the joint torque vector gen-

erated by muscle force can be calculated if every

weight for the EMG signals is properly defined. It is

not easy, however, to define the proper weight ma-

trix from the beginning. Furthermore, the posture

of the upper-limb affects the relationship between

the EMG signals and the generated joint torques be-

cause of anatomical reasons such as change of the

moment arm.

In other words, the role of each muscle for a cer-

tain motion varies in accordance with joint angles.

Consequently, the effect of the posture difference

of the upper-limb must be taken into account to es-

timate the correct upper-limb motion for the power

assist. Therefore, a neuro-fuzzy muscle-model ma-

trix modifier [3], [14] is applied to take into account

the effect of the upper-limb posture difference of the

user. The neuro-fuzzy modifier is used to adjust the

weight matrix in the eq. (2) by multiplying the co-

efficients in accordance with the upper-limb posture

of the user, so that the effect of upper-limb posture

difference can be compensated effectively. It also

makes the same effect of adjusting the weight ma-

trix (i.e., the muscle-model matrix) itself to be suit-

able for each user. The structure of the neuro-fuzzy

modifier is the same as a neural network and the

process of the signal flow in the neuro-fuzzy modi-

fier is the same as that in fuzzy reasoning as shown

in Figure 4. The details of the neuro-fuzzy modifier

can be referred in [3], [14].

Figure 4. Neuro-fuzzy modifier [3].

To estimate user’s motion intention, the hand

force vector is calculated. The calculated joint

torque vector is transferred to the hand force vec-

tor of the user as follows:

Fend = J−T τ (3)

Favg =
1

Nf

Nf

∑
i=1

Fend(i) (4)

Ẍd = M−1Favg (5)

where Fend is the hand force vector, J is the Jaco-

bian matrix (Since J is not sqauare, a pseudo-inverse

needs to be used in eq. (3). This is done later but

should be mentioned here), Favg is average of Fend

in N f number of samples, Ẍd is desired hand accel-

eration vector, and M is the inertia matrix of the

user’s upper-limb and the robot. Using eq. (5), the

following impedance control equation is used to the

resultant hand force vector.

F = MẌd +B
(
Ẋd − Ẋ

)
+K (Xd −X) (6)

where F is the resultant hand force vector, B is the

viscous coefficient matrix and K is the spring co-

efficient matrix. Finally, the joint torque command

vector is calculated as follows.

τmotor = κJTF (7)
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where τmotor is the joint torque command vector and

κ is the power-assist rate.

Since the effect of the upper-limb posture

change on each impedance coefficient is nonlinear,

fuzzy reasoning is applied to estimate the effect of

the posture on each impedance coefficient [3].

4 Motion Optimization Using
Pseudo-Inverse Matrix

The Jacobian matrix J is used in the controller.

Although the robot has 7 motors, the hand force

vector is a 6-dimensional vector. Therefore, a

pseudo-inverse matrix must be used for J−1 since

J is a 6×7 matrix. The assist motion is optimized

for the power-assist robot using a pseudo-inverse

matrix considering the user’s motion intention of

the elbow and/or wrist joint. Many optimization

methods using a pseudo-inverse matrix have been

already proposed [12][13][15]. For example, the

methods which optimize the moving distance, the

motion energy, etc. have been proposed. In addi-

tion, there is the method which optimizes the ma-

nipulability for a robot. In the upper-limb power-

assist exoskeleton robot, it is the most important

that the robot follows and assists every joint motion

of the user. Specifically, the robot needs to move

according to the user’s motion intention so that the

user can use the robot without the sense of discom-

fort. This means that the robot needs to follow not

only the user’s hand motion but also the whole joint

motion of user’s upper-limb comfortably. The hand

force vector Fend in eq. (3) is rewritten as follows:

Fend = J+T τ+(I6 − J+J)η (8)

where J+T is the transpose of the pseudo-inverse

matrix of J, (I6 - J+J)η represents the null space

and η is an arbitrary vector. Fend in eq. (3) is hand

force vector at the case of η = 0. In this paper, η
is decided based on the intended wrist motion vec-

tor from the elbow joint and/or elbow motion vec-

tor from the shoulder joint by the user. The intended

wrist motion vector and the elbow motion vector are

estimated based on the EMG signals also.

