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Abstract. Researches on rehabilitation exoskeleton system have bee
n implementing in recent decades and have been achieving many advantages. However, most of reseaches
have focused on more simplified systems such as rehabilitation exoskeleton for one or two joints or for one
paralysed leg with the purpose of recovering human’s locomotion pattern. Researches on rehabilitation
exoskeleton using for whole two paralysed legs are limited because of the complexity of balance issue for
a combined human — exoskeleton system. Therefore, crutches are used to prevent the human from falling
during human’s walking in recent researches. In order to abandon the crutches and help to recover human’s
nomal walking pattern, the balance problem of combined human-exoskeleton system must be considered
in control algorithm. In this paper, we build a motion path for a combined human-exoskeleton ensuring that
the combined human-exoskeleton system can move in a balanced area. Our proposed paths are validated in
the control algorithm for the HUALEX exoskeleton system in University of Electronic Science and
Technology of China (UESTC).
Keywords. Rehabilitation exoskeleton, Human - Exoskeleton interaction, Locomotion Pattern
Recovering.

1 INTRODUCTION

Researches on rehabilitation exoskeletons have been implementing in recent years all over the world. Most
of researches come from Japan and China where elder persons that need assistive devices in their walking
activites are increased day by day. Paralysed person as well as disabled persons can not walk by themselves
without using assistive devices such as wheelchair, crutches. In addition, falling-down can result in serious
injuries for the wearers. Therefore, researches on rehabilitation and assistive exoskeleton can benefit society
and enhance life quality. The assistive exoskeleton is worn by the wearer’s leg via soft belts at the specific
locations. The movement of the wearer’s leg is driven by the movement of the assistive exoskeleton. In this
case, the exoskeleton is active and the wearer is passive during walking.Therefore, the goal of the controller
in a such combined system is to control the assistive exoskeleton according to defined locomotion pattern
in order to recover human walking pattern while keeping balance for the wearer during walking. The
challenge in this case is that how to define the balance model for the controller. The balance issue in recent
researches can be implemented by using crutches such as in [1, 2, 3] or handrail in [4, 5]. These researches
have limitations that make the wearer unconfortable during walking as well as keep the crutches beside
them all time. Some other researches focused on solving the balance issue without using any assistive
devices during walking such as in [6, 7, 8].

We recognize that the dynamic model of 3D pendulum can be applied into the motion planning of the
assistive exoskeleton because of the similar dynamic characteristics between the inverted pendulum and
the assistive exoskeleton. The control of a 3D inverted pendulum is a feasible choice that can be applied to
the controller for the combined wearer exoskeleton system. In this paper, we suggest to use the dynamic
model of 3D inverted pendulum [9] in order to establish the motion trajectories for the combined wearer-
exoskeleton system. The achieved results in this paper are validated on the controller of the real assisitve
exoskeleton (named HUALEX) implemeneted in University of Electronic Science and Technology of
China. This paper is organized in 4 sections; the dynamic model of the 3D inverted pendulum is addressed
in section 2; section 3 mentions the center of mass analysis of the combined wearer-exoskeleton system;
section 4 represents planned trajectories in a walking cycle for the combined system; the archieved results
as well as conclusion section are represented in section 5 and 6 respectively.
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2 DYNAMIC MODEL OF 3D INVERTED PENDULUM

The three dimension linear inverted pendulum can be illustrated as in Figure 1. The mass of the pendulum
is supported by the shaft swinging in three dimension space (3D). We denote r is the length of pendulum

shaft; /3 is the angle between the shaft and yOz plane; /3, is the angle between the shaft and xOy plane. The
position of the mass in Cartesian Co-ordinates system is represented by the vector (x,y,z) while the variables
of the pendulum are represented by q = (5, , Bp , ).

where X =S¢, y=rD, z=-rS; @
Se=sin B,, S=sin B, , D=,/1-SZ —-S?
C, =cos §,,C; =cos S 2

Let (z’r , fozg ) are the actuator’s torques and force effecting on the shaft at the zero point (O) associated

with the variables(ﬂr,r, ﬂp), respectively; M denotes the mass of the pendulum; g is gravitational

constant. The equation which represents the motion of a 3D inverted pendulum in Cartesian Co-ordinates
system is given as follows:

X T, 0
M| §|=@T)7 f |[+]-Mg )
z Tg 0
Where Jacobian matrix is defined as follows:
5 0 Sg rCs
J=a—p= 1C,S,/D D —-rCS./D (@)
T e -s 0

