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Abstract: Today, exoskeletons are widely applied to provide walking assistance for patients with lower limb motor
incapacity. Most existing exoskeletons are under-actuated, resulting in a series of problems, e.g., interference and
unnatural gait during walking. In this study, we propose a novel intelligent autonomous lower extremity exoskeleton
(Auto-LEE), aiming at improving the user experience of wearable walking aids and extending their application range.
Unlike traditional exoskeletons, Auto-LEE has 10 degrees of freedom, and all the joints are actuated independently
by direct current motors, which allows the robot to maintain balance in aiding walking without extra support.
The new exoskeleton is designed and developed with a modular structure concept and multi-modal human-robot
interfaces are considered in the control system. To validate the ability of self-balancing bipedal walking, three general
algorithms for generating walking patterns are researched, and a preliminary experiment is implemented.
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1 Introduction Statistical Center (2016), there are about 288000
individuals with SCI in the United States, and the
number of such cases is growing by about 17 700 new
cases each year. About 58.7% of SCI patients are
tetraplegic and 40.6% are paraplegic. Approximately
17576 Americans lose total or partial lower limb mo-
bility because of SCI annually. These patients can
merely lie in a bed or simply move with a wheelchair,

The problem of lower limb motor incapacity,
caused by diseases like multiple sclerosis, muscle at-
rophy, stroke, polio, and spinal cord injury (SCI),
is a limitation for many people. SCI is the primary
condition causing lower limb disabilities. Accord-
ing to one statistic in National Spinal Cord Injury
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With the development of robotics and control
technology over the past few decades, the exoskele-
ton as a significant branch of robotics has been
well developed. Many institutions have conducted
research in the exoskeleton field. Early studies of
exoskeletons were mostly military-oriented, aiming
at increasing the ability of soldiers to carry loads.
BLEEX (Zoss, 2006), ExoHiker, and HULC (Kopp,
2011), developed by the Berkeley Robotics &
Human Engineering Laboratory, were powered by
hydraulic systems and can offer assistance at the
hip, ankle, and knee joints. As motor technology
improves, more and more civil-oriented, lightweight,
miniaturized, and electric-driven exoskeletons have
emerged (Mertz, 2012).  The hybrid assistive
limb (HAL), developed by the Japanese company
CYBERDYNE Inc., is an exoskeleton system for
helping senior citizens with lower limb functional
degeneration or patients with lower limb paralysis.
The exoskeleton is driven by direct current (DC)
motors and can assist the extension/flexion move-
ments of the hip, knee, and ankle joints, helping
wearers with daily activities like walking, standing,
and climbing up and down stairs (Tsukahara et
al., 2015). The HAL power modules can generate
assist torque by amplifying the estimated joint
torque based on the wearer’s own electromyographic
signals, and thus the wearer’s movement control
can be realized. In addition to HAL, many medical
commercial exoskeletons have emerged in recent
years, such as AILEGS by Beijing Ai-robotics
Ltd. (https://www.ai-robotics.cn/), Ekso GT by
Ekso Bionics (https://eksobionics.com/), Indego
by Parker Hannifin (http://www.indego.com/),
ReWalk by Argo Medical Technologies Ltd. (Talaty
et al.,, 2013; Gardner et al., 2017), Fourier M2
by Shanghai Fourier Science and Technology Ltd.
(http://www.fftai.com/product /lowerLimbs.php),
and REX by Rex Bionics Ltd. in New Zealand
(https://www.rexbionics.com/).

Because of its simple mechanical structure and
easy control mode, the “hip+knee actuated” struc-
ture is widespread in the exoskeleton field, such
as SIAT Exoskeleton, eLEGS, ABLE, EXPOS,
SUBAR, and WPAL (Kong and Jeon, 2006; Fang
et al., 2008; Kong et al., 2009; Strausser et al., 2010;
Mori et al., 2011; Zhang et al., 2016). Although
the above devices are slightly different in degrees of
freedom (DOFs) and layout, these exoskeletons are

actuated with only DC motors at the hip and knee
joints. As a result, crutches are needed as extra sup-
port to keep the wearer’s balance.

