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ABSTRACT This paper describes a system design and hybrid control algorithm of an electrically actuated
lower limb exoskeleton (LLE). The system design mainly includes three parts: mechanical structure design,
actuation system design and sensor system design. According to the initial state of the joint angle, LLE
can be divided into Non-anthropomorphic state (NAS) and anthropomorphic state (AS). The human motion
intention (HMI) estimation can be divided into gait phase classification and reference trajectory estimation.
The fuzzy logic is used to detect different phases in the gait phase classification. In the reference trajectory
estimation, the kinematic model of the LLE is utilized to obtain a continuous joint trajectory, which is used
as input of the control law. To make the LLE accurately follow the movement of people and remain stable,
a hybrid dual-mode control strategy is proposed in this paper, i.e., the adaptive impedance control (AIC)
method is used to improve the stability and resistance to shock in stance phase, and the active disturbance
rejection control with the fast terminal sliding mode control (ADRC-FTSMC) method is employed to
improve the response speed and the tracking precision in swing phase. Furthermore, in order to solve the
torque discontinuity in the switching process, a smoothing method is proposed during the transition. Finally,
the prototype experiments were set up to verify the tracking performance and power-assisted effect of the
proposed exoskeleton. The experiments results show the LLE can achieve excellent tracking performance
and power-assisted effect based on the proposed HMI methodology and hybrid dual-mode control strategy.

INDEX TERMS Lower limb exoskeleton, system design, human motion intention, hybrid dual-mode

control, tracking performance, power-assisted effect.

I. INTRODUCTION

Recently, the development of lower limb exoskeletons (LLEs)
that improve the strength and endurance of human users has
received widespread attention [1]—[3]. The LLEs are expected
to provide additional power for human motion, which can be
used in various fields such as military, industrial and medical
rehabilitation. Many advanced exoskeletons have been made
in the past two decades. For instance, in 2004, the research
team at the UC Berkeley developed the Berkeley Lower
Extremity Exoskeleton (BLEEX) to enhance users walking
ability and assist users in carrying heavy loads [4], [5]. Based
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on the BLEEX system, ExoHiker, ExoClimber and HULC
are developed in later years, which simplify the mechanical
structure and remove the active hip drive [6]. Furthermore,
Raytheon-Sarcos developed the XOS2 in 2010 [7], [8], which
is a relatively complete full-body exoskeleton to date (i.e.,
includes arms and legs). According to the reports, the user
wears the XOS2 can manipulate 100 pounds payloads and the
self-weight of the system can reach 95kg. From 2002 to 2010,
the research group at the University of Tsukuba developed
the hybrid assistive limb (HAL) to improve the life qual-
ity of patients with hemiplegia, which sends the command
signal applying the bioelectrical signal [9]-[11]. Moreover,
RB3D Company developed the HERCULE for the French
Ministry of Defense in 2012, which arranges two sets of
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FIGURE 1. The prototype of HEXO system.

electrical servo actuators on the knee and hip joints [12].
Besides those, Argo Medical Technologies of Israel unveiled
the ReWalk series for independent walking of patients with
spinal cord injury, which also made significant contributions
to the research of LLEs [13]. Despite those efforts, there are
still many challenges in the architecture design, the human
motion intention estimation and the control strategy design.

The architecture design is a significant aspect of the devel-
opment of the LLEs, which can be divided into anthropomor-
phic design and non-anthropomorphic design [14]. Notice
that most of the mechanical architectures use anthropomor-
phic design to make LLEs’ structure be aligned with the
wearer lower limbs. However, there is a dead point on the
anthropomorphic structure when the LLE stands in a straight
state. To avoid the dead point of the knee joint at O degree,
a non-anthropomorphic LLE is proposed. This design makes
the LLE in a “‘squat state”” when the wearer is in a straight
state. Besides, the actuation system is also an indispensable
part of the LLEs. The currently popular actuation systems
are hydraulic actuators and electrical actuators, which have
a high torque-mass rates [15]. Considering the heavy weight
and difficult maintenance of the hydraulic actuator, the LLE
choose the electrical actuator to parallel with the joint of
the mechanical leg, which makes the joint structure compact
and easy to control. In this paper, an electrically actuated
non-anthropomorphic LLE called HEXO (a Harbin Institute
of Technology’s exoskeleton) was developed, as shown in
Figure 1.

The most ideal LLE is to allow users to move comfortably
according to their human motion intention (HMI) and feel
less interaction force. The HMI can be obtained by large
quantities of interaction information between human and
LLE, which is a critical part in the LLE control loop [16].
The interaction information can be divided into two kinds
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of classification, i.e., biomedical information and physical
information. The typical biomedical information includes
the surface electromyography (SEMG) signals and electroen-
cephalograph (EEG) signals. The sEMG signal is widely used
in rehabilitation [17]. The rehabilitation devices can incorpo-
rate the information extracted from SEMG and recognize the
motion patterns [18]. Through the brain-machine interface,
the EEG signals can be used to operate the exoskeleton
in real-time [19]. However, the function of the biomedical
signals will be affected by the individual difference. The
physical information contains the force and torque signals.
Those signals are commonly generated by sensors embedded
in bundle connectors, which are located at the connection
with the trunk, thigh, calf and foot [20], [21]. To acquire
the accurate interaction information, the connection bundle
will be tied tightly. Therefore, the designed HEXO system
binds the foot and trunk to detect interaction forces. Besides,
the HMI estimation is divided into two procedures, i.e., the
gait phase classification and the reference trajectory esti-
mation. In the gait phase classification, the fuzzy logic is
used to divide the human gait phase into four sub-phases,
i.e., Initial Contact (IC), Mid Stance (MSt), Initial Swing
(ISw), and Swing (Sw). In the reference trajectory estimation,
the kinematic model is employed to calculate the desired joint
trajectory of the HEXO.

