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ABSTRACT

The current available exoskeleton robots used fixed connection with human, which may result in discomfort or even
cause imjury to human during walking due to the strong constraints. 1o overcome these disadvantages, this paper
introduces a novel human-machine interaction model by increasing connection joints between the exoskeleton and
human at the location of thigh and shank. The process that the human walk on the ground with the assistance of
exoskeleton robot and crutches was simulated using ADAMS. In addition, the impact of gait patterns and knee joint
configuration on the human-machine coordination was analyzed. Results of this simulation analysis may be usefill
Jor the mechanical design and the clinical application of exoskeleton.

Key words: Coordination, Human, Exoskeleton, Simulation.

INTRODUCTION

Exoskeleton is a robor worn by the human in the lower limb. The powered mechanical joints will drive the
corresponding joints of patients with motor dysfunction in their lower limb to enhance endurance or to assist
walking. Too strong constraints between human and exoskeleton may bring discomfort and even causes injury to the
human. Current exoskeleton robots use single-axis knee joint in structure and use bundles to accomplish a fixed
connection, such as HAL-5[1], Flegs[2] and Rewalk[3]. The exoskeletons with single-axis knee joint have
advantages in simple structure and easy control, and the advantages of fixed connection are simple design and easy
to wear. However, there are still many disadvantages in such exoskeletons, for example, they did not consider the
effects of the difference between human joint and exoskeleton joint and the way of human-machine connection on
the human-machine coordination.

Recent years, the coordination problem between human and exoskeleton has been investigated, but most of the
studies focused on the upper limb exoskeletons. For example, Schiele A al. studied the effects of the movement of
the upper limb joint on the coordination[4]. Gopura R studied the effects of the movements of the shoulder, elbow
and wrist joint on the coordination, respectively[5].

Jianfeng Li transferred the upper limb exoskeleton coordination study to the weight support rehabilitation robot.
However, his study did not explore the human-machine coordination when the human walked on the ground with the
assists of the exoskeleton and crutches[6]. It is necessary to consider the case that human walk with assist of the
exoskeleton and crutches because most of the existing exoskeletons(e.g. Elegs and Rewalk) are used in combination
with crutches.

In this paper, we developed a novel human-machine interaction model, which increased connection joints between
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the exoskeleton and human in thigh and shank. Then by analyzing the movement deviation exremum, the impacts of
gait patterns and configurations of knee joint on the human-machine coordination were explored.

EXPERIMENTAL SECTION

Connection model between human and exoskeleton

The human-machine connection model is divided into two parts, namely connection in thigh and connection in
shank. The connection joints in thigh consist of Translational Joint 1 and Spherical Joint 1, and the connection joints
in shank consist of Translational Joint 2, Translational Joint 3 and Spherical Joint 2. Fig.1(a) and Fig.1(b) are the
connection models between human and exoskeleton that has single-axis knee joint and four-bar linkage multi-axis
knee joint, respectively.

Hip joint Human lower mb
( Abduction / Adduction )

Hip joint
( Flexion / Extension )

Spherical joint 1

Translational joint 1

h1
Single axis knee joint
( Flexion / Extension )

Spherical joint 2

Translational joint 3

\\

Translational joint 2 ——1

h2

Hip joint Human lower limb

( Abduction / Adduction )

Hip joint

( Flexion / Extension ) Exoskeleton

Spherical joint 1

Translational joint 1

h1
Multi-axis knee joint
( Flexion / Extension )

Spherical joint 2

Translational joint 3

Translational joint 2 ——

hz

(b)
Fig. 1: (a) Connection model between human and exoskeleton that has single-axis knee joint. (b) Connection model between human and
exoskeleton that has four- bar linkage multi-axis knee joint

Crutch gait analysis experiments

In order to get the gait data that drive the simulation model in ADAMS, we conducted crutch gait experiments.
Common crutch gait includes four-point gait (e.gelegs) and three point gait(e.g. Rewalk). During the experiments,
the subject was a healthy man without ambulation difficulty and walked with four-point gait(Fig. 2) and three-point
gait(Fig. 3), respectively. VICON motion capture system was used to obtain the gait data of the subject, the angular
trajectory of the hip joint and knee joint in a single gait cycle that are computed according to the experiment data
and were used to drive the simulation model in the following text.
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Fig. 3: Three-point gait experiment
RESULTS AND DISCUSSION

