This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation infor|

10.1109/TNSRE.2014.2365697, IEEE Transactions on Neural Systems and Rehabilitation Engineering

XXX

Design and Control
Exosk

of thilINDWALKER
eleton

Shigian Wan*, Letian Wan¢*, Cory Meijneke,Edwin van AsseldoniThomas HoellingeiGuy

Cheron, Yuri lvanenko, Valentina La Scaleia,

FraoeeSylos-Labini, Marco Molinari, Federica

Tamburella, lolanda Pisotta, Freygardur ThorsteinsMichel llzkovitz, Jeremi Gancet, Yashodhan
Nevatia, Ralf Hauffe, Frank Zanow, and Herman vankboij

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 placerant to support
dynamic balance control and to counteract disturbanes in the
frontal plane. Here, we describe the design, conttp and
preliminary evaluation of a novel exoskeletonMINDWALKER.
Besides powered hip flexion/ extension and knee fien/extension,
it also has powered HAA. Each of the powered jointeas a series
elastic actuator, which can deliver 100Nm torque ath 1kW power.
A finite-state machine based controller provides gaassistance in
both the sagittal and frontal planes. State transibns, such as
stepping, can be triggered by the displacement ohé Center of
Mass (CoM). A novel step-width adaptation algorithm was
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proposed to stabilize lateral balance. We tested ith exoskeleton
on both healthy subjects and paraplegics. Experimeal results
showed that all users could successfully trigger eps by CoM
displacement. The step-width adaptation algorithm ould actively
counteract disturbances, such as pushes. With theumrent

implementations, stable walking without crutches ha been
achieved for healthy subjects but not yet for SCI araplegics.
More research and development is needed to improvine gait
stability.

Index Terms—MINDWALKER, exoskeleton, SEA, XCoM, gait
assistance, balance control

I. INTRODUCTION

pinal cord injury (SCI) has high personal impactsl a

socio-economic consequences. Patients with SClepac
heavy burden on the health-care system [1]. Thegbeace of
SCI in Northern America, Australia, and Europessraated to
be between 223 and 755 per million populations; trel
incidence of SCI lies between 10.4 and 83 per onmilli
inhabitants per year worldwide [2]. Two thirds d@lSatients
are estimated to be paraplegic; most patients ®ith are
young men in their thirties, who need to work t@mort their
families [1]. They have to rely on help from thealib-care
system and social security system. In a surve\bBhercent of
paraplegics rated theestoration of walking as their first or
second priority for improvement in quality of life.

Orthotic devices have been developed to providapbegics
with some degree of locomotion capability and tduee the
occurrences of secondary complications. Passiveofuered)
orthoses are often prescribed. However, due toptmssive
nature of these devices, the metabolic energy ehipes in
gait causes frequent abandonment or low utilizafdjr6].
Seeing the limitations of passive orthoses, rebeascstarted
developing active exoskeletons as early as the 198D
However, rapid developments have only been achiemed
recent years, resulting in several wearable exesies
[8]-[19]. Several of these devices are specificalgsigned to
restore walking for SCI subjects [10]-[19].

Despite the impressive progress and promising tedbtkere
is a need to improve the technology. Although S&tlgmts are
enabled to walk again, for stability they rely amitches, and
their walking pattern is less fluent and slowernth@atural
human gait.
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We believe that powered hip ab/adduction (HAA) i€uropean adult population, which dictates the wehgight

necessary for balance in bipedal gait. Mathematiwadieling
has shown that passive bipedal walking is lateraiigtable,
even though it retains stability in the sagittadn@ [20][21].
Foot placement (step-width adaptation) can effetfistabilize
lateral balance in passive walking [21]-[24].
experiments demonstrate that foot placement isvelgti
controlled because a loss of sensory informatisaltg in less
precise foot placement [23]. As paraplegics havst lor
impaired control of their legs, self-balanced wagki of
paraplegics wearing an exoskeleton requires powefesl To
make use of the powered HAA, an online step-widldpaation
(SWA) algorithm is presented in this paper, in &erapt to
improve gait stability. The algorithm is based ohet
“extrapolated center of mass” (XCoM) concept, whiels been
successfully applied in analyzing human balancetrobn
[24][25]. XCoM is a spatial variable used to formd a
stability condition, which is valid in both statamd dynamic
situations [26].

