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Design and Control of the MINDWALKER
Exoskeleton
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Abstract—Powered exoskeletons can empower paraplegics to
stand and walk. Actively controlled hip ab/adduction (HAA) is
needed for weight shift and for lateral foot placement to support
dynamic balance control and to counteract disturbances in the
frontal plane. Here, we describe the design, control, and prelimi-
nary evaluation of a novel exoskeleton, MINDWALKER. Besides
powered hip flexion/extension and knee flexion/extension, it also
has powered HAA. Each of the powered joints has a series elastic
actuator, which can deliver 100 Nm torque and 1 kW power.
A finite-state machine based controller provides gait assistance
in both the sagittal and frontal planes. State transitions, such
as stepping, can be triggered by the displacement of the Center
of Mass (CoM). A novel step-width adaptation algorithm was
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proposed to stabilize lateral balance. We tested this exoskeleton
on both healthy subjects and paraplegics. Experimental results
showed that all users could successfully trigger steps by CoM
displacement. The step-width adaptation algorithm could actively
counteract disturbances, such as pushes. With the current imple-
mentations, stable walking without crutches has been achieved for
healthy subjects but not yet for SCI paraplegics. More research
and development is needed to improve the gait stability.

Index Terms—Balance control, exoskeleton, extrapolated center
of mass (XCoM), gait assistance, MINDWALKER, series elastic ac-
tuation (SEA).

I. INTRODUCTION

PINAL CORD injury (SCI) has high personal impacts and

socio-economic consequences. Patients with SCI place a
heavy burden on the health-care system [1]. The prevalence of
SCI in Northern America, Australia, and Europe is estimated
to be between 223 and 755 per million populations; and the
incidence of SCI lies between 10.4 and 83 per million inhab-
itants per year worldwide [2]. Two-thirds of SCI patients are
estimated to be paraplegic; most patients with SCI are young
men in their thirties, who need to work to support their fami-
lies [1]. They have to rely on help from the health-care system
and social security system. In a survey [3], 59% of paraplegics
rated the restoration of walking as their first or second priority
for improvement in quality of life.

Orthotic devices have been developed to provide paraplegics
with some degree of locomotion capability and to reduce the
occurrences of secondary complications. Passive (unpowered)
orthoses are often prescribed. However, due to the passive na-
ture of these devices, the metabolic energy expenditure in gait
causes frequent abandonment or low utilization [4]-[6]. Seeing
the limitations of passive orthoses, researchers started devel-
oping active exoskeletons as early as the 1960s [7]. However,
rapid developments have only been achieved in recent years,
resulting in several wearable exoskeletons [8]-[19]. Several of
these devices are specifically designed to restore walking for
SCI subjects [10]-[19].

Despite the impressive progress and promising results, there
is a need to improve the technology. Although SCI patients
are enabled to walk again, for stability they rely on crutches,
and their walking pattern is less fluent and slower than natural
human gait.

We believe that powered hip ab/adduction (HAA) is neces-
sary for balance in bipedal gait. Mathematical modeling has
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shown that passive bipedal walking is laterally unstable, even
though it retains stability in the sagittal plane [20], [21]. Foot
placement (step-width adaptation) can effectively stabilize lat-
eral balance in passive walking [21]-[24]. Human experiments
demonstrate that foot placement is actively controlled because a
loss of sensory information results in less precise foot placement
[23]. As paraplegics have lost or impaired control of their legs,
self-balanced walking of paraplegics wearing an exoskeleton re-
quires powered HAA. To make use of the powered HAA, an on-
line step-width adaptation (SWA) algorithm is presented in this
paper, in an attempt to improve gait stability. The algorithm is
based on the “extrapolated center of mass” (XCoM) concept,
which has been successfully applied in analyzing human bal-
ance control [24], [25]. XCoM is a spatial variable used to for-
mulate a stability condition, which is valid in both static and
dynamic situations [26].

In terms of actuation, force-controllable actuators are desired.
These allow different control implementations, e.g. force con-
trol, bio-inspired control, and impedance control [27]. The latter
can be used to regulate the joint/leg impedance. In humans,
adaptive control of mechanical impedance has been shown to be
necessary for manipulation and locomotion [28]. There is more
than one way to achieve force control, such as using load cells
or motor current regulation. In the current design, series elastic
actuation (SEA) was chosen, because it has benefits, such as
low output impedance, backdrivability, increased force fidelity,
added safety, etc., as pointed out by others [29]. Additionally,
similar to the function of tendons connected to biological mus-
cles, the series spring can potentially store energy, increase effi-
ciency, and filter shock loads. Currently few exoskeletons have
used SEA in their design (see, e.g., [16] and [19]).

The goal of this research is to develop a powered exoskeleton
to support SCI paraplegics to walk. The exoskeleton is named
MINDWALKER (MW). MW is equipped with series elastic ac-
tuators (SEAs) and that allows exploring different control im-
plementations and safe and compliant interactions with its sur-
roundings. This exoskeleton is capable of performing 2-D foot
placement over ground thanks to the actuated HAA. We have
developed algorithms to determine the user-intended motion, to
assist weight shift, and to online adapt the step width to main-
tain balance.