Based on our investigation, most existing lower
limb exoskeletons have fewer active joints or DOFs
than human legs, which means that the device will
interfere with the wearer’s body during walking.
Due to the lack of active DOFs, the wearer’s body
can adapt to only lower limb exoskeletons by walk-
ing with an unnatural gait. The wearer needs to
spend more time and energy practicing, which is
not conducive to rehabilitation of the patient. To
solve this dilemma, we need to build a more er-
gonomic lower limb exoskeleton to avoid mobility is-
sues for the wearer. Thus, we propose a novel intelli-
gent autonomous lower extremity exoskeleton (Auto-
LEE). Compared with other exoskeletons, Auto-LEE
can provide the wearer with a self-balancing plat-
form without the need for additional support, such
In addition, Auto-LEE can be con-
trolled through an integrated multi-modal human-
robot interface, e.g., electroencephalogram (EEG),
electromyogram (EMG), or a joystick, which greatly

as crutches.

enriches the selectivity of the control mode.

The main purpose of the exoskeleton is to assist
the wearer in walking. To achieve stable walking of
the robot, its walking pattern should be planned and
controlled. The former is implemented by a walking
pattern generator, and the latter is accomplished by
a walking stabilizer. To validate the self-balancing
walking ability, we focus only on the algorithms for
walking pattern generation to realize a preliminary
walking experiment in this study.

2 Biomechanical analysis of the human
body

To achieve the most natural human gait as close
as possible and increase the application range of the
exoskeleton, we analyze human biomechanical prop-
erties. The modular design concept is introduced
into the structure development to improve usage and
maintenance convenience.

The fundamental biomechanical considerations
for the exoskeleton design are factors such as the
number of DOFs, structure morphology, range-of-
motion (ROM), joint category, driving pattern, load
weight, and wearable mode (Cenciarini and Dollar,
2011).
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Table 2 Dimension values of the exoskeleton

Variable Value (mm)
Thigh length 425-525
Shank length 340-420
Waist width 365-440

Waist thickness 200
Ankle height 133
Foot width 130
Foot length 380

According to human anatomy (Fig. 1a), almost
all human movements are contained in three princi-
pal planes: sagittal plane, coronal plane, and trans-
verse plane. It may be broadly acknowledged that
the flexion/extension motions of the joints in the
sagittal plane contribute mostly to general lower
limb activities, such as walking, running, squat-
ting, standing, and climbing up/downstairs. As a re-
sult, most existing exoskeletons place motors at the
hip, knee, and ankle joints. In fact, the abduction/
adduction motions of the joints in the coronal plane
are very important in bipedal walking, without which
the wearer cannot maintain self-balance in a natu-
ral walk. To achieve self-balanced walking ability,
Auto-LEE has 10 joints, and all joints are driven by
DC motors. It can provide assistance in the flexion/
extension motion of the hip fpi, s, knee Oyyee, and
ankle 0,1, and the abduction /adduction motion of
the hip 6pi, . and ankle 0, ¢, indicated as Fig. 1c.

Auto-LEE is a humanlike exoskeleton robot,
and it is placed parallel to the wearer’s limb when
it operates. To achieve kinematic compliance and

Sagittal plane
9 P Vertical axis

Transverse
;I)Iane fE i

Coronal /&4 % — PIEY A

(a) (b) (c)

Fig. 1 Biomechanical parameters of human body: (a)
main human motion planes; (b) dimension parame-

Table 3 Range of motions (ROMs) of joints

Joint Motion Human Auto-LEE
ROM (°)  ROM (°)
Extension/Flexion [—25,4+125] [—25,490]
Hip  Abduction/Adduction [—30,+60] [—30,+30]
Eversion/Inversion [—30, 4+60] N/A

Knee Extension/Flexion [0, +130] [0, 4+110]
Ankl Extension/Flexion [—50,430] [—25,+30]
"€ Abduction/Adduction  [—35,+15]  [—30, +15]

N/A: not available

avoid interfering with natural movements, each joint
center should be aligned with that of the lower limb,
which means that the joint distribution, ROM, and
dimension parameters of the exoskeleton should be
determined by biomechanical properties. The vital
human dimension parameters are shown in Fig. 1b,
and the reference values of Chinese adults are listed
in Table 1 (Protection and Labour, 1988). Then the
values of the Auto-LEE dimension parameters, listed
in Table 2, are determined according to these data.
To adapt to different body sizes, the waist, shank,
and thigh dimension parameters are adjustable. Ta-
ble 3 and Fig. 2 show the reference ROMs of the
human joints (Gao, 2004), and the ROMs of the ex-
oskeleton joints are determined by these values.