In terms of actuation, force-controllable actuatmesdesired.
These allow different control implementations, efgrce
control, bio-inspired control, and impedance cdnt2@]. The
latter can be used to regulate the joint/leg impeda In
humans, adaptive control of mechanical impedancehezn
shown to be necessary for manipulation and locandi28].
There is more than one way to achieve force canstath as
using load cells or motor current regulation. Ir tburrent
design, series elastic actuation (SEA) was cholecause it
has benefits, such as low output impedance, bachuifity,
increased force fidelity, added safety, etc., astpd out by
others [29]. Additionally, similar to the functioof tendons
connected to biological muscles, the series spraao
potentially store energy, increase efficiency, dittdr shock
loads. Currently few exoskeletons have used SEAhair
design (see e.g. [16] and [19]).

The goal of this research is to develop a powexedleleton
to support SCI paraplegics to walk. The exoskelé&ammed
MINDWALKER (MW for short). MW is equipped with series
elastic actuators (SEAs), and that allows explouiifferent
control implementations and safe and compliantrauions
with its surroundings. This exoskeleton is capalig
performing two-dimensional foot placement over gbu
thanks to the actuated HAA. We have developed #lgos to
determine the user-intended motion, to assist weiflit, and
to online adapt the step width to maintain balance.

In this paper, the design requirements are spédciirst,
followed by the exoskeleton hardware descriptiosdction I11.
The control and human machine interface
implementations are presented in section V. Tipegrental
results and discussion are given in section V ahd V

Il. DESIGNREQUIREMENTS OF ALOWERLIMB EXOSKELETON

The aim is to develop a research prototype thatogmower
lower limb disabled people (especially SCI patigtasvalk on
level-ground, and maintain postural stability. Tharget

and hip width. These values are retrieved from BANED

database _(http://dined.nl/), by taking the 5 andp@bcentile
numbers. The exoskeleton weight is required tebs than 30
kg, based on the weight of existing exoskeletétsd [12] and

HumarReWalk [10] are 20~25kg andREX [17] 38kg). The basic

technical requirements are briefly summarized ihl@ &

Based on human anatomy and joint range of moti@MR
the desired DoFs and joint RoM for the exoskeletoa
specified to allow sitting, standing, and walkirsgé Table II).
Note that in the requirements, the knee extensidimited to
1.5 degree, to prevent hyperextension, in caselignsaents
between the exoskeleton and the wearer exist.

In order to support the wearer to maintain balanckoth
sagittal and frontal planes, hip ab/adduction, Hgxion/
extension (HFE) and knee flexion/extension (KFE)raquired
to be powered. Powered ankle dorsi/ plantarfleXi@bP) is
also desired. However, this is a technical trade-©h one
hand, passive ADP can lead to a lightweight deaigha lower
inertia at the distal location [30]; on the othent, powered
ADP can provide active push-off, extra maneuveitgbiand
balance capability. In this prototype, ADP is passin order to
achieve a lightweight design. The hip endo/exotiata(HEE)
and ankle inversion/eversion (AIE) should be comglito
reduce impact and improve wearing comfort, eitheing
compliant  structure or spring-loaded joints. Ankle
endo/exo-rotation (AEE) is locked because the imtabf the
leg is taken care by HEE.