In this paper, the design requirements are specified first, fol-
lowed by the exoskeleton hardware description in Section III.
The control and human machine interface (HMI) implementa-
tions are presented in Section IV. The experimental results and
discussion are given in Sections V and VI.

II. DESIGN REQUIREMENTS OF LOWER LIMB EXOSKELETON

The aim is to develop a research prototype that can empower
lower limb-disabled people (especially SCI patients) to walk on
level ground and maintain postural stability. The target max-
imal walking speed is 0.8 m/s. MW is supposed to be able
to accommodate the anatomical measures of 90% of the Eu-
ropean adult population, which dictates the wearer height and
hip width. These values are retrieved from the DINED database
(http://dined.nl/), by taking the 5 and 95 percentile numbers. The
exoskeleton weight is required to be less than 30 kg, based on
the weight of existing exoskeletons (Ekso [12] and ReWalk [10]

TABLE I
TECHNICAL REQUIREMENTS OF MINDWALKER EXOSKELETON

# Items Desired value
EI  Powered DoFs 4 per leg
E2  Target maximal walking speed 0.8m/s
E3  Max. allowable wearer weight 100kg
E4  Allowable wearer height 153~188cm
E5  Allowable wearer hip width Up to 44cm
E6  Exoskeleton weight <30kg

If, in the actual design, a requirement is not met, it is shaded with grey color;
if met, no shading. The same holds for Tables II and III.

TABLE 11
JOINT RANGE OF MOTION

# Joints and DoFs ~ Powered  Desired Range of Motion
RI Hip HAA  Required 19°abduction/ 22° adduction
R2 HFE Required  110° flexion/ 18° extension
R3 HEE No +10° rotation
R4 Knee KFE Required  120° flexion/ 1.5° extension
RS Ankle ADP No 20° dorsiflexion/ 20° plantarflexion
R6 AIE No 10° inversion/ 10° eversion
R7 AEE No Rigid

HAA = hip ab/adduction; HFE = hip flexion/extension, HEE =
Hip endo/exo — rotation; KFE = knee flexion/extension, ADP =
ankle dorsi/plantarflexion; AIE = Ankle Inversion/Eversion,
AEE = Ankle endo/exo — rotation

are 20~25 kg and REX [17] 38 kg). The basic technical require-
ments are briefly summarized in Table 1.

Based on human anatomy and joint range of motion (RoM),
the desired DoFs and joint RoM for the exoskeleton are speci-
fied to allow sitting, standing, and walking (see Table II). Note
that in the requirements, the knee extension is limited to 1.5 de-
gree, to prevent hyperextension, in case misalignments between
the exoskeleton and the wearer exist.

In order to support the wearer to maintain balance in both
sagittal and frontal planes, hip ab/adduction, hip flexion/exten-
sion (HFE) and knee flexion/extension (KFE) are required to
be powered. Powered ankle dorsi/plantarflexion (ADP) is also
desired. However, this is a technical tradeoff: On one hand,
passive ADP can lead to a lightweight design and a lower in-
ertia at the distal location [30]; on the other hand, powered
ADP can provide active push-off, extra maneuverability, and
balance capability. In this prototype, ADP is passive, in order to
achieve a lightweight design. The hip endo/exo-rotation (HEE)
and ankle inversion/eversion (AIE) should be compliant to re-
duce impact and improve wearing comfort, either using com-
pliant structure or spring-loaded joints. Ankle endo/exo-rotation
(AEE) is locked because the rotation of the leg is taken care by
HEE.

We collected and analyzed human gait data to facilitate
the design by providing information such as joint veloci-
ties, torques, and powers (see previous work in [31]). Based
on this information, we specify the actuation requirements
(Table III). The series spring stiffness requires some tradeoffs.
First, SEA is desired to be able to render the joint impedances
of all human leg joints. For an SEA, it is only possible to
render stiffness lower than the physical spring stiffness at the
output. According to previous studies (e.g., [31] and [32]), the
quasi-stiffness of human joints remains below 800 Nm/rad for
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TABLE III
DESIGN REQUIREMENTS FOR EXOSKELETON ACTUATION

# ITEMS Desired value
Al  Peak torque 100 Nm
A2 Peak power >150 W
A3 Series spring stiffness 800 Nm/rad
A4 Small torque bandwidth@2Nm 20 Hz
A5 Large torque bandwidth@100Nm 4 Hz
A6 Output torque resolution 1 Nm
A7 Closed-loop control update frequency 1000Hz

A8  Joint mass As light as possible

walking at 0.8 m/s. On one hand, from a control point of view,
higher spring stiffness is desired, in order to allow a higher
closed-loop control bandwidth. On the other hand, as the spring
is also used for torque measurement, higher stiffness means
smaller deformations under the same load, which would require
high-resolution encoders to reach reasonable torque resolution.
So 800 Nm/rad is considered the most suitable stiffness value
for this application.