The core of an LLE system is the control strategy, which
determines the performance of the system. There are many
control strategies in previous studies [22]. It mainly includes
sensitivity amplification control (SAC) [23], predefine gait
trajectory control (PGTC) [24], and model-based control
(MBC) [25]. However, SAC is too sensitive to external dis-
turbances, PGTC has poor adaptability to randomness move-
ment, and MBC requires accurate dynamic model. Therefore,
more and more LLEs choose the hybrid assistive control to
solve the problems [26]. Since its excellent performance,
hybrid assistive control becomes a more popular control strat-
egy. During a gait cycle, the active joint moves fast in the
swing phase, although it needs to support the weight of an
LLE and resist the impact in the support phase. Based on
those characteristics, a hybrid dual-mode control based on
HMI is proposed. That is, in the swing phase, the HEXO uses
the active disturbance rejection control with the fast terminal
sliding mode control (ADRC-FTSMC) to track the desired
trajectory fast, which is called the AF mode. In addition, in the
stance phase, the HEXO uses the adaptive impedance control
(AIC) to support the system stable, which is called the Al
mode.

In summary, the main contributions of this paper can be
summarized as follows.

1) A novel LLE called HEXO is developed, includ-
ing its mechanical structure, actuation system and sensor
system.

2) A hybrid HMI estimator is proposed, which can be
divided into gait phase classification and reference trajectory
estimation.

3) A hybrid dual-mode control based on HMI is proposed.
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FIGURE 2. A non-anthropomorphic LLE structure sketch.

4) The performance of HEXO was evaluated by exper-
iments, including squatting, walking, and going up/down
stairs.

The rest of the paper is organized as follows. In Section II,
the design and sensor system of the HEXO is presented.
A hybrid HMI estimator including gait phase classification
and reference trajectory estimation is designed in Section III.
A hybrid dual-mode control is shown in Section IV, which
illustrates the ADRC-FTSMC and AIC control method.
Experiments of the HEXO using the proposed HMI estimator
and dual-mode control are conducted in Section V. Finally,
the conclusion and future work is drawn in Section VI.

Il. SYSTEM DESIGN FOR HEXO

Since the LLE is a wearable device, its degrees of freedom
(DOFs) should be similar to those of the human lower limb.
However, if the LLE is a straight configuration in the initial
state, it will cause singularities in the knee joint. Therefore,
the HEXO is designed as a non-anthropomorphic LLE to
eliminate singularities, whose knee joint is not correspond-
ing to the user (Fig. 2). In this section, the electrically
actuated non-anthropomorphic HEXO is described, which
includes the mechanical structure, actuation system, and sen-
sor system.

A. MECHANICAL STRUCTURE DESIGN

The mechanical structure of HEXO is shown in Fig. 3.
The HEXO consists of backpack, hip joint, thigh segment,
knee joint, shank segment, ankle joint and wearable shoes.
The power unit, the control system and the data collec-
tion system are installed into the backpack. Each leg of
the HEXO possesses seven DOFs, i.e., hip flexion/extension
(HFE), hip adduction/abduction (HAA), hip internal/external
(HIE), knee flexion/extension (KFE), ankle plantar flexion /
dorsiflexion (APD), ankle eversion/inversion (AEI), and
ankle internal/external (AIE). Since the movement of the
HEXO is mainly facilitated in the sagittal plane, the hip
flexion/extension and knee flexion/extension are actuated,
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FIGURE 3. The mechanical structure of HEXO.

TABLE 1. Joint range of motion of HEXO.

. . HEXO Normal Human
Joint Axis Type
range range Max range
HFE Active -30°~120° -13°~105° -35°~130°
Hip HAA Passive -20°~30° -16°~20° -30°~50°
HIE Passive -20°~30° -15°~18° -30°~45°
Knee KFE Active -120°~0° -110°~0° -150°~0°
APD Passive -30°~30° -28°~25° -40°~35°
Ankle AEI Passive -20°~20° -16°~15° -25°~20°
AIE Passive -20°~20° -18°~14° -30°~20°

while the other DOFs are passive. To reduce the complex-
ity of the HEXO, the actuated joints are driven by the DC
motors directly, i.e. the motors’ shafts are corresponded to
rotation axes of the actuated joints. In addition, to develop a
lightweight HEXO, the carbon fiber is selected to make of
the thigh segment and the shank segment. The HEXO weighs
25 kg and can reach the speed up to 4 km/h.

The length of thigh and shank segments can be adjusted
through the adjustment mechanisms, which makes the HEXO
leg matches the human leg. One end of the adjustment mecha-
nism is fixed to the joint, and the other end is connected to the
segment via screw bolts. According to the body dimensions
and body proportions of users [27], the designed adjustment
ranges of each segment are given in Fig. 3. Such design can
fit users of different heights (165-185cm). To ensure normal
movement of the user without restriction, the range of motion
for each joint of HEXO was designed to be larger than that
of normal movement. Meanwhile, to ensure the user’s safety,
the range of motion of each joint was designed to be smaller
than the maximum range of human motion. The range of
motion of each joint is shown in Table 1.

The backpack and the wearable shoes are the key parts
of the human machine interaction, which are designed in a
hierarchical structure. The backpack includes the inner layer
and outer layer, as shown in Fig. 4. The inner layer is used
to tie the shoulder and waist of the user via flexible strap.
The outer layer is used to place the power supply, control
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FIGURE 4. The backpack includes the inner layer and outer layer.
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FIGURE 5. The wearable shoes include the upper sole, middle sole and
lower sole.

board, and data collection card. The six-dimensional sensor is
placed between the inner layer and outer layer for connection,
which can accurately measure the motion intention of human
back. The wearable shoes can be divided into upper sole,
middle sole and lower sole, as shown in Fig.5. The upper sole
is employed to fasten the foot of the user via buckles. The
middle sole is used to place the pressure sensors and the six-
dimensional force sensor. The lower sole is made of rubber
pad, which can alleviate the impact of foot landing. To fit the
user foot bending comfortably, both the middle sole and the
upper sole are designed as two parts. In middle sole, the front
part and the back part are connected by a hinge. In upper sole,
the front part and the back part are not directly connected
while these two parts are connected indirectly through the
middle sole. The front part of upper sole and the middle
sole are connected by screw bolt. The back part of upper
sole and the middle sole are connected by six-dimensional
force sensor, which can measure the human intention via
foot movement. Besides, the “L”” and “U” shape rubber are
inserted into the middle sole to protect the sensors.