We collected and analyzed human gait data to fatlithe
design by providing information such as joint vélies,
torques, and powers (see previous work in [31]seBaon this
information, we specify the actuation requiremdfisble II1).
The series spring stiffness requires some trade-bffst, SEA
is desired to be able to render the joint impedsuwtall human
leg joints. For a SEA, it is only possible to rendgffness
lower than the physical spring stiffness at thgatitAccording
to previous studies (e.g. [31][32]), the quasifséfs of human

TABLE |
TECHNICAL REQUIREMENTS OFMINDWALKER EXOSKELETON
# Items Desired value
E1 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 widt Up to 44cn
E6 Exoskeleton weight <30kg

(H™MI

If, in the actual design, a requirement is not rités, shaded with grey color; if
met, no shading. The same holds for Table Il ahd Il
TABLE Il
JOINT RANGE OFMOTION

# Jointsand DoFs  Powered Desired Range of Motion
R1 Hip HAA Required 19° abduction/ 22° adduction
R2 HFE Requirer 110 ° flexion/ 18 °© extensi
R3 HEE No +10 ° rotation
R4 Knee KFE Requiret 120 ° flexion/ 1.5 © extensi
R5 Ankle ADP No 20 ° dorsiflexion/ 20 ° plantarflerio
R6 AlE No 10 ° inversion/ 10 © eversion
7 AEE No Rigid

HAA = hip ab/adduction; HFE = hip flexion/extensjdfEE = Hip endo/exo-

maximal walking speed is 0.8mMW is supposed to be able t0gtation; KFE =knee flexion/extension, ADP = anéttarsi/plantarflexion: AIE

accommodate the anatomical measures of 90 perdetieo

= Ankle Inversion/Eversion, AEE = Ankle endo/exadation

1534-4320 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation infor|

10.1109/TNSRE.2014.2365697, IEEE Transactions on Neural Systems and Rehabilitation Engineering

XXX 3

TABLE Il is offset and placed between HAA and HFE. This figaaent

DESIGNREQUIREMENTS FOREXOSKELETONACTUATION does not introduce extra stresses to human joietsuse 1)
Al# 'FTEMKS D;’gge’\? value only small rotations occur in HEE and 2) relativevements
A2 Pzzk tp"c[;‘v;'e >150 \Am between human limbs and exoskeleton limbs are alioas a
A3 Series spring stiffness 800 Nm/rad consequence of the chosen physical attachmentsséstien
A4 Small torque bandwidth@2Nm 20 Hz l1.C).
ﬁg gft%itt?g?;febfeg%mgéz@lom 4 TZNm All DoFs are serially chained, in a sequence of HAEE,
A7  Closed-loop control update frequency 1000Hz HFE, KFE and ADP from pelvis to foot. This implitsat the
A8 Joint mas As light as possib exoskeleton hip consists of three serially chairages,

joints remains belovB00 Nmvrad for walking at 0.8 m/s. On Whereas the human hip has a ball-and-socket jbie.order of
one hand, from a control point of view, higher sgrstiffness is three hip rotations is determined based on thriterier 1) as
desired, in order to allow a higher closed-loop tomn many of the three rotation axes as possible inte=ehuman
bandwidth. On the other hand, as the spring is at=ml for hip joint centers; 2) no interference between egtethn parts
torque measurement, higher stiffness means smalhd the human body in walking and sitting; 3) talimize

deformations under the same load, which would requiweight.

high-resolution encoders to reach reasonable taegution. In the actual design HAA, HFE, and KFE are poweréde

So 800 Nm/rad is considered the most suitablenst§ value HEE and ADP are passive and spring loaded. Theegoikit is

for this application.

[ll. DESIGN OFMINDWALKER

This section highlights some design aspects,
including the exoskeleton structure, the actuatgystem,
human-exoskeleton physical interfaces, and finathe
electronics hardware.