III. DESIGN oF MINDWALKER

This section highlights some design aspects, mainly in-
cluding the exoskeleton structure, the actuation system,
human-exoskeleton physical interfaces, and finally the elec-
tronics hardware.

A. Exoskeleton Structure and Frame

In MW, most of the joints are aligned with human joints,
e.g., HFE and HAA axes intersect at the human hip joint center
(see Fig. 1). HEE is not aligned with the hip joint center. In-
stead, it is offset and placed between HAA and HFE. This mis-
alignment does not introduce extra stresses to human joints be-
cause: 1) only small rotations occur in HEE and 2) relative
movements between human limbs and exoskeleton limbs are al-
lowed as a consequence of the chosen physical attachments (see
Section III-C).

All DoFs are serially chained, in a sequence of HAA, HEE,
HFE, KFE, and ADP from pelvis to foot. This implies that
the exoskeleton hip consists of three serially chained hinges,
whereas the human hip has a ball-and-socket joint. The order
of three hip rotations is determined based on three criteria: 1) as
many of the three rotation axes as possible intersect at human
hip joint centers; 2) no interference between exoskeleton parts
and the human body in walking and sitting; 3) to minimize
weight.

In the actual design HAA, HFE, and KFE are powered while
HEE and ADP are passive and spring loaded. The ankle joint is
equipped with antagonist spring pairs with its neutral position at
0° ankle angle. HEE is spring loaded. The springs are relatively
stiff (equivalent joint stiffness is about 600 Nm/rad). AIE comes
from the compliance in the carbon-fiber-rubber footplate.

As a research prototype, the exoskeleton has to be able to ac-
commodate inter-subject anatomy diversities. Hence, a couple
of adjustable mechanisms, such as telescopic structures in the
thigh and shank, a sliding rail system in the pelvis, are created
to fulfill E3-ES5 design requirements (Table I).
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Fig. 1. MW exoskeleton. HAA and HFE axes intersect at the human hip joint
center; KFE and ADP axes align with human knee and ankle joints, respectively.
HAA, HFE, and KFE are powered; HEE and ADP are passive and spring loaded.
Shank and thigh segments of the exoskeleton have telescopic tubular structure,
which can accommodate subject height between 1.53 and 1.88 m. Two HAAs
are mounted on the pelvis structure (part of torso) using sliding rails, so that the
exoskeleton can be adjusted to accommodate hip width up to 0.44 m. Footplates
are made of carbon fiber and have braces to attach human feet. Right below
the knee, shank braces are used to support most of the weight of the user in
standing and walking. Thigh braces are added to loosely constrain the upper leg
and support the wearer during standing up. A pelvis brace and backpack braces
are used to attach to the upper body of the wearer.

B. Series Elastic Joint—Actuation

To accommodate the power and weight requirements, the ac-
tuation system, including power electronics and the actuators,
was custom made (Fig. 2). For wearable devices, especially
lower limb exoskeletons, the power-to-weight and torque-to-
weight ratios of actuators have to be maximized to minimize
the exoskeleton weight. Therefore, special efforts have been
devoted to the actuation system design. The optimization of
the actuation system has been given in [33]. A power-based
quasi-static model of the SEA drivetrain has been built, and
all the rotary joint quantities (joint torques and angles) were
converted step-by-step to the proper quantities at each compo-
nent of the drivetrain (e.g., forces and linear velocities at the
ballscrew, current at the motor). Using this model, we proposed
an optimization framework to minimize the total mass of the
battery, the ballscrew, and the motor. The properties of the ac-
tuation system are briefly summarized as follows.

The series spring is a torsional spring [33]-[35], especially
developed to achieve the target stiffness while minimizing the
weight. This spring has a double-spiral disc shape and is made
of a single piece of high-grade titanium. It weighs 220 g, has
stiffness of 820 Nm/rad (2.5% off from the target value), and
allows 100 Nm bidirectional torque loading. It exhibits 99.99%
linearity in terms of load versus deflection, which guarantees
accurate joint torque sensing. The output end of the ballscrew
is connected to the inner ring of the series spring via a leverarm
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outer-ring holes

inner-ring holes

(a)

Fig. 2. MW actuation system. (a) Photo of the double spiral series spring.
Through those four inner-ring holes, four shoulder screws connect the inner ring
to the leverarm; through those four outer-ring holes, four dowel pins connect the
outer ring to the distal segment. See Fig. 3 as well. (b) Drive electronics mounted
at the back of the linear actuator; (c) linear actuator assembly.
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Fig. 3. CAD drawing of the MW actuation system. (a) Construction of the
linear actuator; (b) cross section (cut in the sagittal plane) of a series elastic
joint; and (c) the A-A cross section of (b).

(Fig. 3). The leverarm directly transforms the linear motion of
the linear actuator to rotations of the inner ring of the torsional
spring. The outer ring of the spring is connected to the distal
segment.