B. ACTUATION SYSTEM DESIGN
The main function of the actuation system is to transfer the
drive command generated by the control system to the HEXO
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TABLE 2. The specification of actuation system.

. . Peak Nominal Peak Nominal
Joint Axis
torque torque speed speed
Hip HFE 67Nm 28.9Nm 60rpm 37.4rpm
Knee KFE 54Nm 23.1Nm 75rpm 46.8rpm
Upper connection Harmonic drive Second connection Third connection
segment reducer plate

Torque sensor

Fixed plate

Lower connection

segement DC motor First connection plate Output shaft

FIGURE 6. The joint construction of the HEXO.

movement. The actuation system is powered by a brushless
DC motor (type: EC 60 flat, Maxon Motor, Switzerland),
which is efficient and reliable. The incremental encoder
(type: MILE Encoder 1024 CPT, Maxon Motor, Switzerland)
is integrated into the motor. To guarantee the joint torque,
the motor in HFE is combined with a harmonic drive with
ratio 1:100 (type: LHD 17-100, LEADERDRIVE, China),
and the motor in KFE is combined with a harmonic drive
reducer with ratio 1:80 (type: LHD 17-80, LEADERDRIVE,
China). The servo drivers of these motors are arranged on
the thigh segment and the shank segment respectively (type:
G-SOLTWI 10/100SE, ELMO, Israel). The specification of
these combinations is listed in Table 2.

The hip joint construction is the same as the knee joint,
as shown in Fig. 6. It consists of DC motor, harmonic drive,
output shaft, torque sensor, fixed plate and three connection
plates. The shaft of the DC motor is connected to the wave
generator of the harmonic drive reducer via a flat key. The
rigid gear of the harmonic drive reducer is connected to the
output shaft through screw bolts. The end of the output shaft
is connected to the fixed plate via a flat key. The fixed plate is
connected to the inner ring of the torque sensor through screw
bolts. The outer ring of the torque sensor is connected to the
third connection plate via screw bolts. The first connection
plate and the second connection plate are used to connect the
upper connection segment. The third connection plate is used
to connect the lower connection segment. In the hip joint,
the upper connection plate is connected to the waist structure
of HEXO and the lower connection is connected to the thigh
segment. In the knee joint, the upper connection plate is
connected to the thigh segment and the lower connection is
connected to the shank segment. Each powered joint has a
weight of 1.79 kg and a power of 200 W, which can run for
4 hours.

To develop a non-anthropomorphic LLE, the joint of
HEXO is designed to have a certain angle in initial state,
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C.-F. Chen et al.: Development and Hybrid Control of an Electrically Actuated LLE for Motion Assistance

IEEE Access

First pair of
holes

Rubber |

sheet __ cushion I
g\y
\
LY

Backpack

Six-dimensional
force sensor

‘Wearable
shoes

e

Pressure sensor

(T

Pressure sensor

Torque sensor

e

Pressure sensor

<
Pressure sensor

T o

MILE encoder

Torque sensor

MILE encoder

FIGURE 8. Sensor configuration.

as shown in Fig. 7. The mechanical limiting device, which
consists of a mechanical end-stop and a cylindrical pin,
is designed to achieve the non-anthropomorphic knee joint.
This design method is relatively straightforward and easy
to implement. The mechanical end-stop integrated in the
third connection plate uses two clamping sheets to clamp
the rubber cushion, which can absorb shock and improve the
spring stabilization of the joint. To compare the performance
of the non-anthropomorphic LLE and the anthropomorphic
LLE, two pairs of limiting holes are designed on the second
connection plate. The first pair of holes is used to keep the
HEXO straight in initial state. The second pair of holes is
used to keep the HEXO with a certain angle in initial state,
which make the thigh segment and shank segment at an angel
of 30°.

C. SENSOR SYSTEM DESIGN

The sensor configuration of the HEXO is shown in Fig. 8.
The six-dimensional force sensor (SFS) (type: M3715D,
SRI, China) and inertial measurement unit (IMU) (type:
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FIGURE 10. Sensor system network.

LPMS-CU2, ALUBI, China) are placed at the backpack,
which are used to measure the human machine interaction
and angle of the trunk. The torque sensor (type: 2210C, SRI,
China) and the incremental encoder are placed at hip and
knee joint, which are used to measure the torque and angle
of the joint. To avoid the signal burrs caused by the angular
difference, the IMU placed at the thigh segment and the shank
segment are used to acquire the angular velocity and angular
acceleration of the joint.

Four pressure sensors (type: AT8106, AUTODA, China),
an SFS (type: M3554E, SRI, China) and an IMU are placed
at the wearable shoes, which are used to measure the plantar
interaction force and the ankle angle. Given that the plantar
interaction distribution of human movement, the arrangement
of four pressure sensors and an SFS are shown in Fig. 9. The
four pressure sensors are located respectively in hallux, fourth
metatarsus, first metatarsus and heel. The SFS is located in
the center of the foot.

Fig. 10 shows the sensor system network of the HEXO. All
sensor data is transmitted to ARM (type: ARM-Cortex-A9,
ARM, UK) through CAN (Controller Area Network) bus,
whose transmission rate is up to 1Mbits. The ARM has
dual CAN ports. All joint encoders, plantar pressure sensors
and IMUs communicate with ARM via CAN1 port. The
Elmo driver collects the data of the encoder and transmits
it to the ARM. The acquisition card is used to convert the
collected pressure sensor analog signals into digital signals
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and transmit them to the ARM. All joint torque sensors and
SFSs communicate with ARM via CAN2 port. The data
collection card (type: M8127, SRI, China) has four channels
to collect the sensor data. Channel LC1 responds to the four
torque sensors. Channel LC2 responds to the SFS on the left
wearable shoes. Channel LC3 responds to the SFS on the
right wearable shoes. Channel LC4 responds to the SFS on
the backpack.

lll. METHOD FOR HMI ESTIMATION

The HMI generated by the brain is converted into human body
movement. This movement causes the limbs to contact with
the exoskeleton to generate interaction forces. Therefore,
the estimation of HMI can be reflected by the interaction
forces. In this section, the HMI estimation is divided into
two procedures, i.e., gait phase classification and reference
trajectory estimation. Firstly, the gait phase classification uses
the fuzzy logic to detect IC, MSt, ISw and Sw. Second,
the reference trajectory estimation uses the kinematic model
of HEXO to obtain a continuous joint trajectory that is used
as input of the control method. Those two procedures can be
combined to satisfy the need of HMI estimation in lower limb.
The details of two procedures are discussed as below.