3 Design of the exoskeleton

According to the design concept, the number
of active DOFs should be chosen based on the need
to meet the demand of self-balanced walking abil-

\Waist thickness

Fig. 2 Distribution and range of motion of Auto-LEE

ters; (c) related lower limb joints

joints

Table 1 Reference dimension values of Chinese adults

Variable (mm)

Gender
Stature Thigh length Shank length Ankle height Foot width Pelvis width Foot length
Male 1604-1814 436-523 344-419 73-79 90-107 288-346 234-272
Female 1570-1697 438-494 344-390 66—69 88-98 317-360 229-251
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Fig. 3 Overall view of the exoskeleton system

ity, natural gait, and control complexity. To accom-
modate individuals with different pelvis widths and
shank /thigh lengths, manual length regulators have
been designed in different parts.

3.1 Overall view of the exoskeleton system

Fig. 3 shows the comprehensive design concept
of Auto-LEE. The integrated system consists of five
main components: an exoskeleton robot with 10 ac-
tive joints, a control box, a computer vision unit
(CVU), multi-modal human-robot interfaces, and
sensor systems.

The CVU, which includes a camera and a mi-
crocontroller, is used to detect the surrounding envi-
ronment and offers path planning information to the
human and control box. After the human acquires
the information by the screen or augmented reality
glasses, his/her motion intention will be recognized
and transferred by the human-robot interfaces. On
the other hand, the control box can obtain path plan-
ning from the CVU, motion intention from the hu-
man, and the robot motion state from the sensor
systems. Then it can generate commands to control
the exoskeleton and realize self-balanced walking.

3.2 Design of the exoskeleton with modular
structure

Fig. 4 shows the structural design of Auto-LEE
in detail, where exploded views of the overall me-
chanical structure and a modular drive unit are pre-
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Fig. 4 Exploded views of the exoskeleton (a) and the
modular drive unit (b)

sented. Ten modular drive units (M1-M10) are used
within the Auto-LEE joints. Those drive units have
identical interfaces and analogous structures, which
create convenient assembly and maintenance. The
material of most Auto-LEE structural parts is Alu-
minum 7075, which features light weight and high
strength.

As shown in Fig. 4b, the modular drive unit is
made up of 10 main parts. The rotary plate (M.4)
and fixed plate (M.7) are the interfaces for linking
to other parts of Auto-LEE. They rotate about the
axis of the electric motor (M.8), which transforms
electric power to joint motion. The electric motor
is a Maxon-EC-90-flat permanent magnet brushless
motor, with nominal torque of 0.56 N-m (Newton
meter), nominal speed of 2510 r/min (revolutions
per minute), and a built-in incremental encoder. A
harmonic reducer (M.5) with a reduction ratio of 160
is connected to the output shaft of the electric motor.
A coupling (M.6) links M.5 and M.8, and measures
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the torque transmitted with a built-in torque sensor.
The servo amplifier (M.9) is accommodated in the
rectangular housing. Besides driving the motor, it
is used for collecting sensor signals in the drive unit
and forming the Ethernet control automation tech-
nology (EtherCAT) network with other units. The
end cover (M.10) is designed to protect M.8. The
inhibiting device (M.1) limits the ROM of the drive
unit to avoid physical injury to the user. The combi-
nation of the magnetic encoder (M.2) and the perma-
nent magnet wafer (M.3) forms an absolute position
encoder for recording the absolute joint angle.

As illustrated in Fig. 4a, the modular drive
unit M5/M6, connected to the control box, con-
trols the extension/flexion rotation of the right/left
hip joint in the sagittal plane. M4/MT7 is attached
to M5/M6 by a J-type linkage, used for controlling
the abduction/adduction revolution of the right /left
hip joint in the coronal plane. Thigh-R/Thigh-L
links M4 /M7 and M3/M8, while Shank-R/Shank-L
links M3/M8 and M2/M9. The right/left motion
of the knee joint in the sagittal plane is regulated
by M3/M8. M2/M9 controls the extension/flexion
rotation of the right/left ankle joint in the sagittal
plane, while M1/M10, linked to M2/M9 by an L-
type linkage, domains the abduction/adduction rota-
tion of the right /left ankle joint in the coronal plane.
Foot-R/Foot-L is attached to M1/M10. Therefore,
Auto-LEE has 10 active DOFs in the joint space
to generate flexible gaits. To accommodate various
users, Auto-LEE has manual length regulators on the
thigh, shank, waist, and ankle (Fig. 3). By changing
the position of the fastening screws, the lengths of
thighs and shanks, as well as the width of the waist,
can be adjusted.