The linear actuator consists of a ballscrew and an outrunner
BLDC motor (Hacker A60 7S V2, Hacker Motor GmbH). The
ballscrew (SKF SD 12X4) has a lead of 4 mm and can handle
more than 4000 N axial force. It has 95% theoretical and above
90% practical mechanical efficiency, which makes the linear ac-
tuator backdrivable. No further reduction gear is used between
the motor and ballscrew, since the motor can deliver 2.5 Nm
output torque and about 1 kW power. It has relatively high
motor constant, which introduces minimal copper losses for a

given torque (see [33] for explanation). The drive electronics,
mainly consisting of 6 Power MOSFETs (type IRF7749, Inter-
national Rectifier, USA) and a gate driver (DRV8301, Texas
Instruments Inc., USA), is integrated at the back of the actu-
ator. The MOSFET has a low on-resistance (1.5 mf2 at most)
and therefore low switching losses. The motor commutation is
controlled using a 12-bit absolute magnetic encoder (iC-MHS,
iC-Haus GmbH). The same encoder is used for the velocity con-
trol of the motor.

The SEA consists of the linear actuator, the double-spiral
spring, the spring deflection and joint encoders (17-bit resolu-
tion, Netzer DS-25, Netzer Precision Motion Sensors Ltd.), and
the torque controller. Each powered exoskeleton joint weighs
about 2.9 kg, of which the linear actuator weighs 1.1 kg. The
fully detailed mechanical construction, sensor placements, and
the torque controller implementation were given in previous
work [33].

C. Human-Exoskeleton Attachment

In this design, the exoskeleton is attached to the wearer at
five main locations, namely, footplate, shank, thigh, pelvis, and
torso (Fig. 1). At the footplate, three braces guarantee a firm
connection to the shoe of the wearer. At the shank, one brace
prevents knee buckling and hyperextension. At the thigh, one
brace prevents the human from sliding down out of the pelvis
braces due to gravity. The pelvis brace holds the wearer's pelvis
in place. Lastly, two backpack braces loosely couple the torso
of the wearer with the trunk of the exoskeleton. The footplate
and pelvis braces are tight, while the shank and thigh braces are
not (four fingers of an adult can be put in when tightened). By
doing this, the wearing comfort is improved and unavoidable
misalignments between human and exoskeleton joints are toler-
ated. With cuff-type braces, axial rotations cannot be prevented
either, which further tolerates the offset of HEE.

D. Electronics and Networked Architecture

Fig. 4 shows the global picture of the exoskeleton network
that hosts the lower level control algorithm. The exoskeleton
network system makes use of EtherCAT E-Bus as intercon-
nection medium, and EtherCAT fieldbus as the communica-
tion medium between the control PC and distributed networked
slaves. Using full-duplex structure, all slaves have at least one
IN port and one OUT port. Open ports are closed by slave con-
troller automatically. This architecture allows one single cable
running through one leg, daisy chaining all slaves. The sampling
frequency of the network is 2000 Hz. High-level control update
rates are set according to the computing time needed by the con-
trol PC.

Six slaves are integrated in the six powered joints. Each
slave controls the pulsewidth modulation (PWM) sequences
of one motor and allows interfacing with one motor encoder,
two analogue-to-digital (ADC) channels, one spring encoder,
two joint encoders, one load cell, and one inertial measure-
ment unit (IMU). The motor encoder is responsible for motor
commutation, velocity and position control; the ADC channels
for roughly measuring the line voltage and temperature of
the motor drive; the spring encoder is for spring deflection
(torque) sensing; two joint encoders are for the joint angle of
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Ethernet
cable

E-Bus

Fig. 4. MW EtherCAT network system. Distributed slaves are integrated in
six powered DoFs. A PC can communicate with the MW network via the on-
board EtherCAT Couplers through Ethernet. Extra slaves can be plugged into
the EtherCAT Couplers.

the powered DoF and that of its neighbor passive DoF (e.g.,
the HEE); the load cell is not used at this moment. On each
exoskeleton leg, three IMUs (UM6-LT, CH Robotics LLC)
are rigidly attached to the segments, one between HAA and
HEE (Ir1,1l1), one at the thigh (I73,13), and one at the shank
(Ir4,114). These IMUs provide the absolute orientation of the
segments w.r.t. gravity.

E. Design Summary

The current MW exoskeleton weighs 28 kg. It fulfills most
of the design requirements specified in Tables I-II1.

IV. EXOSKELETON CONTROL AND OPERATION

The basic control structure consists of three parts, namely:

+ a finite-state machine (FSM) that defines different motion
scenarios and logics to provide the desired assistance for
patients,

« an HMI that can trigger transitions from one state to an-
other in the FSM so that M W performs user-intended ma-
neuvers,

+ joint-impedance controllers supervised by the FSM to
track the desired joint references with variable imped-
ances.

Details are discussed in the following subsections.