A. GAIT PHASE CLASSIFICATION
The gait phase of human body is judged by the plantar inter-
action forces based on the pressure distribution of the sole
[28]. During the walking process, most of the body weight
is exerted on hallux, first metatarsus, fourth metatarsus and
heel. Therefore, the four pressure sensors collect the pressure
values of these four positions, which are termed as FS1, FS2,
FS3 and FS4. Since the weight and walking way are different
for different wearers, the magnitude of the pressure is a vague
concept. Therefore, the pressure value should be normalized,
as shown below,

Py = L M)

Fg+Fo+Fg+Fu

where Pg; is the normalized data at ;. To distinguish ‘large’
and ‘small’ pressure, sigmoid function is used as the mem-
bership function [29], which is defined as follows,

1
Jiarge (Psi) = 15 o PuPs—Pa) 2
fsmall (Psi) = 1 _ﬁarge (Psi) 3

where Pj4; is a sensitivity coefficient, P¢; is a proportional
coefficient, and e is exponential function. It observes that
when the ‘fj4.(Ps;)’ value is larger than Pc;, the pressure
is ‘Large’ and when the ‘f,,.1(Ps;)’ value is larger than P,
the pressure is ‘Small’, respectively.

According to the gait phase divided by the human walking
gait theory, the design fuzzy rules are list in Table 3. The
IC phase is detected when ‘Large’ force is exerted on S1,
while the remaining position measure ‘Small’ forces. The
MSt phase is detected when ‘Large’ force is generated at four
locations. The ISw phase is detected when ‘Small’ force is
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TABLE 3. Fuzzy rules for gait phase classification.

S1 S2 S3 S4 State Gait Phase

Small  Small  Small  Lage @) Ic
Mst

I
%} ISw
%@g Sw

100 T N T T

Large Large Large Large

Large  Large Large Small

Small Small Small Small

G‘ait Phase

Force(N)

time(s)

FIGURE 11. Plantar pressure signals obtained from the four pressure
sensors and the four gait phases detected during walking.

exerted on S4, while the remaining position measure ‘Large’.
The Sw phase is detected when ‘Small’ force is generated at
four locations.

To make the gait phase classification match the character-
istics of human walking, the coefficient of the membership
function are set as P41 = 10, Pap = 2, Pp3 = Pag = 1,
PCI = 0.1, and Pcz = Pc3 = Pc4 = 0.05. ACCOI’ding
to Table 3 and the membership functions, the gait phase
classificationn result is shown in Fig. 11.

B. REFERENCE TRAJECTORY ESTIMATION

Reference trajectory estimation can be used as input com-
mands to control the HEXO. The desired trajectory of the
HEXO is used to match the wearer’s movement trajectory.
It is difficult to directly measure the joint movement of
the human body, because it needs to fit complex sensors
on the wearer, which is hard to fix and makes the wearer
uncomfortable. Therefore, a trajectory estimation method for
estimating human motion trajectory using human-machine
interaction force is proposed. The interaction force is detected
by the SFS, which is mounted on the backpack and the
foot between the wearer and the HEXO. In order to obtain
the relationship between interaction force and desired trajec-
tory, the kinematic models of sagittal plane are established,
as shows in Fig. 12. This allows the four gait phases above
to be divided into a stance phase and a swing phase. The
kinematic model of HEXO can be simplified to a three-link
mechanism in the stance phase and a two-link mechanism in
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the swing phase. In stance phase, the foot is considered as a
fixed base and the backpack is considered as a free end. In the
swing phase, the backpack is regarded as a fixed base and
the foot is considered as a free end. The free end acts as the
kinematic terminal. The positional function of the terminal
points in the corresponding base coordinate system can be
obtained as follows,

xp| | LysinB,—L; sin (6 —6,) — Lp3 sin (6 — 0 +6,)
2|~ | Lscos8,+L; cos (O —6,) —Lpz cos (O — O +6,)
4

xr| | Lysin6y — Lgsin (6 — 6y) )
zr | | —Licos6y — Lscos (6 — )

where L; is the length of shank and L, is the length of thigh;
Lp3 = (Lp1 + Lpo)'/? is the length of virtual link in the stance
phase; Ly and Ly, are the length and width of backpack; 65,
O and 6, are angle of hip, knee and ankle; 6y = 6}, + 7/2+
atan(Lp1/Lyy) is the virtual hip angle in the stance phase.

The human-machine interaction forces measured by the
SFSs are converted to the corresponding coordinate sys-
tem through coordinate transformation. After transformation,
the terminal forces can be expressed as follows,

[Fxb i| _ |:Fxb_s sin (eb_imu) + Fzp_s cos (eb_imu) :| (6)
Fa Fyp s sin (eb_imu) — Fxp_s cos (eh_imu)
)

|:Fx } _ [Fxf_s $in (67 _imu) + Foy_s €08 (0 _imu } o
Fy Fyy_ssin (6 _imu) — Fag_s 08 (6 _imu)

where 6p_jiny, and 67, are measured by the IMU to represent
the angle of the backpack and shoes. Therefore, the terminal
trajectory can be estimated as [30],

[Xb(k)] _ [Xb(k - D+ Fxh/Kxbi| ®)
wk) | | wk — 1)+ Fp /Ky

|:Xf(k):| _ |:Xf(k -1 +F)gf/KXf:| )
zf (k) gk — 1) + Fyp /Ky
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FIGURE 13. The structure sketch in the two states.

where Ky, Kz, Ky and Ky denote the human’s stiffness;
(xp(k-1), zp(k-1)) and (xr(k-1), zr(k-1)) can be obtained by
fomula (4) and fomula (5). The desired velocity of the termi-
nal point can be obtained by the desired trajectory. According
to the inverse kinematics principle, the desired joint angular
velocity of each joint can be calculated as follows,

gy | 1 Iy (9
[qk(k)]‘J vk =J [Z(k)} (10)

where J is the velocity Jacobian matrix and v(k) is the velocity
of the terminal point.