A. Exoskeleton Sructure and Frame

In MW, most of the joints are aligned with human joiets}.,
HFE and HAA axes intersect at the human hip joartter (see
Fig. 1). HEE is not aligned with the hip joint centinstead, it

7]

N
iy

. linear
b actuator

Shank brace

l Footplate

() - (b)
Fig. 1. MW exoskeleton. HAA and HFE axes interseat the human hip joi
center; KFE and ADP axes align with human knee anéle joints
respectively. HAA, HFE, and KFE are powered; HEH ADP are passive a
spring loaded. Shank and thigh segments of thekeletenhave telescop
tubular structure, which can accommodatbject height between 1.53 :
1.88m. Two HAAs are mounted on the pelvis struc{yaat of torso) usir
sliding rails, so that the exoskeleton can be aellio accommodatep width
up to 0.44m. Footplates are made of carbon fivet have braces to att:
human feet. Right below the knee, shank bracesised to support most of
weight of the user in standing and walkindnigh braces are added to loos
constrain the upper leg and support the wearenduwgianding up. A pelvis
brace and backpack braces are used to attach tpiee body of the wearer.

main

equipped with antagonist spring pairs with its n&uposition
at 0° ankle angle. HEE is spring loaded. The spriage
relatively stiff (equivalent joint stiffness is alto600 Nm/rad).
@IE comes from the compliance in the carbon-fibgvkrer
footplate.

As a research prototype, the exoskeleton has tableto
accommodate inter-subject anatomy diversities. Hera
couple of adjustable mechanisms, such as telesstpictures
in the thigh and shank, a sliding rail system ie felvis, are
created to fulfill E3-E5 design requirements (Table

B. Series Elastic Joint - Actuation

To accommodate the power and weight requiremehts,
actuation system, including power electronics dredactuators,
was custom made (Fig. 2). For wearable devicessaialpy
lower limb exoskeletons, the power-to-weight andjte-to-
weight ratios of actuators have to be maximizedntnimize
the exoskeleton weight. Therefore, special effbdse been
devoted to the actuation system design. The opditioiz of the
actuation system has been given in [33]. A poweeba
guasi-static model of the SEA drivetrain has bediit,land all
the rotary joint quantities (joint torques and &)l were

—

outer-ring holes

()
Fig. 2. MW actuation system. (a) photo of the double spiraksesprinc
Through those 4 innetng holes, 4 shoulder screws connect the inngy td
the leverarm; through those 4 outarg holes, 4 dowel pins connect the o
ring to the distal segemt. See Fig. 3 as well. (b) drive electronics ntedra
the back of the linear actuator; (c) linear acinassembly
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converted step-by-step to the proper quantitieseath
component of the drivetrain (e.g., forces and linedocities at
the ballscrew, current at the motor). Using thisdelp we
proposed an optimization framework to minimize tiotal
mass of the battery, the ballscrew, and the moldre
properties of the actuation system are briefly samimed
below.

The series spring is a torsional spring [33]-[3&}ecially
developed to achieve the target stiffness whileimizing the
weight. This spring has a double-spiral disc shembis made
of a single piece of high-grade titanium. It weidt®0g, has
stiffness of 820 Nm/rad (2.5 percent off from theget value),
and allows 100 Nm bidirectional torque loading.ekhibits
99.99 percent linearity in terms of load vs. ddftat, which
guarantees accurate joint torque sensing. The batgliof the
ballscrew is connected to the inner ring of théesespring via a
leverarm (Fig. 3). The leverarm directly transforthe linear
motion of the linear actuator to rotations of theer ring of the
torsional spring. The outer ring of the springasicected to the
distal segment.

The linear actuator consists of a ballscrew andwtrunner
BLDC motor (Hacker A60 7S V2, Hacker Motor GmbHher
ballscrew (SKF SD 12X4) has a lead of 4mm and cardle
more than 4000N axial force. It has 95 percentritezal and
above 90 percent practical mechanical efficiendyictv makes
the linear actuator backdrivable. No further rethrctgear is
used between the motor and ballscrew, since themuan
deliver 2.5Nm output torque and about 1kW powerhds
relatively high motor constant, which introducesnimial
copper losses for a given torque (see [33] forangtion). The
drive electronics, mainly consisting of 6 Power MEES's
(type IRF7749, International Rectifier, USA) andate driver
(DRV8301, Texas Instruments Inc., USA), is integdaat the
back of the actuator. The MOSFET has a low on{&sce
(1.5mQ at most) and therefore low switching losses. Tioéom

Front hinge

I (1)

Spring Encoder

]

Joint Encoder

(b)
Fig. 3. CAD drawing of thtqW actuation system. (a) the construction of
linear actuator; (b) cross section (cut in the tsaigblane) of a series elas
joint; (c) the A-A cross section of (b)

(©)

commutation is controlled using a 12-bit absolutagmetic
encoder (iC-MH8, iC-Haus GmbH). The same encodasésd
for the velocity control of the motor.