Multiply left-hand and right hand side of (3) by J™, we have:
0 -rCS,/D -rC, (X ] -rC,S,/D
M| Sq D =S, | V|=|T |-Mg D (5)
rC; -rC.S;/D 0 z Ta —rC.S./D

Using the first row of (5) we get

T

M(-rD.z-rS,.y)= CE.rr +rS, Mg (6)

r

By substituting expressions (1) and (2) into (6), we obtain the equations describing the dynamics of the
inverted pendulum along z and x axis, respectively :

M(-y.Z+ z.y):CR.rr —2.Mg (7)

r

M (y.% —x.§)= R.fg +x.Mg (8)
CG
In 3D space, the pendulum exists many different moving possibilities, however, in order to apply the
equation of motion of the pendulum to the combined wearer-exoskeleton system conveniently, constraints
of the motion of the pendulum should be proposed in this paper. We propose the first constraint limiting
the motion in the plane defined by a given normal vector (kx-1, kz) and y intersection at y¢
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y=KX+K,z+VY; 9)

Take the second derivate of (9) as follow:
Y=k X+Kk,Z (10)

Y &

Figure 1: 3D Linear Inverted Pendulum Model

From expressions (7),(8), (9), (10), by removing y variable, we have:

z K
I=—g-—>(xz-%2)- u, (12)
yG yG MyG
k=2 g +k—z(x'z'—5('z)+ Ug (12)
Yo Yo My,

C
;) T, = FGUG; ur and ug are virtual inputs which are introduced to compensate

Cr
Where T, :EU D

r

input nonlinearity. We propose that the motion is in a plane (kx = k; = 0), and there has no input constraint
torque on supporting leg in this paper, so u,= us = 0. We get:

. L
7=—g (13)
Yo
s X
X=—-o0 (14)
Ye
_ 19
denote H=_|— (15)
Ye
From the differential equations (13),(14), we can get the solutions as follow:
X =C,e™™ +C, e (16)
2, =C,e " +C,e™ (17)

Equations (16), (17) represent the projection of the center of mass G on to the Oxz plane respect to time
under forces and moments effecting on the actuators. Parameters Ci, C,, Cs, C4 are defined based on
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contraints and initial conditions. The such class of motion in (16) (17) can be applied to motion planing for
the combined wearer — exoskeleton system so that the system still keeps the balaned state.

3 ANALYSING THE CENTER OF MASS OF THE COMBINED WEARER-
EXOSKELETON SYSTEM

As we know that the exoskeleton is built from metal segments and these links are connected by joints that
driven by actuators. Each element has own weight and the distribution of the mass is different each other.
Therefore, the definition of the position of the mass is necessary in the balance control during walking. In
fact, the wearer also has the different distribution of the center of mass for each body part, the parameters
illustrating the distance relationship between the center of mass and the segments ends are introduced in
Table 1 [10]. In addition, the exoskeleton is worn by the wearer via soft belts at specific locations and
acompanies the wearer body forward, therefore, we propose that both the exoskeleton and the wearer are
combined in a combined system as in Figure 1. Then, the center of mass of each segment in the combined
system can be calculated and approximated by virtual center of masses in the link segment model as in
Figure 1.

Table 1 Anthropometric data adapted from Winter (1990). Note that H represents the subject’s body
height

Body segment Lengh, L Center of mass (% of L)
Proximal Distal
Upper arm 0.186 H 0.436 0.564
Forearm 0.146 H 0.43 0.57
Hand 0.108 H 0.506 0.494
Thigh 0.245H 0.433 0.567
Leg 0.53H 0.433 0.567
Foot 0.152H 0.5 0.5
HAT 0.475520 H 0.626 0.374

We consider that the 7 DOFs combined wearer - exoskeleton system includes right leg, upper body and
the left leg and their virtual center of masses (COM) are located at specific positions by d, di, dy distances
as illustrated in Figure 2. We suppose that we got the center of mass of the combined weaer-exoskeleton
system G (X, Ya, Zc). We consider that the mass of the pendulum and the M mass are the same, and the
shaft which supports M mass is one of two supporting legs of the combined wearer - exoskeleton system.
So the pendulum which is applied in the combined wearer - exoskeleton system has supporting shaft which
switching each other according to the wearer’s step. This means that the supporting shaft switching

continuously from the left leg to the right leg and vice versa.
\Vitual center

Center of mass
e Y

Soft belt

Center of mass
(the exoskeleton)