Through the process above, the reference trajectory of each
joint can be obtained. This trajectory is applied to the HEXO
in the anthropomorphic state, and the trajectory in the non-
anthropomorphic state needs to be converted. In the non-
anthropomorphic state, the hip and ankle rotation axes of the
HEXO are aligned with the corresponding joints of the human
body, while the HEXO knee rotation axis is not aligned with
the human knee joint. In the anthropomorphic state, the axes
of the three joints are aligned to the human joint. Based on
this, the structure sketch in the two states is shown as Fig. 13.

The length from the hip to the ankle is fixed, which can be
obtained as follows.

Lia =\/Lt2+LS2—2LtLScos (mr — 6k) (1)

Furthermore, the angle of the knee joint in the non-

anthropomorphic state can be expressed as follows,

Ll%’l + Lgn — Li%a
2LfﬂLSi’l

where Ly, and Lg, are the length of thigh and shank in the
non-anthropomorphic state. The angle of hip joint in the non-
anthropomorphic state can be expressed as follows.

Lt2n+Ll%a — Ls2n Lt2 +L}%a — Ls2
2LtnLha

Ox, = T — arccos (12)

Opn=06n+ <arccos

Finally, the actual reference trajectory of each joint is
obtained as follows,

ekn r ekn - ekn 0
- = - 14
|:9hn_r i| [ ehn - ehn_O i| ( )

169113



IEEE Access

C.-F. Chen et al.: Development and Hybrid Control of an Electrically Actuated LLE for Motion Assistance

« Use lower-pass filter to] : [ o
preprocess the raw sensor | q Use AIC and ADRC-FTSMC H Use {om! actuators
data q i to generate output torque ! todrive the HEXO

Reference RG]
trajectory ugid
estimation 3

Dinsr @) ¥ Do)

" e(0): Error of Position
u(r): Output Torque

Decnsor ran(f): Raw Sensor Data  D,yesr(f): Lower-pass Filter Sensor Data g,(1): Reference Position
Puudd): Gait Phase State 4(): Feedback Position

FIGURE 14. The control flow of HEXO.

Adaptive
Learning

+
/ fa
f
qa + Impedance 7, Lower-level
Model control HEXO
q |

FIGURE 15. The AIC control architecture.

where 6y, , and 6y, , are the actual rotation angles of the knee
and the hip joints; 6k, ¢ and 6y, o are the initial angles of the
knee and the hip joints.

IV. METHOD FOR HMI ESTIMATION

The goal of the hybrid control is to make HEXO accurately
follow the movement of the person and keep stable. The
control flow of HEXO is shown in Fig. 14. First, the raw
sensor data is processed by a low-pass filter. Second the HMI
is estimated by the gait phase classification and the reference
trajectory. Third, the output torques are generated by the
hybrid dual-mode control. Finally, the HEXO is driven by
joint actuators. In stance phase, the joint has a smaller angle
of motion but a heavier load, which requires high stability
and strong shock resistance. In swing phase, the joint has a
smller load but a larger angle of motion, which means fast
response and precise tracking. Therefore, the AIC method is
used to improve the stability and shock resistance in stance
phase, and the ADRC-FTSMC method is adopted to improve
the response speed and the tracking precision in swing phase.
Besides, to achieve smooth switching from AI mode to AF
mode or from AF mode to Al mode, a smoothing method is
proposed during the transition in IC phase and ISw phase.

A. DUAL-MODE CONTROL METHOD
Considering the motion characteristics of the stance phase
and the swing phase, a dual-mode control method is pro-
posed. In Al mode, the AIC method is proposed to improve
joint impact resistance while following human movement.
In AF mode, the ADRC-FTSMC method is proposed to
improve tracking accuracy and response speed. The spe-
cific implementation of ADRC-FTSMC method has been
detailedly introduced in previous work [31]. A detailed expla-
nation of AIC method will be discussed as below.

The objective of Al mode is to control the interaction
between the HEXO and the user, so an AIC control archi-
tecture is proposed as shown in Fig. 15. The dynamics of the
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HEXO in the joint space are given by,

M(g)g+Clq. g+ G(q) = tu + 15)

where M (g) is the inertia matrix, C(q) is the Coriols matrix
and G(q) is the gravity term, respectively, 7, is the control
torque, and t;, denotes the interaction torque exerted by the
user. The target impedance model can be expressed as fol-
lows,

M (1) (4a (1) — () + Ba(t) (qa(t) — q(1))
+ Ka (1) (qa(t) — q(0)) = f()  (16)

where My(t), B;(t), and K;(¢) are the desired inertia, damp-
ing, and stiffness matrices, g4 () is the desired trajectory, g(t)
is the actual trajectory and f (¢) is the interaction force and can
be measured by the SFS. The acceleration of each joint can
be solved by Eq. (15), which can be shown as follows.

Gg=M@) ' (=Cq. i —G@+w+w) (A7)

Substituting the Eq. (17) into the Eq. (16) so that the control
law can be obtained as follows,

() = Ma()qa(t) + Ba(t) (4a (1) — (1))
+ Ka(1) (qa(t) — q(1) — f (1) + Clq(0), (1))q(1)
+G(q(0) — I (q@), §)f () (18)

where JT (g(1), ¢(t)) is Jacobian matrix between interaction
force and joint torque.