The SEA consists of the linear actuator, the dosplieal
spring, the spring deflection and joint encoders-lfit
resolution, Netzer DS-25, Netzer Precision Motioen$rs
Ltd.), and the torque controller. Each powered keteton
joint weighs about 2.9 kg, of which the linear attr weighs
1.1 kg. The fully detailed mechanical constructiGensor
placements, and the torque controller implementatiere
given in previous work [33].

C. Human-Exoske eton Attachment

In this design, the exoskeleton is attached tovtberer at
five main locations, namely, footplate, shank, tthigelvis, and
torso (Fig. 1). At the footplate, three braces gotee a firm
connection to the shoe of the wearer. At the shank, brace
prevents knee buckling and hyperextension. At kiight one
brace prevents the human from sliding down ouhefpelvis
braces due to gravity. The pelvis brace holds tharar’s pelvis
in place. Lastly, two backpack braces loosely ceupk torso
of the wearer with the trunk of the exoskeletone Thotplate
and pelvis braces are tight, while the shank aigththraces are
not (four fingers of an adult can be put in wheyhtened). By
doing this, the wearing comfort is improved and voidable
misalignments between human and exoskeleton jcangs
tolerated. With cuff-type braces, axial rotationsniot be
prevented either, which further tolerates the oft§eHEE.

D. Electronics and Networked Architecture

Fig. 4 shows the global picture of the exoskelatetwork
that hosts the lower level control algorithm. Theskeleton
network system makes use of
interconnection medium, and EtherCAT fieldbus a® th
communication medium between the control
distributed networked slaves. Using full-duplexusture, all
slaves have at least one IN port and one OUT @g&n ports
are closed by slave controller automatically. Téniehitecture
allows one single cable running through one legsydehaining
all slaves. The sampling frequency of the netwsrR@00Hz.

Ethernet
cable

E-Bus

Fig. 4. MW EtherCAT netwol
powered DoFs. A PC can communicate withM\& network via the onboa
EtherCAT Couplers through Ethernet. Extra slaves loa plugged into tt
EtherCAT Coupler:
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High-level control update rates are set accordingthe
computing time needed by the control PC.

Six slaves are integrated in the six powered jolésh slave
controls the pulse-width modulation (PWM) sequerafesne
motor, and allows interfacing with one motor enaodeo
analogue-to-digital (ADC) channels, one spring @gcptwo
joint encoders, one load cell, and one inertial sneament unit

(IMU). The motor encoder is responsible for motoi e

commutation, velocity and position control; the ABRannels
for roughly measuring the line voltage and tempeeaof the
motor drive; the spring encoder for spring defleat{torque)
sensing; two joint encoders for the joint anglete powered
DoF and that of its neighbor passive DoF (e.g.,HEE); the
load cell is not used at this moment. On each exesin leg,
three IMUs (UM6-LT, CH Robotics LLC) are rigidlytathed
to the segments, one between HAA and HEE, (I1), one at
the thigh [r3, II3), and one at the shank4, 114). These IMUs
provide the absolute orientation of the segmentg.vgravity.

E. Design Summary

Y lm : i

Fig. 5. Finite- state machine for the stance aitagsistance. A full gait cycle
is labelled by black solid arrows; gait initiatidry green solid arrows; gait
termination by red dashed arrows. The states nanges

S1 =stand S2 =assisted weight shift to left

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

The currenMW exoskeleton weights 28kg. It fulfills most of SO0 TR - 52— s4- s&] [FIFFFTITL. se. s8¢

the design requirements specified in Table I-llI.