" Anatomical Model Link segment model

Figure 2: The combined weaer-exoskeleton system and its equivalent model (One leg model)
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Figure 3: Center of mass distribution at each link

Centre of mass

= of the body

Centre of mass

of nght leg

Centre of mass

of left leg

Figure 5: The center of mass’s coordinates at links
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Based on the mass distribution in Figure 3, we can find out the coordinate of the center of mass of each
leg and body’s of the combined wearer - exoskeleton system. By synthesizing three coordinates (Center of
mass of left leg, right leg and body link), the coordinate of the center of mass of whole combined system
can be found in the Figure 5 as follow:

Xg = X, +mb—dbsin33+ m, (I, ~d,) x (cos 6 sin 6, —cos 6, sin 8,) (18)
2m, +m, 2m, +m,
Yo = Yn +2r::bfbmbcos 0, + (W] x (cos 6 cos 6, —cos 6, cos b, ) (19)
Zs = y,1960, — /2, + m(l, ~d,) x (sin 6, cos @, —sin 6, cos4,) (20)
2m, +m,

Where, (Xn, Yn, Zn) is the location coordinate of the Hip point.

4 MOTION PLANNING FOR THE COMBINED WEARER - EXOSKELETON

4.1 Motion planning in single phase

The goal in this section is to design the combined wearer-exoskeleton system's gait so that the combined
wearer-exoskeleton system maintains a normal gait and does not fall. Thus we need to find constraints at
the joints so that the combination of moving of rotation angles at the joints will help the combined system
move in the desired trajectory, which ensures a balanced system.

During the step cycle, a normal wearer walks in two different phases: a single phase and a double phase
[11]. The single phase is the phase in which only one leg supports the whole body weight and the other leg
swings forward without touching the ground. The double phase is the phase in which both legs support the
whole body weight and shift the body weight to the equilibrium area for the next single phase. However, it
is difficult for a disable person both to keep the normal walking pattern and to prevent him/her from falling
without using any assistive device. Therefore, the trajectories of the assistive exoskeleton need to be
predefined according to the normal wearer’s walking pattern so that the assistive exoskeleton helps the
wearer to walk in the normal walking pattern. To solve this issue, the idea is to keep the center of mass (G)
always fall into the equilibrium area on the walking plane. So, the projection of G on the walking plane
must be closed to the contact point of the supporting leg (Tip_b) on the walking plane in the single phase
to ensure that the combined wearer - exoskeleton system is always in the equilibrium state.

In the double phase, the equilibrium area is bigger than the equilibrium area in the single phase because
both legs support the whole mass. In this phase, the center of mass moves from the equilibrium area in a
single phase to the equilibrium area in the next single phase. By this way, the center of mass is always in
equilibrium areas in the single phase and the double phase during walking. Therefore, the combined wearer
—exoskeleton system is always in equilibrium state. In order to design the walking pattern in the equilibrium
state, we propose constraints for the combined system as follows:

1) We suggest the direction of the body is always vertical during walking. It means that 6, is always
equal to zero. Therefore, we have the first constraint: 6, =0

2) We assume that when the combined wearer — exoskeleton system moves, the right declination is equal
to the left declination, so we have the second constraint: 8, =6,

3) The relationship between z and x direction can be found from the equations (16) (17). The motion
curve of the mass M in xOz plane is similar to the motion pattern of the linear inverted pendulum in xOz
plane.

With the above contraints, the projection of G point on the xOz plane is shown as in Figure 6.
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Figure 6: The trajectory of the projection of G on the walking plane

The bold line illustrates the trajectory of G point during the single phase while the thin line illustrates
the trajectory of G point during the double phase. According to the above predefined trajectories, the G
point both moves forward and trends to the O origins in the equilibrium area during walking. These O
origins are placed at the Tip_b of supporting leg. Ls is denoted as the cycle step distance.

From the equations (18), (19), (20) and the constraints 1) and 2), COG coordinate equations are written
as follows:

mg(l, —d, . .
Xg = X, +(2rn5r2—+mb)}< (cos 8, (sin@, —siné,)) (21)
- myd, m, (I, ~d,) _ (22)
Yo =Y+ 2m =m +( om om x (cos 6, (cos 6, —cos 6,))
Z. = Y,196, —(/2)l, +(%Jx(sin 0, (cos b, —cos b)) (23)
r b

Assuming that during movement, the center of mass of the system undulates with a very small
amplitude compared to its height from the ground. Therefore, it can be assumed that the height of the center
of mass is constant value (yc = const). This constraint condition shows that the center of mass moves in the
plane which is parallel with the ground. Y¢ parameter is designed in advance according to the wearer’s body
size.