A. Finite-State Machine

Part of the FSM is shown in Fig. 5, in which nine states are
defined for assisted walking. Assisted weight shift to left (S2)
and assisted weight shift to right (S6) are defined for the active
control in the frontal plane, of which the function is to shift the
weight of the wearer-exoskeleton to the stance leg. Half step
swings (S3 and S7) are defined for the gait initiation and termi-
nation. The allowed state transitions are depicted in Fig. 6.

B. Human Machine Interface

The MW HMI system consists of pushbuttons and a CoM
position detection mechanism.

281

Fig. 5. Finite-state machine for the stance and gait assistance. A full gait cycle
is labelled by black solid arrows; gait initiation by green solid arrows; gait ter-
mination by red dashed arrows. The states names are as follows:

S1 = stand

S2 = assisted weight shift toleft

S3 = half step right swing

S4 = full step right swing

S5 = double stance right foot leading

S6 = assisted weight shift to right

S7 = half step left swing

S8 = full step left swing

S9 = double stance left foot leading.

lean forward-right

S9 — i > S2 = 4 > S5 ) $6 — S8 >S9
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S1— AR e pe—>$2 — 83 — S5 —> gait cycle
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S5 lenlomadlel g6 —»S7 —> Sl
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SO—mm >S2—>S3—>Sl1

©
Fig. 6. State transitions. “(HMI)” indicates that other HMI modalities are al-
lowed. Here, the trunk motion is used. Arrows without texts indicate that the
transitions take place automatically when the previous state is completed. (a) A
gait cycle. (b) Gait initiation via a half swing (S3). (c) Gait termination. When
the STOP button is pressed, the state machine proceeds to the nearest termina-
tion state (S9 or S5) and via half swings (S3 or S7) returns to stand (S1).

1) Pushbuttons: The wearer or the system operator can use
a pushbutton interface to trigger START or STOP walking and
stepping.

2) CoM Position: A trigger to initiate a step will be generated
when the CoM ground projection falls in the desired quadrant.

The CoM position of wearer-exoskeleton is estimated using
the IMU mounted on the links ({1 or /I1 in Fig. 1) between
HAA and HEE, joint angles of HAA, HFE, and KFE (see Fig. 7),
in combination with the geometrical and mass properties of the
exoskeleton and the human anatomical data from [36].

To calculate the relative CoM position w.r.t. the leading
stance foot, in standing and double stance phase, a sagittal
weight shift coefficient rg (sagittal coef. for short) and a lateral
weight shift coefficient 7z, (lateral coef.) are defined

r = 2ZCoM (1

ZADP

_ TCoM
rs= "
TADP

where Zconr, LADP, 0o and zZoops are defined in Fig. 7.
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Forward

Vertical

;Right foot

Fig. 7. Sketch of estimating the CoM position. (a) Sagittal plane and (b) frontal
plane.  ¢oar and zo . are distances between CoM ground projection and the
leading (right) foot in the sagittal and frontal plane, respectively. z 4pp and
zapp are step length and step width, respectively. L is the distance between
the swing HAA and foot. fis the angle between L and gravity. ! is the pendulum
length.

These two coefficients normally vary between 0 and 1, and
they are evaluated only in state S1, S2, S5, S6, and S9. When
the CoM ground projection gets close to the leading stance foot,
these values approach 0. When they are both smaller than the
predefined thresholds (rg < 0.35 and r;, < 0.45), an assisted
weight shift (S2 or S6) is triggered.

C. Joint Reference Generation and Tracking

1) Joint Position Reference Generation: Reference joint an-
gles for HAA, HFE, and KFE are defined for different states. In
stance/double stance (S1, S5, S9), references are defined such
that the user is comfortably standing straight. In weight shifting
(S2, S6), references are online generated by a smooth inter-
polation between the end posture of the double stance phase
and the beginning of the swing phase. In swing phases (S3,
S4, S7, and S8), references for HFEs and KFEs are based on
recorded gait of an unimpaired subject wearing this exoskeleton
in zero-torque mode. They are modified to ensure sufficient
foot clearance. Five key points in the recorded hip and knee
flexion/extension trajectories are manually adjusted and fitted
by splines. The fitted curves are smoothed using local regres-
sion techniques [37]. References for HAAs are template based
and online adapted to improve stability in the frontal plane (see
Section V).

2) Step-Width Adaptation (SWA): The foot placement in
the frontal plane is online adapted after mid-swing to improve
wearer-exoskeleton lateral stability. If the wearer-exoskeleton
falls towards one side due to perturbations such as trunk or arm
motion, or interactions with other people, the foot placement is
adjusted to break the fall, resulting in a wider or narrower step.

According to the XCoM concept [24], [26], bipedal gait in
single stance (swing) is modeled as a linear inverted pendulum
(LIP), i.e., a concentrated mass (m) kept at a constant height

by a massless extendable leg. The XCoM position in the frontal
plane ¢ is defined as

VCoM =z

¢ =zcom + ()
where zoon and vo,nr. are the lateral CoM position and ve-
locity, respectively, and wy = \/g_/l is the eigenfrequency of
the pendulum, where [ is the pendulum length (Fig. 7) and ¢
gravity.