The coordinate frame Σ0, Σs and Σe are defined

as shown in Figure 5.

Figure 5. Coordinate frames.

Σ0 is the fixed coordinate on the robot. Σs is

the moving coordinate frame fixed on the shoulder

joint. x axis is the shoulder internal/external ro-

tation axis, y axis is the shoulder horizontal flex-

ion/extension axis and z axis is the shoulder vertical

flexion/extension axis in Σs. Σe is the moving co-

ordinate frame fixed on the elbow joint. x axis is

the forearm pronation/supination axis and z axis is

the elbow flexion/extension axis in Σe. xe, ye, and ze

are the position of Σe origin in Σs. Then, the robot

does not generate the force along xe, and the mo-

ments about ye and ze because of the mechanical

limitation. So the force vector for the elbow motion

is defined as Felbow = [fy fz nx]T and calculated as

follows based on eq. (3).

Felbow = J−T
e τe (9)

where fy and fz are the forces along ye and ze, re-

spectively. τe = [τ1 τ2 τ3]T is the joint torques cal-

culated in eq. (2). Je is the 3×3 Jacobian matrix

from the shoulder joint to elbow joint. Using the

same calculation procedure from eq. (4) to eq. (5),

the following desired acceleration vector of the el-

bow is obtained as:

Ẍe,d = M−1
e Fe,avg (10)

where Fe,avg is the average of Felbow in N f number

of samples, Ẍe,d is the desired acceleration vector at

the elbow joint and Me is the weight matrix of the

upper-limb from the shoulder to elbow. Then, the

cost function for the elbow motion is decided as fol-

lows:

Ee =
Ce〈(

Ẍe,d − Ẍ
)
,
(
Ẍe,d − Ẍ

)〉
+1

(11)
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where Ee is the cost function and Ce is a constant

value for the estimated elbow motion effect. If Ee

is near to the maximum, it means that the elbow’s

acceleration becomes closer to the desired acceler-

ation. Using Ee, the element of ηe is represented as

the following equation.

ηe,i = ke
∂Ee

∂θi
(i = 1−7) (12)

where ke is the constant coefficient.

The force vector for the wrist motion is defined

as Fwrist = [nx ny nz]
T . τw = [τ5 τ6 τ7]T is the joint

torques calculated in eq. (2). Jw is the 3×3 Jacobian

matrix from the elbow joint to wrist joint (orienta-

tion only). The desired acceleration vector of the

wrist is obtained as:

Fwrist = J−T
w τw (13)

The following desired acceleration vector of the

wrist is obtained as:

Ẍw,d = M−1
w Fw,avg (14)

where Fw,avg is the average of Fwrist in N f number

of samples.

The cost function for the wrist motion is de-

cided as follows:

Ew =
Cw〈(

Ẍw,d − Ẍ
)
,
(
Ẍw,d − Ẍ

)〉
+1

(15)

where Ew is the cost function and Cw is a constant

value for the estimated wrist motion effect. If Ew

is near to the maximum, it means that the wrist’s

acceleration becomes closer to the desired acceler-

ation. Using Ew, the element of ηw is represented

as the following equation.

ηw,i = kw
∂Ew

∂θi
(i = 1−7) (16)

where kw is the constant coefficient.

Using Ee and Ew, the element of η is written as:

ηi = ke
∂Ee

∂θi
+ kw

∂Ew

∂θi
(i = 1−7) (17)

Here, kw is basically defined as (1-ke). If only the

elbow motion intention of the user is taken into ac-

count, ke is defined as 1 and kw is defined as 0 and

vice versa. By using eqs. (8), (17), and (4)-(7), the

joint torque command vector τmotor is obtained.