We have three constraints as follows:

_ m (I, —d, : :
XG = Cle ut 4 Czeﬂ-t — Xh —+ (ﬁ} X (COS 0'. (Sln 94 —Sin 92)) (24)
—ut 1 mr(lz_dr) i
75 =Ce ™ +C.e" = y,196, — Y2, +| —2—" |x(sin g, (cos b, —cosb,)) (25)
2m_+m,
m,d m.(l, —d
Yo = yG_const =Yy + 2mrb+bmb +[ 2rn(]r2+ ml: )JX(COS er (COS 94 —C0s 92)) (26)

In addition, we need to add additional constraints for Tip_e at the swinging leg. By investigating the
humanoid walking gait, we propose the trajectory for Tip_e in which its x,y coordinates are defined by a
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third and fifth polynomial functions respect with time (t), respectively (xe=fx(t), ye=fy(t)). The coefficients
of the polynomial functions (ao, as, a2, as, bo, b1, bz, b3, ba, bs) are defined by initial constraints as the figure
below:

Tip e Tip b 1 Tip e
iLg

Figure 7: Designed trajectory of the Tip_e
X, =(I,sin@, +1,sin@, +1,sin 6, +1,sin G, Joos @, =a, +at+a,t’ +a,t’® 27

y, = (I, cos6, +1,cos @, +1, cos b, +1, cos 6, )cos 6, =b, +bt +b,t? +bt* +b,t* +b,t° (28)
where, Ls is the step distance , he is the maximum distance of the Tip_e from the ground. These parameters
are designed according to the wearer’s body.

We can find out joint angle variables é,,6,,0,,6.,6.,and 6, = 0,0, =6, from contraints in equations

(24), (25), (26), (27) and (28) in the single phase.

4.2 Motion planning in double phase

In double phase, both legs of the combined system touch the ground to support the main body and move
the center of mass forward. This helps the combined system from falling over when its center of mass is
far away from the stand leg (See Figure 6). The goal of this section is to design the trajectory of the center
of mass so that the combined system moves in equilibrium state. To do this, we will find the constraints at
the joints for the system to follow the trajectory designed in this phase.

1) The first constraint is that we assume the angle of the wearer's main body relative to the vertical is

very small. Hence we have the first contraint 8, =0
2) The second constraint is that the angle of inclination to the left and right is the same during moving,
It means that 6, =6,

Figure 8: The tilt angle to the left and right of the wearer
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In Figure 8, the wearer is leaning to the right (dashed lines). The center of mass of the whole system
(the wearer and exoskeleton) is focusing on the right foot. In this phase, the wearer has to move their body

forward and leans to one side to lift the other leg for the next step. The constraint 8, = 6, ensures that the

combined system is leaned evenly on both legs.

3) Constraint of centre of mass G for the combined system

Switching from single phase to double phase has a continuity of starting and ending position of each phase
(D and E points in Fig.6). Therefore, we have a contraints for y coordinate of G point

Y6 = YG_const (29)

In order to keep the combined system in an equilibrium state, G point should be on the DE straight line To
do this, we design Xe and zg coordinates by equations

XG= Co+Cit (30)
Zc=do+dit (0<t<T) (31)
By substituting (29), (30), (31) into (21), (22), (23) the contraints of G point are given as follows:

m,(l, —d, . .

Xg =C, +C =X, +(#+mb)]x(coser(sm 6, -sinég,)) (32)
mbdb m (Iz —d )
= =Yy, + +| — L cosé.(cosé, —cos o 33
yG yG_const yh 2mr + mb ( 2mr + mb X( r( 4 2)) ( )
Zo = Y,190, — /2, + m(l,~d,) x (sin 6, (cos §, —cos ,)) (34)
2m, +m,

We can find out joint angle variables 6,,6,,0,,6;,6,,and 8, = 0,0, = 6, from contraints in equations
(29), (30), (31), (32), (33) and (34) in the double phase.

5 EXPERIMENTAL RESULTS

A real augmentation exoskeleton system (called Hualex Exoskeleton at Center for Robaotics, University of
Electronic Science and Technology of China) is used to validate our planned trajectories. The designed
parameters should be chosen in advance so that they are suitable for the weak wearer such as step distance,
the height of the wearer because they affect on the wearer’s walking pattern. These parameters given for
the wearer of 1.7 m in height and of 60 kg in weight are given in the Table 2. The exoskeleton has the weight
of 15 kg in total, therefore, the combined masses are denoted in the Table 2 by m; (i = 1+6) for each
segments.