During normal walking without any perturbation, the XCoM
position in a certain period (e.g., mid-swing) varies little and its
nominal value can be expressed by z3%7; and v3%%; .. When the
system is perturbed during the swing phase, the deviation (A()
of XCoM position from its nominal value is

AUCOMZ

— J— ~ nom
Al =Azgom + o (ZCoM — ZCoht) voon= w22, . -
wq

€)

In (3), the CoM position change can be ignored, since it is
usually much smaller compared to the velocity term.

In order to counteract the perturbation such that the XCoM
returns to its nominal value just at heel strike, step width is
adapted. This is achieved by modifying the HAA angle, i.c.,
adding AGHFA4 to the HAA reference 8744 The resulting step-
width change is equal to the deviation of the XCoM position

4)

where L and ¢ are defined in Fig. 7. The CoM position and
velocity in (3) and angle ¢ in (4) are estimated using onboard
IMUs and joint encoders.

Rearrange (4) to obtain A 44

A
AH{;;[AA = arcsin (TC + sin 50) — .

A(=1L (sin (AﬁflIAA + 4,0) — sin gp)

)
At each sample, A9 can be computed and added to the
nominal trajectory 8544, This is called continuous step-width
adaptation. This algorithm was implemented and experimented,
but difficulties existed. Due to the noisy output from the IMU
gyroscopes, CoM velocity estimation was contaminated with
noise as well, which led to vibrations in the HAA joint. At this
moment, we implement a one-time adaptation of the HAA tra-
jectory during swing phase when the averaged XCoM change
during mid-swing (40%—-50% of a swing) exceeds a predefined
threshold. The averaged XCoM change reads

ta
— 1
Al = A
¢ tz—tl/ ¢
t1

where £; and {5 are the start and end of the mid-swing.

The one-time HAA joint angle adaptation A§244 is com-
puted at ¢, using (5) by replacing A¢ with AC.

3) Reference Tracking: Joint references are tracked using
variable impedance control. Joint SEAs are treated as torque
sources. As illustrated in Fig. 8, errors between measured joint
angles and the references, together with desired impedance
values, are fed to the impedance controller. The impedance,
for now, a stiffness value (P-gain), differs per state (Table IV).
These values were empirically determined. In general, high

(6)
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T,
e_d)?_) Pinp 2d Human-exo ﬁl

Fig. 8. Impedance-controlled trajectory tracking diagram for a powered joint.
Errors between the measured joint angle € and the reference 64, together with
desired impedance values, are fed to the impedance controller P;.,,; the SEA
is treated as a torque source; 7'y 4 and T’y are the desired and actual joint torque,
respectively. T+ represents all external torques and forces.

7

SEA

Teu

TABLE IV
TYPICAL P-GAIN (STIFFNESS) VALUES OF IMPEDANCE CONTROLLER

State Anatomical Plane Impedance Mode Stiffness, Nm/rad

s Sagittal Medium 400
Lateral Low 50

Sagittal Medium 400
82,56 Lateral Medium 500
Sagittal High 600
§3,84.57.58 Lateral High 800
S5.S9 Sagittal &Lateral High 600

impedances are applied to ensure accurate foot placement and
prevent knee buckling, and low values to absorb impact and
improve wearing comfort. The stiffness of the impedance can
vary between 0 and 820 Nm/rad. Damping was set to zero for
these experiments. No oscillation or overshoot was observed
in pilot tests. The intrinsic damping (damping of actuators and
human joints) proved to be sufficient. There is no need to add
additional damping.

V. EVALUATION AND RESULTS

The proposed CoM position HMI has been tested
using walking experiments with four complete SCI para-
plegics (males, age 26+11, weight 66+11, injury level
T7-T12). In all experiments, pushbuttons were only used
to trigger START/STOP walking. The results are given in
Section V-B and also shown in the multimedia material Scene 1.

We tested the proposed step-width adaption (SWA) algorithm
on both paraplegics and healthy subjects. Large disturbances
(pushes by a third person) have only been applied to tests
with piloting healthy subjects. These results are given in
Section V-C and the multimedia material Scenes 2—4. The
effects of exoskeleton-assisted walking on gait kinetics and
EMG patterns are published separately by Sylos-Labini et al.
[38].

A. Experiment Setup

All experiments were performed in a laboratory environment,
where an 8-m walkway and double handrails (or crutches) were
available. A safety harness worn by the wearer was attached to
an overhead suspension system moving along with the wearer,
which only came into action when the subject fell. For each
subject, each experimental session lasted one-to-two hours. The
subject walked 8 m in a trial. The experiments were performed
under the ethical approval given by Comitato Etico Fondazione
Santa Lucia.