Due to the flexibility of human tissue, it is not
easy to firmly fasten the exoskeleton to the user in
a comfortable way. The binding devices designed
for Auto-LEE comprise rigid and soft parts on the
waist, thighs, shanks, and feet for fastening to the
body. The inflexible parts of the binding devices are
designed to be located on the exoskeleton, while soft
belts bind the devices to the human body.

3.3 Design of the plantar pressure detection
system

Auto-LEE is designed to be self-balancing dur-
ing walking without the support of extra devices like
crutches, which are used in most lower limb exoskele-

tons. Most existing strategies for stable walking
control of legged robots are based on the zero mo-
ment point (ZMP) theory. Hence, tracking the ZMP
position and maintaining it within the foot support
area during walking are extremely important. Sev-
eral approaches can be used to obtain the position of
the ZMP; one of them is to calculate the ZMP posi-
tion based on the model of the exoskeleton together
with the data from the provided encoders. A more
direct way is to measure the force/torque applied on
the planar using sensors underneath the foot. In this
study, a plantar pressure detection system (PPDS)
based on one-dimensional force sensors, is devised to
measure the ZMP position in real time. After obtain-
ing the data from the force sensors, the coordinate
value (P,, P,) of the ZMP location can be calculated
(Vukobratovi¢ and Borovac, 2004):

N N
; Tja fj ; Tjy [
Pz:J_N ) Py:J_N ) (1)
;fj ; i

where f; denotes the force measured by the j** sen-
sor, whose coordinate value is (rj,,7;y), and N rep-
resents the number of force sensors in one foot.

Fig. 5 illustrates the structural design of the
PPDS. Two aluminum boards, the upper baseboard
(F.3) and the lower baseboard (F.9), make up the
main framework of the PPDS. These two parts are
linked through eight guide posts (F.7), so they can
slide relative to each other. When there is no pres-
sure applied on F.3, the springs (F.6) separate the
At the bottom of F.3, 12 thin
flexible piezoresistive force sensors (F.4) are attached
for measuring one-dimensional force. To increase the

aluminum boards.

measurement accuracy, each sensor’s sensing area is
covered by a rubber pad (F.5). A spongy cushion

Right foot

Fig. 5 Plantar pressure detection device of the
exoskeleton
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(F.8) is inserted between F.3 and F.9 to absorb shock
each time the foot contacts the floor. To increase the
contact friction, an antiskid mat (F.2) and a rubber
sole (F.10) are attached on the top of F.3 and at the
bottom of F.9, respectively. The control board (F.1),
which is set in F.3, is employed to process the data
output from the sensors and convey the data into

the Auto-LEE controller through a controller area
network (CAN).

3.4 Design of the control system

Fig. 6 shows the layout of the Auto-LEE con-
trol architecture, which is defined to integrate the
subsystems and is described below.

3.4.1 Control unit

This unit is the core of the entire control system
and consists of a main controller (a high-performance
PC with a real-time operating system) and several in-
terface modules including universal serial bus (USB)-
CAN adapters, EtherCAT adapters, and serial in-
terfaces. Its responsibility is to collect information
from different subsystems, process the signals, and
execute the control algorithms to generate motion
signals for the motor drivers.

3.4.2 Motor driver unit

There are 10 motor driver units, attached in
the joints of the exoskeleton, and each of them is
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formed by a servo amplifier and a printed circuit
board (PCB). The driver unit powers and drives the
actuator, collects measurement data from the en-
coder and torque sensor, and exchanges information
with the controller and other driver units through an
EtherCAT network.

3.4.3 Sensor system

Various sensors, such as inertial measurement
units (IMUs) and force sensors, are placed in differ-
ent parts to check the motion state of the exoskele-
ton. Twelve force sensors and a six-axis IMU are
embedded in the left /right foot, and the signals from
these sensors are acquired and processed by a PCB
with an STM32F103 microprocessor. Seven other
six-axis IMUs are installed in the thigh, shank, and
waist to detect movement. All the measurement data
are delivered to the controller through the CAN I
network.