To develop adaptive learning, a cost function of interaction
force and joint error is defined as follows,

t
eq(t)—/0 ef(s)ds

where ¢,(1) = q4(t)-q(¢) is the angle error and e (1) = f;(1)-
f(¢) is the interaction force error. Due to arbitrary selection
of M,(t) may cause system instability. Therefore, the M,(t)
is fixed to the inertia of the system, and B;(¢) and K,(¢) are
updated through the adaptive learning. A gradient descent
method is adopted to gradually decrease I'(t) by updating
B;(t) and K; () [32], which can be expressed as follows,

I(r) = 19)

2

arka)\ "
Bit) = B0 — B ( : Bkg;)
d
T T
I T (ark<r)>
—Bd () '33(335([)) 8fk(l‘)
arka\"
= B () - ﬁBe’;(t)> <afk((tt))>
- arka)\ " /arka)\"
K5 = K5\ 0) — B <8K5(I)> (afk(t)>
ark\"’
= K0 — prek () ( ; fk((f)) ) (20)

where fp is learning rate of damping parameter update, Bg
is learning rate of stiffness parameter update and k is number
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FIGURE 16. Concept of torque smoothing method.

of iterations. According to (19), the gradient of reinforcement
can be obtained as follows,

ark(s ' r

@) = | el) —/ er(s)ds 21
afk(r) 0

where « is constant. Substituting the Eq. (21) into the Eq. (20)

the learning law can be expressed as follows,

t

T
ef (s)ds)

t

Bi(t) = B (1) — st (1) (éqm = /0

T

K5ty = KA1 0) — aret’ (1) (éq(t) ~ /O éf(S)dS) (22)
B. SMOOTHING METHOD

During human walking, he alternates left and right feet,
and the gait phases also cyclically switch. AIC method and
ADRC-FTSMC method are used for the stance phase and
the swing phase, and there is a sudden change in torque
during the two-phase switching process. Therefore when
switching between the stance phase and the swing phase,
there will be discontinuous torque, which will cause great
impact to the wearer. Thus, a smoothing method for mod-
ifying the torque is proposed in the IC phase and the ISw
phase.

Fig. 16 shows the concept of the torque smoothing method.
The control law of the HEXO under the stance phase and
swing phases can be implemented by a weighting function
as follows,

T Tar + cic_w (Tar — Tar)  tst < Tic

ST =
Tas tst > Tic
T Tar — T, t <T

Tow = | 1A + cisw_w (Tar — Tar)  tsw < Tisw 23)
Tar + cisw_ (Tar — Tar)  tsw > Tisw

where fgy and tsr are the elapsed time since the gait phase
was detected as the swing phase and the stance phase; Tjc and
Tjsy are the total time to apply the weighting function, which
corresponds to the time of the IC phase and the ISW phase;
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Tsr and Ty are the joint torque obtained according to the
ADRC-FTSMC method and AIC method; c;c_, and cisy
are weight coefficient in IC phase and ISw phase, which can
be expressed as follows,

eictst/Tic _

C =
IC_w ouc — 1
euswisw/Tisw _ |
ClSw_w = Toeusw — 1 (24)

where ojc and ays,, are sensitive factors, which represents the
rate of the phase switching.

V. EXPERIMENTS AND DISSCUSSIONS

In order to verify the practical effect and power-assisted abil-
ity of the HEXO, three sets of experiments were set up, which
include squatting, walking and going up and down stairs.
Those are the most common actions in people’s daily lives.
All experiments were performed under laboratory conditions.
The joints angle information, backpack interaction force and
plantar interaction force are recorded. The error between the
measured joint angle and its desired value is used to evaluate
the follow performance of HEXO. Considering that the SFS
on the wearable shoes is affected by the ground reaction
force in the stance phase, the SFS on the backpack is used
to evaluate the support performance of HEXO. Besides, the
performance of the HEXO in the anthropomorphic state and
the non-personal state is also evaluated.

The wearer and the HEXO are tied by the shoulder straps,
belt and wearable shoes. The length of the thigh segment
and shank segment are adjusted to ensure the wearer’s hip
and ankle joints are aligned with the corresponding axis of
rotation of the HEXO. The experiments were conducted on
four healthy adult volunteers (male, age 26 & 3 years old,
weight 75 £ 5 kg, and height 1.75 4+ 0.05 m). HEXO has
security protections in both hardware and software. In par-
ticularly, all joints are equipped with mechanical restrictions
to limit the movement of the joints. For software, the control
system will shut down when the drive current exceeds the set
limit. In addition, the emergency stop switch is available in
emergency.

A. THE SQUATTING EXPERIMENTS

In squatting experiments, subjects wear HEXO in double-
leg stance phase, and do the action of squatting down and
standing up as shown in Fig. 17. The two feet are fixed and the
movement of two legs is consistent. The AIC control strategy
was adopted for the experiment. The four volunteers wear the
HEXO and completes more than five consecutive squatting
down and standing up.

To evaluate the tracking performance of the HEXO,
the desired joint angle and the measured joint angle are used
to compare. Fig. 18(a) shows the joint angle information
of the six squatting action cycles, and Fig. 18(b) shows the
following error information of the hip joint and the knee joint.
It could be seen that HEXO follows the human movement
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FIGURE 17. The experimental process of squatting down and standing up.
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FIGURE 18. Tracking curve of hip and knee angle in the squatting
experiments.

smoothly and the tracking errors are converging smaller with
the time. In addition, when the HEXO motion is reversed,
the joint error is relatively large.
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FIGURE 19. The squat tracking performance of four volunteers.
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FIGURE 20. The interaction forces of squat experiments in the driving
state and the non-driving state.

The root mean square error (RMSE) are used to further
evaluate the squatting tracking performance of hip and knee
joint, which can be defined as follows,

N
> e(k)?

k=1
N

where e(k) is the tracking error and N is the size of error
vector. Fig. 19 shows the squatting tracking performance of
four volunteers. It could be seen that the hip joint error is
smaller than the knee joint error.

To illustrate the support effect of the HEXO, the human-
machine interaction force of the backpack is used as the
evaluation reference. The force in the vertical direction is F,
and the force in the horizontal direction is Fj,. Fig. 20 shows
the interaction forces in the driving mode and the non-
driving mode. Both modes adopt a non-anthropomorphic
structure. Obviously, the interaction force in the driving
mode is much smaller than the interaction force in the non-
driving mode, which means that the power-assisted effect of
HEXO is good. In addition, in order to investigate whether

RMSE = 25)
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FIGURE 21. The interaction forces of squat experiments in the NAS
and AS.

non-anthropomorphic structure is beneficial to improve
human machine interaction, we compared the interac-
tion forces in anthropomorphic state (AS) and non-
anthropomorphic state (NAS), which is shown in Fig. 21.
Both states are in the driving mode. It can be seen that the
difference between two states is not obvious.