B. CoM Position as HMI

In this experiment, the subjects (both healthy and paraplegic
subjects) were trained to use their trunk movement to change
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Fig. 9. CoM position triggered exoskeleton stepping by a SCI patient. (a) and
(b) Sagittal and lateral coefficients as a function of time, respectively. When
both coefficients are smaller than its thresholds (indicated by the horizontal
dashed line), triggers are generated (indicated by a vertical dashed line). (¢) Cor-
responding state transitions. ¢ = 0.5 s the sagittal coef. g first crossed its
threshold and then at ¢ = 0.78 s, the lateral coef. rr did. State transited imme-
diately from double stance left foot leading (S9) to assisted weight shift to left
(S2). Similarly, at ¢ = 3.9 s, due to the user's trunk motion, both coefficients
became less than their thresholds, and then the state changed from S5 to S6. In
double stance (S2,S6), the coefficients further decreased, meaning, CoM was
moved towards the leading stance foot by the exoskeleton.

the wearer-exoskeleton's CoM. Following the instructions about
how and when to move their upper body, all subjects managed
to learn the techniques in the very beginning of the training ses-
sion. After one or two trials, they all could repetitively trigger
the steps of the exoskeleton on their own.

For example, Fig. 9 illustrates how an SCI subject triggered
the state transitions of the FSM. At ¢ = 0.25 s, the subject
started to shift his weight to the front and to the left. At¢ =
0.78 s (the first vertical dashed line), both weight-shift coeffi-
cients fell below their thresholds, the controller detected the in-
tention of the subject and initiated assisted weight shift to left
(S2). The MW assisted and accelerated the weight shift, as il-
lustrated by the rapid drop in the coefficients after the trigger
was given. After the completion of state S2, the state transited
automatically to full step right swing (S4). Similarly, at ¢ =
3.9 s, the system detected the user's intention of making a left
step and state assisted weight shift to right (S6) was triggered.
Cyclic gaits were produced in this manner. Weight shift was ini-
tiated by the subject and completed by the exoskeleton.

C. Step-Width Adaptation

The SWA algorithm allowed healthy subjects to walk
without external support. SCI subjects still needed the support
of handrails. Snapshots of a left step for a healthy subject are
shown in Fig. 10. Note: The subject was carrying the crutches
only for safety.

The SWA algorithm was effective in counteracting distur-
bances. Fig. 11 illustrates that the algorithm made the step wider
to counteract the large change in XCoM position. During the
regular left swing (¢ = [0.5, 1.8] s), the XCoM deviation A( in
(4) did not exceed the threshold and nominal joint trajectories
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S9: double stance
left foot leading

S5: double stance S6: assisted weight
right foot leading shift to right

S8: full step left
swing

Fig. 10. Snapshots of a left step during straight walking. Crutches were only
used for safety and did not touch the ground during the 8-m walk.
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Fig. 11. Online step-width adaptation. Gait cycle with two steps performed by
a healthy subject using CoM position (trunk motion) as a HMI. (a), (b), and (c)
Joint angles. (d) State. (¢) XCoM deviation is accumulated during mid-swing
and the time averaged value is computed at 2 or ¢}, shown by the stem plot. Hor-
izontal dashed line indicates the threshold, which is used to determine whether
the step width should be adapted. At = 3.2 s, the step-width adaptation oc-
curred, due to the excessive perturbation during the right swing. (f) Step width
in double stance (S5 and S9). Last step became wider compared to previous
steps.

were tracked. During the right swing, the subject was pushed
and fell quicker to the right. At ¢ = 3.2 s, the averaged XCoM
deviation exceeded the threshold and the reference HAA angle
was online adapted. This resulted in a larger hip abduction at
heel strike and a larger step width at £ = 3.8 s.

For paraplegic subjects, the step width adaption took place,
for example, when the subject pulled the handrail with exces-
sive forces, and the measured XCoM deviation exceeded the
threshold. The excessive arm forces acted as disturbances, and
the exoskeleton reacted in the same way as shown in Fig. 11.

After each session, several questions were asked. Walking
with and without SWA could be distinguished within several
steps. Among different healthy subjects, some reported that the

SWA algorithm made their walk more stable and they relied
less on crutches. Others reported no difference in terms of gait
stability.

VI. DISCUSSION

The goal of this research is to develop a powered exoskeleton
to support SCI paraplegics to walk. The MW exoskeleton,
equipped with compliant series elastic actuators, is able to
support SCI patients to walk with support aids. Its actuation
capacity and structural strength can deal with subjects weighing
up to 100 kg. The powered hip ab/adduction allows actively
controlled foot placement in the frontal plane. It can also
provide assistance in lateral weight shift.

The proposed controllers and human machine interface par-
tially addressed the posture stability and intention-detection is-
sues accompanied with this type of assistive devices. With the
current prototype and control implementation, stable walking
without crutches is achieved for healthy subjects but not yet
for SCI paraplegics. More research and development is needed
to further improve the gait stability and let paraplegics walk
without support aids.

The current design has some limitations. The total weight of
the exoskeleton (28 kg) is within the design requirements, but
does constrain the portability of this device. We believe that
keeping the current linear actuators unchanged, the total weight
can be reduced to two thirds by optimizing the structural design.
Lack of actuation in some degrees of freedom limits the loco-
motion capability of the exoskeleton. For example, MW does
not have powered HEE, which is crucial for active turning. Sim-
ilarly, MW has an unpowered ankle joint, which limits the use
of ankle strategy in balance control and the generation of pow-
ered push-off during walking.