3.4.4 Multi-modal human-robot interfaces

The human-robot interfaces, which include
EEG, EMG, joystick, and camera, are used for sig-
nal interaction between the device and users, and
all their data are transmitted to the control unit

through the CAN II network.

Force sensor_1-12

Force sensor_13-24

Controller FOOt'l‘ MU Foot-R IMU Sensor systems
7 | FootLPCB |  FootRPCB | ShankiMu | Thigh mu || waistimu |
IMU — (]
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Fig.

6 Overall view of the control architecture
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4 Preliminary research on  self-
balanced walking of the exoskeleton

In terms of control, Auto-LEE can be treated
as a bipedal robot with a large disturbance, which is
the human wearing the exoskeleton. In this study, we
focus only on validating the ability of self-balanced
walking of the exoskeleton itself, ignoring the human
disturbance. Theories on bipedal humanoid robots
have been researched for decades, and we will dis-
cuss three general algorithms for walking pattern
generation in this section. Before that, the details
of building the kinematic model are introduced.

4.1 Kinematic analysis of the exoskeleton

The kinematic model of the Auto-LEE robot
can be simplified as a seven-link model (Fig. 7). The
world coordination (Oy-zyz) is defined as follows:
the z axis pointing directly in front of the robot,
the z axis pointing directly above the robot, and the
y axis is determined by the right-hand rule. Then
we can build coordination in each joint center: right
hip coordination (Opr-zyz), right knee coordination
(Oxr-yz), right foot coordination (Or-zyz), left hip
coordination (Onr-2yz), left knee coordination (Op,-
xyz), left foot coordination (Or-xyz), and waist base
coordination (O-zyz). The attitude matrix of each
joint is equal to that of world coordination in the
initial state. Axis vector a; (j = 1,2,...,10) is
along the rotation center of each joint, and 6; is the
joint angle.

Fig. 7 Kinematic diagram of mechanism of the
exoskeleton

Despite the 10 joints of the exoskeleton, we can
treat it as two independent arms (the left and right
legs with five joints), linked to a common base (the

waist). Then the kinematics can be solved as a non-
redundant problem. Thus, the forward kinematic
model of each chain can be obtained with the Ro-
drigues rotation formula and chain rules, presented

as follows:

Ry, P

bascTL — [ L OL] — OT66T77T88T99T10,
0 1
Rr P,

baseTR — R Or — 011551144113311221117
0 1

ip _ |'Bi by _ [exp(@;0;) " Po,

! 0 1 0 1|’

(2)
where PaseTy /baseTR is the transformation matrix
from left/right foot coordination to base coordina-
tion, Ry, /Ry is the attitude matrix of the left/right
foot described in base coordination, and Pp, /Poy,
represents the position vector. 1TJ is the transfor-
mation matrix from the i*" joint coordination to the
4t joint coordination, ‘R; is the attitude matrix of
the ' joint coordination described in the j*" joint
coordination, and b; /iPOJ. represents the position
vector.

Conversely, we can obtain the inverse kinematic
models, as defined in Eq. (3), of the two arms with
the geometrical analysis method:

(967077 .. '7610) = fL(RL7POL7RO7PO)7
(917027 o '795) = fR(RR7P0R7R07PO)7

where Ry, /Rr/Ro is the attitude matrix of the left
foot /right foot/waist described in world coordina-

(3)

tion (Ow-zyz), and Po, / Po, / Po represents the cor-
responding location vector.

4.2 Introduction of bipedal walking pattern
generation algorithms

The walking pattern generation algorithms we
will discuss just need a simplified model of the
robot without precise knowledge of dynamics; they
are the three-dimensional inverted linear pendulum
mode method (3D-ILPM) (Kajita et al., 2001), the
cart-table model (Kajita et al., 2003) method, and
the ZMP preview control method (Katayama et al.,
1985; Shimmyo et al., 2013).
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4.2.1 Bipedal walking pattern generation based on
3D-ILPM

As Fig. 8a shows, in a single-foot support pat-
tern, the dynamic model of the exoskeleton can be
simplified as a three-dimensional linear inverted pen-
dulum. The motion of the center of mass (COM) can
be constrained in a plane:

2z =kex + kyy + 2, (4)

where k, and &, are the slope factors, and z. is the z-
intercept. In this study, we assume that k, = &k, =0,
so the trajectory of the COM projected on the X-Y
plane can be described as

i="r ="y (5)

After we set the n'" step length and step width
(Sy,Sy) of the foot location planning (equal to
ZMP location here), the desired location of the foot
(Pra» Pjq) is determined by Eq. (6), and the mo-
tion state of the walk primitive can be calculated
by Eq. (7), assuming that the left foot is the initial
supporting foot:

{P;d] _ { pr=t 4 gn (©)
Py Pyt (-1)"sy ]’
" = Srtl/2,
g = (—=1)"Syt /2,
on — C+ 1, (7)
x TCS 9
o C—-1_
v, = s
vT s Y

where T. = +/z./9, C = cosh(Ty/T.), S =
sinh (T /T.), and Ty is a single support phase.