IV. EXOSKELETONCONTROL AND OPERATION

The basic control structure consists of three pagmely:

« afinite-state machine (FSM) that defines diffeneattion
scenarios and logics to provide the desired assistéor
patients,

e an HMI that can trigger transitions from one staie

@
s10 IR PRS- 2 s3- S5, gait cycle

ean Torwar
(b)

ssD'@"m"ﬁL S6-» S7- S
sm'ﬁ”%"@ﬂ S2., S3» S
(©)

Fig. 6. State transitions. “(HMI)” indicates thather HMI modalities are
allowed. Here the trunk motion is used. Arrows withtexts indicate that the

gait cycle] TP Terse, {

another in the FSM so thadW performs user-intended transitions take place automatically when the mnevistate is completed. (a) A
maneuvers, gait cycle. (b) Gait initiation via half swing (S3). (c) Gait termination. When

« joint-impedance controllers supervised by the FSM tthe STOP button is pressed, the state machine guiscéo the nearest
track the desired joint references with variabl termination state (S9 or S5) and kif swings (S3 or S7) returns sand (S1).

impedances (7), in combination with the geometrical and masspprties of
: the exoskeleton and the human anatomical data[f86in
To calculate the relative CoM position w.r.t. treading
stance foot, in standing and double stance phasagiital
weight shift coefficients (sagittal coef. for short) and a lateral
weight shift coefficient (lateral coef.) are defined,

Xeou . — Zoow

XADP ZADP
Xappr Zcom@nd z,pp are defined in Fig. 7.

Details are discussed in the following subsections.

A. Finite-Sate Machine

Part of the FSM is shown in Fig. 5, in which nitatss are
defined for assisted walkingssisted weight shift to left (S2)

andassisted weight shift to right (S6) are defined for the active

control in the frontal plane, of which the functisnto shift the

weight of the wearer-exoskeleton to the stance Hadf step wherex,.
oM

a )

re =

swings (S3 and S7) are defined for the gait initiation and These two coefficients normally vary between 0 andnd

termination. The allowed state transitions are ctegiin Fig. 6.

B. Human Machine Interface

they are evaluated only in state S1, S2, S5, S6581 When
the CoM ground projection gets close to the leadiagce foot,

The MW HMI system consists of pushbuttons and a CoNf1€S€ values approach 0. When they are both sntderthe

position detection mechanism.
1) Pushbuttons

predefined thresholds<0.35 and <0.45), armassisted weight
shift (S2 or S6) is triggered.

The wearer or the system operator can use a pushbutc.  joint Reference Generation and Tracking

interface to trigger START or STOP walking and giep.
2) CoM position

A trigger to initiate a step will be generated whika CoM
ground projection falls in the desired quadrant.

The CoM position of wearer-exoskeleton is estimatsidg
the IMU mounted on the linkdr or II1 in Fig.1) between
HAA and HEE, joint angles of HAA, HFE, and KFE (d€ig.

1) Joint Position Reference Generation

Reference joint angles for HAA, HFE, and KFE aréros
for different states. In stance/double stance (S8, S9),
references are defined such that the user is ctablgr
standing straight. In weight shifting (S2, S6),ereihces are
online generated by a smooth interpolation betwibenend
posture of the double stance phase and the begirfithe
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Forward

CoM g

;Right foot

a b
Fig. 7. Sketch 012 estimating the CoM position.ite)he sag(itt)al planand (b
in the frontal planex.,, andzg,, are distances between CoM gro
projection and the leading (right) foot in the s$tdiand frontal plan:
respectivelyx,,p, andz,,p are step length and step width, respectileiy.the
distance between the swing HAA and faots the angle betwednand gravity.
| is the pendulum length.
swing phase. In swing phases (S3, S4, S7, and&8jences
for HFEs and KFEs are based on recorded gait ohanpaired
subject wearing this exoskeleton in zero-torque endthey are
modified to ensure sufficient foot clearance. Hieg points in
the recorded hip and knee flexion/extension trajges are
manually adjusted and fitted by splines. The fittedves are
smoothed using local regression techniques [37]er@eces
for HAAs are template based and online adaptednfarove
stability in the frontal plane (see next section).
2) Sep-Width Adaptation (SWA)