A. Human Machine Interface

Among the existing exoskeletons, different HMIs have been
experimented to determine human intentions and trigger state
transitions.

* Manual commands (via pushbuttons/a joystick) [13], [18]
and voice commands [14] have been tested. Manual com-
mands are direct expressions of the wearer's/operator's in-
tention. However, they involve cognitive load and move-
ments, which are not an integral part of locomotion.

* Biosignal-based HMIs, e.g., using brain or muscle activi-
ties, have been used for operating a human-augmentation
exoskeleton [39] and manipulating an upper limb pros-
thesis [40], while they have not been applied in SCI gait
assistance.

* Currently, most exoskeletons trigger the state transitions
by analyzing the data collected by onboard sensors and ap-
plying intention detection algorithms [11], [13], [15]. Our
implementation belongs to this category.

For the third category, different body movements and algo-
rithms have been used. In [11], the user triggers the steps of the
exoskeleton by leaning forward, detected by a trunk tilt sensor.
In [13], the user triggers the steps by a forward arm movement
(detected by an IMU on each arm). In [15], stepping is also trig-
gered by leaning forward. CoM ground projection in the sagittal
plane, which is computed using data from thigh accelerometers
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and joint encoders, is used to detect the trunk motion. This is
similar to our approach. For the MW, the user leans forward
as well as sideways to trigger steps, whereas CoM projection in
both the sagittal and frontal planes is used. Natural gait is not
constrained to the sagittal plane and lateral weight shift is an
integral part of gait. We believe that making use of the infor-
mation in the frontal plane could potentially improve the detec-
tion success rate. To compare the effectiveness and robustness
of different algorithms, we need to implement them on the same
device.

Besides the reported CoM position HMI, we have also tested
biosignal-based HMIs using MW, e.g., step triggering using
arm muscle (anterior portions of deltoid muscles) electromyo-
graphy (EMG) and using electroencephalogram (EEG) related
to steady-state visual evoked potentials (SSVEP). The prelim-
inary experiments are shown in the multimedia material Scene
5-6. Further study will be carried out to compare the perfor-
mance of different HMIs.

B. Frontal Plane Actuation

Powered hip ab/adduction is critical in supporting lateral bal-
ance. Currently, most existing exoskeletons only have actuated
hip and knee flexion/extension. The wearer has to use crutches
to stabilize. Only few exoskeletons included powered HAA
(see, e.g., [17] and [19]), though no exoskeleton has reported
the use of the HAA to actively stabilize gait.

C. Step-Width Adaptation

Most exoskeletons produce gait by tracking fixed and pre-
defined joint reference trajectories, generated in various ways
[12], [14], [16], [18]. One obvious downside of tracking fixed
references is the limited capability of maintaining balance and
counteracting disturbances.

In our experiments, the XCoM concept has been applied to
adapt the step-width to counteract disturbances during gait. To
the authors' knowledge, this is the first exoskeleton that incor-
porates this concept. Previously, mainly theoretical studies on
XCoM have been published [24], [26]. The XCoM theory has
been verified mainly using human experiments (e.g., [25], [41],
and [42]). A closely related concept, the capture point theory,
is rapidly gaining popularity in the dynamic balance control of
humanoids. It has been applied in the control of different hu-
manoids to balance or to recover from pushes [43], [44]. Still,
it has not been applied to exoskeletons.

In our approach, the balance control of the human-ex-
oskeleton combined system is partially addressed. The
step-width adaptation algorithm actively makes the steps wider
to avoid tipping over. However, we do not know whether
the algorithm improved the gait stability during steady-state
walking. To access the stability improvement, we have used
some indicators such as margin of stability (see [45]). But
no consistent results have been found. This can be caused by
several factors.

* Human factor: The way that the subject perceives and inter-
acts with the exoskeleton and the SWA controller can vary
between subjects and even per step for the same subject.

* Accuracy of the XCoM estimation: In the experiments, no
sensor has been placed on the human body. The relative
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motion between the wearer and the exoskeleton can cause
estimation error.

* Accuracy of foot placement: The lack of actuation in the
ankle joint limits the controllability of the system. Fur-
thermore, though the exoskeleton is equipped with pow-
erful actuators, the interaction forces from wearer's limbs
can disturb the exoskeleton and cause errors in the foot
placement.

These factors have to be tackled one by one before a consis-

tent conclusion can be made.

D. Series Elastic Actuator

Additionally, it can be argued that the joint controller has
not fully made use of the advantages of torque-controllable
SEAs. The current implementation is simple and does not
involve heavy computations such as inverse kinematics or
dynamics. Additionally, it works with the XCoM concept
directly. However, to fully explore the potential of SEAs, a
force/torque-based balance controller (see, e.g., [46]-[48])
should be investigated.
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