Fig. 8 Simplified dynamic model: (a) 3D-ILPM
model; (b) cart-table model

When the pattern changes, the actual foot lo-
cation (Py, P;) needs to be adjusted to meet the
walking speed, and it can be calculated as follows:

Py =00 (@4 — Cap — T.8i7)

T
by S -d S ..n 1
_T:Dz ({L’ - X, — C./L'l) s

Py = =" (yd - Cyp — TSy

byS Y n il
~1.D, (yd - frgyz - Cy; ) )
where D, = a,(C—1)* + b,(S/T.)?, D, =
ay(C —1)% + b,(S/Te)?, and (ay, by, ay, b, > 0) are
weighting factors.

With the algorithm above, we obtain the COM
trajectory after the foot location is planned. How-
ever, when the walking pattern changes, the foot
locations will be adjusted, which leads to differences
between the actual walking positions and the desired
ones. A numerical example will be given in Section 5.

4.2.2 Bipedal walking pattern generation based on
the cart-table model

As Fig. 8b shows, in a single-foot support pat-
tern, the dynamic model of the exoskeleton can be
simplified as a cart-table model. The cart position
(x,y) represents the COM location, and the ZMP
position (P,, P,) equals the foot location. The ZMP
location can be calculated as follows:

where z. is the height of the COM. We can find that
the ZMP location is the output of the system here,
while it acts as the input in the algorithm based on
3D-ILPM. Thus, we can control ZMP locations with
the cart-table model.

Eq. (9) can be rewritten in the discretized form:
Pop = uprp_1 + vpxr + wipTr1,
{ k = UkTl—1 + VkTk + Wp Tyl (10)

Py = uryr—1 + VeYr + WrYk+1,

where uy = —2./(gAt?), vy, = 22./(gAt?) + 1, and
wr = —2/(gAt?).

Then we can obtain the discretized ZMP loca-
tions of all intervals (k = 1,2,...,n) in the matrix
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form:

P, =Uzxz,
P, =Uy,

T
P = [pwlva% ce- 7pm(n71)7pwnj| )

T
Py = [pylvpy27 cee 7py(n—1)7pyn] )
T = [x17I27 .. '7xn717In]T7

T

Y=y, 92 Yn—1,Ynl ",

u1—|—v1,w1,0

Uz, vz, W2

Un—1,Un—1,Wn—-1
07 una Un+wn
(11)

The discretized COM trajectory can be calcu-
lated as follows:

z=U'P,, y=U'P,. (12)

With the algorithm based on the cart-table
model, we are sure that COM locations will be ad-
justed to make sure that the outputs of ZMP loca-
Thus,
the stable robot movement that we desire can be
realized. Nevertheless, both algorithms described
above belong to off-line methods, which means that

tions are consistent with the planned ones.

they have to calculate the entire trajectory off-line
to generate a continuous walking pattern.

4.2.3 Bipedal walking pattern generation based on
ZMP preview control

To realize online walking pattern generation,
an algorithm based on ZMP preview control is in-
troduced in this subsection. First, a new vector
5 = (84, 8y) is defined as follows:

d . d .
gl s = g, ¥ (13)

Regarding s as the input of Eq. (9), the ZMP
location equation about x can be translated into a

Sy =

servo control system as follows:

a1l 01 0 €T 0
| =10 0 1 |+ 0 | s,
dt | 5 00 of |
’ (14)
Pz:[lo e P
g @

For the equation about y, we can deal with the
same form; thus, it will be omitted in the following
parts. System (14) can be discretized with sampling
time (At):

Ti41 = A7 + Bsyy,
Py = Cry,
re =[x (kAL), @ (KAL), & (kAT

(1 At At?)2
A=|0 1 At ,

0 0 1 (15)

[ At3/6

B=| At?)2 |,
At

C=[1 0 —z/g].