To quantify the power-assisted effect, the average absolute
value (ABV) of interaction forces is used to evaluate, which
can be obtained as follows,

> IF @)
i=0
n

ABV = (26)

where n is number of force sampling points. To further
evaluate the performance improvement (P;), the HEXO in
non-driving state as the standard reference and define P; as
follows,

( ABV} )
Pr=(1- x 100% 27
ABV)
where ABVy = [ABV o, ABV]” is the ABV of horizontal and
vertical interaction force in non-driving mode, and ABV| =
[ABV |, ABV; Z]T is the ABV of horizontal and vertical inter-
action force in driving mode. The statistical results of the four
volunteers are shown in Table 4. At the squatting experiments,
the two-dimensional forces in driving mode are maintained in
a small range of about 30 N. Therefore, the human backpack
feels flexible during the squatting process. The mean P; of
Fp,in NAS is 64.17%, the mean P of Fp, in NAS is 62.87%,
the mean P; of Fp; in AS is 59.67% and the mean P; of Fp,
in AS is 58.86%. It shows the HEXO in NAS can increase the
power-assisted effect by 4.5% on the Z-axis and 4.01% on the
X-axis compared to the AS.

B. THE WALKING EXPERIMENTS

The squatting experiments have preliminarily verified the
feasibility of the AIC control strategy. The ADRC-FTSMC
method has been proven in previous work [31]. The continu-
ous walking is more complex as it needs to combine these
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FIGURE 22. The experimental process of walking.
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FIGURE 23. Tracking curve of hip and knee angle in the walking
experiments.

two methods in a gait cycle. The walking experiments are
conducted in the laboratory corridor as shown in Figure 22.
The curves of the desired angle and the measured angle of
the hip and knee joints are shown in Fig. 23 (a). Fig. 23 (b)
shows the tracking errors of the hip joint and knee joint
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TABLE 4. The statistical results of the squatting experiments.

ABV (N) Py
Sub Non driving NS Driving S Pr s Pis
Z X Z X Z X Z X Z X
P1 65.34 69.89 2291 20.62 28.72 24.74 64.94%  70.50%  56.05%  64.60%
P2 68.71 72.38 24.57 2391 25.52 27.32 64.24% 66.97% 62.86% 62.25%
P3 77.75 74.95 27.54 33.57 29.12 35.33 64.58%  55.21%  62.55%  52.86%
P4 70.45 73.56 26.12 30.29 30.14 32.57 62.92%  58.82% 57.22%  55.72%
Mean 70.56 72.70 25.29 27.10 28.38 29.99 64.17%  62.87% 59.67% 58.86%
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FIGURE 24. The walk tracking performance of four volunteers.

in walking experiments. From this figure, it could be seen
that the measured joint angles are nearly consistent with the
desired joint angles. The walking curve appears to change
periodically and smoothly.

To evaluate the walking tracking performance of hip and
knee joint, the RMSE of four volunteers is shown in Fig. 24.
The maximum and minimum RMSE of the hip joint are
0.74° and 0.46°, respectively. As for the knee joint, they are
1.82° and 1.27° respectively. These results indicate that the
proposed dual-mode control method can control the hip and
knee joints to track the walking trajectories well.

Figure 25 shows the interaction forces at the backpack
in walking experiments. The blue line shows the interaction
force in the non-driving state and the red line indicates the
interaction in the driving state. It shows the HEXO in driving
state features a good power-assisted effect. High level is the
stance phase and low level is the swing phase. The horizontal
forces in walking are maintained in a small range of about
£ 20N, which is smaller than the forces in the squatting
experiments. This is because the back of the person has small
fluctuations in the horizontal direction during walking.

In addition, in order to investigate whether a NAS HEXO in
walking experiments is beneficial to improve human machine
interaction, the interaction forces in AS and NAS are com-
pared, as shown in Fig. 26.

Furthermore, Table 5 lists the statistical results of the walk-
ing experiments. The mean P of Fp, in NAS is 74.28%, the
mean P; of Fp, in NAS is 63.29%, the mean P; of Fj; in AS
is 70.21% and the mean P; of Fp, in AS is 54.30%.
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FIGURE 25. The interaction forces of walking experiments in the driving
state and the non-driving state.
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FIGURE 26.
and AS.

The interaction forces of walking experiments in the NAS

During the walking experiments, the human-machine inter-
action force greatly reduces in the driving state with respect
to the non-driving state. The interaction forces in the vertical
direction decreases more than the decrease in the horizon-
tal direction, which indicates that the gravity support effect
is better. Besides, it shows that the HEXO in NAS can
increase the power-assisted effect by 4.06% on the Z-axis
and 7.99% on the X-axis compared to the AS. This indicates
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FIGURE 27. The experimental process of up and down stairs.

that HEXO in NAS has a certain improvement on human-
machine interaction, which can improve wearing comfort of
the HEXO.

C. THE UP AND DOWN STAIRS EXPERIMENT

To further illustrate the universality of the control system,
the experiment of up and down stairs is carried out, which
is shown in Fig. 27. The control strategy for the up and down
stairs is similar to the walking experiments, that is, switching
between the swing phase and the stance phase to achieve the
function of the up and down stairs.

To ensure the safety of the experiment, the experimen-
tal environment was set up as a staircase with handrails.
The effect of this control strategy is analyzed by tracking
the trajectory, which is generated by the HMI. In addition,
in order to analyze the assist effect of the up and down stairs,
the interaction of the exoskeleton backs in the driven and
undriven states is compared.

Fig. 28 (a) shows the desired trajectory and measured
trajectory of the hip and knee joints in the up and down
stairs experiments. Fig. 28 (b) shows the following error of
the hip joint and the knee joint. To evaluate the tracking
performance of hip and knee joints during the up and down
stairs experiment, the RMSE of four volunteers is calculated
as shown in Fig. 29. The results show that the hip joint RMSE
is range from 0.86° to 1.24°, and the knee joint RMSE is
range from 1.64° to 2.13°. This shows that the control strategy
can also be performed well in the process of going up and
down the stairs.