Simulation of coordination between human and exoskeleton

Firstly, the four-point gait was simulated in ADAMS to analyze the human-machine connection model. As the left
leg and right leg theoretically have identical movement pattern excepta half-gait-cycle difference, this paper only
had a simulation of a half-gait-cycle. The simulation process of a half-gait-cycle in ADAMS is shown in Fig.4.

Fig. 4: Simulation process of a half -gait-cycle

Fuactors affecting the human-machine coordination
(a) Impact of Gait Pattern: The process of three-point gait was simulated as the same method used in the four-point
gait. The movement deviation extremums in different gait patterns are shown in Tab.1.

Comparing the movement deviation extremums in two gait patterns, there are not significant difference, which
demonstrated that both two gait patterns are feasible in the practical application.

(b)Impact of Configurations of Knee Joint

Most researchers simplified the knee joint to a single-axis joint, which was obviously different from the actual knee
joint both in structure and movement. Thus, it was necessary to study the impact of configuration of knee joint on
coordination between human and exoskeleton. This study was done by replacing the single-axis knee joint with
four-bar linkage multi-axis knee joint without changing other settings. Subsequently, the new model was simulated
in ADAMS. Movement deviation extremums in different configurations of knee joint are shown in Tab.2. In the
table, ‘X’ means sarittal axis, ‘Y’ means vertical axis and ’Z’ means frontal axis.

Comparing the simulation results of two conditions, it shows that there are no significant differences in the
movement deviation of translational joint 1 and spherical joint 1, translational joint 3 , spherical joint 2(X) and
spherical joint 2(Y). It should be highlighted that in the single-axis knee joint exoskeleton simulation model, the
movement deviation extremums of spherical joint 2(Z) and translational joint 2 were 3.7° and 13.6mm, respectively
while in the multi-axis knee joint exoskeleton simulation model, they were 0.45° and 2.9mm respectively, which
proved that multi-axis knee joint exoskeleton has better coordination with human.
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Table 1: Movement deviation in two Gait patterns

Movement Deviation Exremum.
Joint Four-Point  Three-Point .
Gait Gait .

Translational Jaint 1 [mm] o o

Spherical Joint 10x) [deqd] 1.4 1.5
Spherical Joint 10%) [deg] BT E&
Spherical Joint 1(Z) [deg] 0.1 0.2
Translational Joint 2[mm] 13.8 14.1
Translational Joint 3[mm] 1.6 1.3
Spherical Joint 2(x) [deqd] 8.3 9.2

Spherical Joint 20 [deg] 42 45

Spherical Joint 2(Z) [deg] 37 45

Table 2: Movement deviation in two configurations of knee joint

— -
Movement Deviation Exremum..
Joint Single-Axis  Multi-Axis.,

KneeJoint KneeJoint

Translational Jaint 1[mm] o 0.

SphericalJoint 1(x)[deqg] 1.4 1.3,
Spherical Joint 1(y)[dedq] BT 5.
Spherical Joint 1(z) [deg] | 0.2,
Translational Joimt 2[mm]  13.8 258,
Translational Joint 3[mm] 1.6 1.5,
SphericalJoint 2(x)[deqg] 8.3 75,
Spherical Joint 2(y)[dedg] 42 3.8.
SphericalJoint 2(z) [deq] 3.7 0.45.,

CONCLUSION

According to the above simulation results, the main conclusions can be drawn as follows:

(1) Movement deviation extremums in connection joints in four-point gait are smaller than those in three-point gait,
however, they are not significant. Thus, two gait patterns are feasible in the practical application;

(2) Compared to the single-axis knee joint exoskeleton, the multi-axis knee joint exoskeleton has better
coordination with human;

This paper only includes some kinematic analysis about coordination between human and exoskeleton. Dynamic
analysis should be explored in the future research.
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