With the reference ZMP location P;Zf, the per-
formance index .J can be defined as

J =

M8

Q€2 + Arf Q. Ar; + Q.,As2,), 16
( 7 i xi

3

Il
B

where e}, = P;if—Pmk, Ary =rp—7ri_1,and As,, =
Sak — Szk—1- Qe, s, and @, are weighting factors.

With Ny, step future reference ZMP locations at
every sampling time, the input s, in Eq. (15) can
be obtained as Eq. (17) by minimizing index J, and
syk can be calculated in the same way:

k Ny,
Syl = —Kezei—Kr"'k‘f'ZKPjP;Zf-y—j? (17)
i=0 Jj=1

where K., K,, and Kp; are the gains (K, € R1X3).

As Fig. 9 shows, the ZMP preview control sys-
tem consists of three parts: a first-in-first-out (FIFO)
buffer for storing Ny, step future reference ZMP lo-
cations, a preview controller for calculating the in-
put of the control system, and a cart-table dynamic
model for calculating the state of the system. With
this algorithm, we can generate a continuous walking
pattern online.

5 Numerical research and preliminary
experiments

In this section, numerical research on the three
algorithms is implemented for comparison. The algo-
rithm based on ZMP preview control is finally chosen
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ref ref
P ~P

ref KeNg |k
—

future

FIFO

Fig. 9 Architecture of ZMP preview control

to generate the walking pattern for the walking ex-
periment on a flat terrain, which aims at validating
the self-balanced walking ability of Auto-LEE.

The Auto-LEE virtual prototype is built accord-
ing to the design presented in Section 3, and the to-
tal mass of the robot is 42 kg. As Fig. 10a shows,
the initial state of the exoskeleton is set as follows:
(1) the COM is constrained in a horizontal plane
z. = 0.85 m; (2) the initial position of the COM is
Py = [0, —0.125, 0.85] m; (3) the initial location
of the left/right foot is P, = [0, 0.125, 0.133] m /
Py =10, 0.125, —0.133] m; (4) the lift height of the
swing foot is h, = 0.1 m; (5) the initial velocity and
acceleration of the whole body are set at zero.

300 mm| 300 mm| 300 mm| 300 mm|

T,

Vel vk

(b)

Fig. 10 Virtual prototype (a) and planned foot loca-
tions (b)

The planned foot locations are set as Fig. 10b
shows: the exoskeleton walking along the = axis with
seven steps on a flat terrain. The step parameters
are set as in Table 4, and the gait cycle is Ty = 1 s.
For the algorithm based on 3D-ILPM, the conditions
are set as a; = b, = ay, = b, = 1. For the algo-
rithm based on the cart-table model, the sampling
The conditions of the
algorithm based on ZMP preview control are set as
NL =400, Qe =1, Qs =1x10"", Q, =0.

time is set as At = 5 ms.

Table 4 Planned foot locations
Step (n) 1 2 3 4 5 6 7

S (mm) 0 300 300 300 300 300 O
Sp (mm) 250 250 250 250 250 250 250

With these initial conditions and the exoskele-
ton parameters, the walking patterns are generated

using the three different algorithms (Fig. 11). As the
figure shows, the foot trajectory generated with the
3D-ILPM model is off the planned one; actually this
On the
contrary, the trajectories generated with the cart-

result cannot be applied to practical use.

table model and ZMP preview control are almost
consistent with the desired one.

To generate the walking patterns that we desire
in a continuous way, we adopt the online algorithm
based on ZMP preview control. For the experiment,
the gait cycle is set as Ty = 3 s, and the sampling
time is At = 5 ms. The future reference factor Ny, is
determined as Ny, = 2Ts/At = 1200, Q. = 1, Qs =
1x 1077, and @, = 0. The preview action gain Kp;
is shown in Fig. 12, which indicates that the gain is
almost zero when Np, > 1200.