Table 2: Exoskeleton’s mechanical paramters

l1 0.48 ms(kQ) 5.66 Step length L (m) 09m

I> 0.42 ma(Kg) 9.0 h tipe (M) 0.1m

I3 0.8 ms(kQg) 6.62 Walking Speed (m/s) 0.45 m/s
l4 0.42 ma(kQg) 9.0 Y const (M) 1.04m
Is 0.48 ms(kQ) 5.66 Wearer’s height 1.75m
le=d, |0.30 me+my (kg) | 39.06
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Figure 9: HUALEX Exoskeleton Figure 10: A paralyzed
System wearer is walking with the
support by the augmentation
exoskeleton

-0.105 i i i i i i
-0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
X6

Figure 11: X, Z coordinates in the single phase

Figures 11, 12, 13 show the experimental results obtained from the system's center of mass in the moving
plane when compared to the planned trajectories in Figure 6. Figure 11 shows the coordinates of the center
of mass in Oxz plane during single phase. This result is perfectly resonable when compared with the solid
line in Figure 6 (planned trajectories). In addition, Figure 12 shows the trajectory of the swinging leg
walking forward; Figure 13 shows the movement of the center of mass of the system (similar to the section
from D to E point in Figure 6) in the double phase before lifting the legs to perform the next single phase.
These experimental results satisfy pre-planned trajectories based on the inverted pendulum model.
Therefore, the wearer still maintains a state of balance when moving as in Figurel0.
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Figure 12: Xg, Y coordinates in the single phase
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Figure 13: Xg, Z¢ coordinates in the double phase

6 CONCLUSIONS

The paper proposed motion trajectory for the exoskeleton system to support wearers with knee paralysis
based on the inverted pendulum model. The reason for relying on the inverted pendulum model is that by
examining the motion characteristics of the inverted pendulum, it can be seen that if exoskeleton is
controlled to follow the same trajectory as the traverse of the inverted pendulum, exoskeleton can assist the
wearer. Hence, the wearer can walk while maintaining a normal gait and not fall down. Experimental results
on a real exoskeleton system (called HUALEX) have shown that the wearer walks slowly and does not fall,
while retaining a normal gait. These results are also a prerequisite for developing an optimal gait with more
phases for wearers supported by exoskeleton in next researches.
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HOACH PINH CHUYEN PONG CHO HE KHUNG XUONG HO TRQ
PHUC HOI DANG PI CHO NGUOI

Tém tit. Cic nghién ctru vé hé thong khung xwong phuc héi chirc ning di dugc thuc hién trong nhidu
thap ky gan dy va dat dugc nhiéu tién bd. Tuy nhién, hau hét cic nghién ctru tip trung vao cac hé thdng
don gian hon nhu hé khung xuong phuc hdi chirc ning cho 1 hodc hai kh6p hodc chi cho mot chan bj liét
v6i muc dich 1a tai tao lai dang di cia ngudi mac. Cac nghién ctru vé hé ' khung xwong phuc hoi chtrc ning
cho toan b cac chan bi liét van con rat han ché do tinh phirc tap trong van dé giit can bang cho ngudi mic.
Do d6, trong nhitng nghién ctru gan day hay tap trung vao viéc nguoi mic thuong ding nan di kém dé hd
trg tranh té ngd khi di chuyén. Dé khoi phai dung nan hd trg giup phuc hdi lai dang di nhu ngudi binh
thuong, van dé can bang cho ngudi mic phai duge xem xét trong thuat toan diéu khién. Trong bai bao nay,
chung t6i xay dung quy dao chuyén dong cho hé két hop gdbm ngudi mic va hé khung xwong hd tro gitp
dam bao ngudi mic ludn gitr thing bang. Cac quy dao hoach dinh nay da duoc kiém ching trén hé thong
khung xuong thuc tén la HUALEX tai Truong Pai hoc Khoa Hoc va Cong nghé Dién tir Trung Qudc.

Tir khéa. Hé khung xuong phuc hoi, tuong tac ngudi va hé khung xwong, tai tao dang di chuyén cho
nguoi.

Ngay nhén bai: 17/12/2019
Ngady chdp nhdn dang: 14/02/2020

© 2020 Industrial University of Ho Chi Minh City


https://ieeexplore.ieee.org/xpl/conhome/7677/proceeding