5 Experiments

In order to evaluate the effects of the proposed

motion optimization method, two types of experi-

ments were carried out. In these experiments, three

healthy young male subjects performed the upper-

limb combined motions. The power-assist rate was

set to be 1.4. The first experiment was performed to

evaluate the effectiveness of the proposed motion

optimization method over the conventional method

using eq. (3). In this experiment, the subject is sup-

posed to pour water into a cup on a table from a

grasped plastic bottle as shown in Figure 6.

Figure 6. First experiment.

The weight of the plastic bottle was 0.5kg and

the height of the table is 670mm. Since the wrist

motion of the user is important in this experiment,

ke and kw in eq. (17) are set to be 0.0 and 1.0, re-

spectively. The experimental results with the con-

ventional method are shown in Figure 7 and those

with the proposed method are shown in Figure 8.

In Figures 7 and 8, (a) shows the hand position,

(b) shows EMG signals and (c) shows the motor in-

put voltage.

The experimental results shown in Figure 8

shows that the wrist motion (motor-7: wrist ra-

dial/ulnar deviation motion) of the user is assisted

well and the amount of EMG signals (ch.12: Ex-

tensor carpi ulnaris) is smaller than that shown in

Figure 7, although the hand motions are almost the

same. These results show that the intended wrist

motion of the user is moderately realized by the pro-

posed method.
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Figure 7.

Experimental result

without the proposed

method.

Figure 8.

Experimental result

with the proposed

method.

The second experiment was performed to eval-

uate the effectiveness of the generated elbow and

wrist motion. In this experiment, the subject is sup-

posed to move the filled plastic bottle with water

onto the rack as shown in Figure 9.

Figure 9. Second experiment.

The weight of the plastic bottle was 0.5kg and

the height of the rack is 880mm. In this experi-

ment, two kinds of upper-limb motions were per-

formed. One was the motion that the shoulder joint

was mainly activated on purpose. Figures 10 shows

the experimental results when ke and kw in eq. (17)

were defined as 0.8 and 0.2, respectively. The other

was the motion that the wrist joint was mainly acti-

vated on purpose. Figures 11 shows the experimen-

tal results when ke and kw in eq. (17) were defined

as 0.2 and 0.8, respectively.

Figure 10. Second

experimental result

with the proposed

method.

Figure 11. Second

experimental result

with the proposed

method.

In Figures 10 and 11, (a) shows the hand po-

sition, (b) shows EMG signals and (c) shows the

motor input voltage. In Figure 10, the elbow mo-

tion (motor-1: shoulder vertical flexion/extension

motion) was actively assisted. On the other hand,

the wrist motion (motor-4: elbow flexion/extension

motion) was actively assisted in Figure 11. These

experiment results show that the intended elbow

motion or wrist motion can be realized by the pro-

posed method. As shown in these experimental

results, the generated assist motion with the exist-

ing method might not always reflect the user’s mo-

tion intention at the joint level. On the other hand,

the generated assist motion with the proposed opti-

mization method reflects the user’s motion intention

in the elbow motion or the wrist motion as well as

the hand motion.
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6 Conclusion

In order to assist all 7DOF upper-limb joint mo-

tions of a physically weak person, the upper-limb

power-assist exoskeleton robot is required to have

the same number of DOF or more. Since the 7DOF

upper-limb power-assist robot is a redundant robot,

null space should be effectively utilized. In this pa-

per, the motion optimization method for the 7DOF

upper-limb power-assist robot is proposed. The

proposed method focuses on the elbow motion and

the wrist motion to realize the user’s intention by

using null space of a pseudo-inverse matrix. The

effectiveness of the proposed method was evaluated

by the experiments. The experimental results show

that the control with the proposed method reflects

the user’s intention at the elbow and wrist compare

to the control with the existing method.
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