The calculated ZMP trajectory (blue thin
spline) and COM trajectory (green circle spline)

0.1 ! <& Center of mass =¥ Left foot = Right foot
0.0
€ -01
< —0.2
-0.3
-0.4
_05 n n n
00 02 04 06 08 10 12 14
y(m)
0.1 | ==
0.0 }
= =01} &
€ 02t
-03}
-0.4 t(b) <& Center of mass =¥ Left foot =Ar Right foot
05 L~ N N N N N N N
00 02 04 06 08 10 12 14
y(m
0.1
0.0
£ -0.1
IS¢ -0.2
-0.3F
04 -(c) < Center of mass =¥ Left foot =& Right foot
05— N N N N N N N
00 02 04 06 08 10 12 14
y (m)
Fig. 11 Numerical results: generated trajectories

with 3D-ILPM (a), cart-table model (b), and ZMP
preview control (c)
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Fig. 12 Preview action gains



328 He et al. / Front Inform Technol Electron Eng 2019 20(3):318-329

are shown in Fig. 13, and the red dotted spline
is the planned ZMP trajectory. The maximum
ZMP tracking error in the x direction is AZMP, =
0.0805 m, and the one in the y direction is AZMP, =
0.0671 m. From the numerical analysis, we find
that the tracking error is inversely proportional to
factor Q.. When Q. = 1000, the tracking errors
become AZMP, = 4.76 x 10~* m and AZMP, =
1.1 x 1073 m.

With the algorithm based on ZMP preview con-
trol, the COM trajectory and both foot trajectories
are obtained under the initial conditions described
above. We can input these trajectories into the Auto-
LEE inverse kinematic model. Then the angles of the
10 joints (ql-q10) of the exoskeleton are calculated
(Fig. 14). In the last process, we consider the off-
set between the COM and the center of the waist,
but the difference caused by the simplified cart-table
model and the precise multi-body dynamics is ig-
nored, which may amplify the ZMP tracking error.

The real Auto-LEE prototype has been devel-
oped, and we drove the exoskeleton in an open-
loop form with the joint angles calculated above. As
Fig. 15 shows, preliminary self-balanced walking is
realized.

(a) © COM-x = ZMP-x = ZMP-refx
157 pe—
E 1.0f
% 0.5}
0.0 - ‘ . . ‘
0 5 10 15 20 25
Time (s)
(b) ¢ COM-y = ZMP-y - == ZMP-refy

0 5 10 15 20 25
Time (s)

Fig. 13 Numerical results: generated trajectories in
the x direction (a) and y direction (b). References to
color refer to the online version of this figure

100

80
60

Angle (°)
B
o

Fig. 14 Calculated angles of the joints

Fig. 15 Snapshots of a self-balanced walking experi-
ment on a flat terrain

To further validate the self-balancing ability of
Auto-LEE, a walking experiment with the robot car-
rying a dummy on a flat terrain was implemented.
The height of the dummy is 1.62 m, and its weight
is 20 kg. Using the gait planned with the previously
described planning method, Auto-LEE realized sta-
ble walking on the flat concrete ground (Fig. 16),
even though the swing of the unconstrained arms of
the dummy introduced a small disturbance during
walking. Because the robot is controlled in an open-
loop form, currently it is unable to walk stably on a
rough terrain, and a large external disturbance will
cause the robot to fall down. The dynamic balanced
walking at a faster speed within a complex walking
environment will be studied in our future work.

Fig. 16 Snapshots of self-balanced walking experi-
ment with a dummy on a flat terrain

6 Conclusions and future work

For the lack of active DOFs, patients wearing
traditional exoskeletons may suffer from problems
like interference and unnatural gait while walking.
In addition, users have to spend a lot of time and
energy in practicing to maintain their balance with
crutches. To solve this dilemma, we have proposed a
novel autonomous lower extremity exoskeleton. The
main results of this paper are as follows:

1. Biomechanical analysis on the human body
has been performed, which indicates that the
abduction/adduction motions of the joints in the
coronal plane play an important role in maintaining
balance in bipedal walking.

2. With modular structure design and multi-
modal human-robot interfaces, the exoskeleton can
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be applied to users of different sizes and with differ-
ent conditions. For example, a paraplegic can handle
a device with a joystick, and a tetraplegic can control
a device with EEG equipment.

3. Three general algorithms for bipedal walking
have been researched, and the preliminary experi-
ment on a flat terrain has validated the self-balanced
walking ability of Auto-LEE. However, deviation
from the original occurred during the experiment,
which could be caused by the absence of a stabilizer
controller and the simplification of the dynamical
model.

In future work, we will focus on an autonomous
trajectory planning method based on computer vi-
sion, a robust control algorithm to stabilize bipedal
walking on a rough terrain in the case of human
disturbance, and safety problems of human-robot
interactions.
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