Similarly, in order to analyze the efficiency of the exoskele-
ton in the up and down stairs, the interaction forces in the non-
driving state and driving state are compared. Fig. 30 shows
the HEXO in driving state shows a good power-assisted
effect. The average vertical interaction force of the HEXO
in the driving state is about 20N, which is about 20% of the
interaction force in the non-driven state. This means that the
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FIGURE 28. Tracking curve of hip and knee angle in the up and down
stairs experiments.
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FIGURE 29. The up and down stairs tracking performance of four
volunteers.

human body bears a small part of HEXO weight in the driving
state.

In order to study the performance of NAS HEXO in the
up and down stairs experiment, the interaction forces in AS
and NAS are compared, as shown in Fig. 31. Table 6 lists
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TABLE 5. The statistical results of the walking experiments.

ABV (N) P
Sub Non driving NAS Driving AS P; s P s
Z X Z X Z X Z X Z X
P1 118.48 47.01 26.12 11.10 30.36 12.51 77.95%  7639% 74.38%  73.39%
P2 117.87 39.92 29.45 15.87 33.41 19.87  75.01% 60.25% 71.66%  50.23%
P3 125.45 50.13 35.81 22.14 42.14 2657  71.45% 55.83% 66.41% 47.01%
P4 123.76 49.33 33.79 19.40 39.12 2438  72.70%  60.67%  68.39%  50.58%
Mean 121.39 46.60 31.29 17.13 36.26 20.83 74.28% 63.29% 70.21%  55.30%
TABLE 6. The statistical results of the up and down stairs experiments.
ABV (N) Py
Sub Non dﬂVng NAS Derng AS plfNAS PlfAS
Z X Z X zZ X Z X Z X
Pl 129.61 43.65 26.04 15.17 30.62 1376 7991% 6524% 76.38%  68.48%
P2 126.35 41.92 29.17 15.39 32.55 17.06  7691% 63.29% 74.24%  59.30%
P3 134.72 47.64 34.28 20.22 38.87 2329  7455% 57.56% 71.15% 51.11%
P4 132.29 45.01 32.15 18.46 36.76 2124 75.69% 58.99% 7221% 52.81%
Mean 130.74 44.55 30.41 17.31 34.70 18.84  76.77% 61.27% 73.49% 57.93%
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FIGURE 30. The interaction forces of up and down stairs experiments in
the driving state and the non-driving state.

the statistical results of the up and down stairs experiments.
The mean Py of Fj; in NAS is 76.77%, the mean P; of Fp,
in NAS is 61.27%, the mean P; of Fj, in AS is 73.49%
and the mean P; of Fp, in AS is 57.93%. This shows that
the power-assisted effect is obvious during the up and down
stairs. Besides, it showed that the HEXO in NAS can increase
the assist effect by 3.28% on the Z-axis and 3.34% on the
X-axis compared to the AS. This shows that HEXO in NAS
can reduce human-machine interaction and improve wearing
comfort.

D. DISCUSSION

In order to comprehensively evaluate the performance of the
HEXO, we put the results of the three experiments together
for analysis. Fig. 32 shows the mean RMSE of four volunteers
in three experiments. It could be seen that the mean RMSE of
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FIGURE 31. The interaction forces of up and down stairs experiments in
the NAS and AS.

the hip and knee joints were within 2° in three experiments.
This shows that the proposed dual-mode control strategy is
available in all three experiments. Besides, the mean RMSE
of the up and down stairs is the largest, and the mean RMSE
of squatting is the smallest, which means that the more com-
plicated the movement is, the greater the tracking error is.
In addition, the tracking performance of the knee joint is not
as good as that of the hip joint, which may be due to the
greater range of motion of the knee joint with respect to the
hip joint.

Fig. 33 illustrates the performance improvement of NAS
HEXO and AS HEXO in three experiments. It can be clearly
seen that HEXO can have better power-assisted effect under
the driving state. Especially in the Z-axis direction, the power-
assisted effect can reach almost 70%, which means the HEXO
can help human body to bear 70% of the load. The best
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FIGURE 32. The mean RMSE of four volunteers in three experiments.
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FIGURE 33. The performance improvement of NAS HEXO and AS HEXO in
three experiments.

power-assisted effect is the experiments of the up and down
stairs, which is also the most needed to provide load support.
This shows that the more serious the actual load situation is,
the better the power-assisted effect is. In addition, the HEXO
in NAS can increase the power-assisted effect by almost 5%
compared to the AS. Although it has not greatly improved the
overall power-assisted effect, there is still some improvement
within a certain range.

VI. CONCLUSION AND FUTURE WORK

In this article, an LLE called HEXO is developed, which
is including the overall system design, HMI estimation,
and hybrid control. The system design includes mechanical
structure design and sensor system design. According to
the initial state of the joint angle, HEXO is divided into
NAS and AS. The HMI estimation can be divided into gait
phase classification and reference trajectory estimation. The
hybrid control consists of the AIC in the stance phase and
the FTSMC-ADRC in the swing phase. In order to improve
the torque discontinuity at the moment of the swing phase
and the support phase switching, a smoothing method for
modifying the torque is proposed in the IC phase and the
ISw phase. In addition, in order to verify the performance
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of HEXO and the feasibility of the proposed control strat-
egy, three experiments were performed, including squatting,
walking and going up and down stairs. The experimental
results show that HEXO has a good tracking performance
and power-assisted effect by using a hybrid control strategy.
Furthermore, the human-machine interaction force of the
HEXO in the NAS is smaller than that in the AS. In con-
clusion, the HEXO can achieve good tracking performance
and power-assisted effect according to HMI and hybrid dual-
mode control. In addition, the HEXO in the NAS can increase
the power-assisted effect to some extent.

In the future, we will choose different control algorithms to
experiment on HEXO to compare their respective advantages
and disadvantages. Since the experiments are carried out
using the same initial angle in NAS, we need to analyze the
influence of different initial angles on the system in the future.
Since the performance evaluation of HEXO in this paper is
mainly based on the tracking effect and the power-assisted
effect, we will analyze it from the perspective of human body
oxygen consumption and HEXO power consumption in the
future.
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