The foot placement in the frontal plane is onlia@pted
after mid-swing to improve wearer-exoskeleton katstability.
If the wearer-exoskeleton falls towards one sidee da
perturbations such as trunk or arm motion, or atgons with
other people, the foot placement is adjusted talbthe fall,
resulting in a wider or narrower step.

According to the XCoM concept [24][26], bipedal tyai
single stance (swing) is modeled as a linear iedependulum

(LIP), i.e. a concentrated mass) kept at a constant height by a

massless extendable leg. The XCoM position in toatél
planelis defined as

)

Z - ZC + VCoMz
oM

@

wherez,,, andv,,, are the lateral CoM position and velocity

respectively, andvo=+/g/I
pendulum, whereis the pendulum length (Fig. 7) apdravity.

During normal walking without any perturbation, ti€oM
position in a certain period (e.g. mid-swing) variitle and its
nominal value can be expressedzg§i; andvioy,. When the
system is perturbed during the swing phase, thiatiew (A¢) of
XCoM position from its nominal value is,

nom VO Z
—zm )+ (3)

In (3), the CoM position change can be ignored¢esii is

nom
VCOM z

Ay,
AL =0z, +% :(ZCOM

usually much smaller compared to the velocity term.

In order to counteract the perturbation such thatXCoM
returns to its nominal value just at heel strikepswidth is
adapted. This is achieved by modifying the HAA andle.,
addingAi44 to the HAA referenc@/44. The resulted step-
width change is equal to the deviation of the XQuodéition,

A =L (sin(a6;* +¢)-sing), 4
whereL 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 obtaikgf44,

AGMA = arcsiv‘(A—LZ +sir¢] -¢ (5)

At each sampleA8544 can be computed and added to the
nominal trajectory#44. This is called continuous step-width
adaptation. This algorithm was implemented and expnted,
but difficulties existed. Due to the noisy outprdrh the IMU
gyroscopes, CoM velocity estimation was contamuhatéth
noise as well, which led to vibrations in the HAdrt. At this
moment, we implement a one-time adaptation of teAH
trajectory during swing phase when the averaged MCo
change during mid-swing (40-50 percent of a swgeeds a
predefined threshold. The averaged XCoM changesread

— 1 t
X (6)
wheret; andt, are the start and end of the mid-swing.

The one-time HAA joint angle adaptationg;** is

computed at, using (5) by replacind\{ with A{ .
3) Reference Tracking

Joint references are tracked using variable impezlaantrol.
Joint SEAs are treated as torque sources. Asriiest in Fig. 8,
errors between measured joint angles and the refese
together with desired impedance values, are fedth®
impedance controller. The impedance, for now, #nsss
value (P-gain), differs per state (Table 1V). Theakies were
empirically determined. In general, high impedances
applied to ensure accurate foot placement and pteksee
buckling, and low values to absorb impact and imero

by 0
Texi —|

Fig. 8. Impedance-controlled trajectory trackinggiam for a powered joint.
Errors between the measured joint argykend the referena®;, together with

Tyq > T,

SEA Human-exo

Pimp

is the eigenfrequency of the desired impedance values, are fed to the impedzomteollerPiy,; the SEA is

treated as a torque sourdgy andT, are the desired and actual joint torque,
respectivelyTe: represents all external torques and forces.
TABLE IV
TYPICAL P-GAIN (STIFFNESY VALUES OF THEIMPEDANCE CONTROLLER

State Anatomical Plane Impedance Mode Stiffness, Nm/rad
s1 Sagittal Medium 400
Lateral Low 50
Sagittal Medium 400
S2,S6 Lateral Medium 500
Sagittal High 600
$3,54,57,58 Lateral High 800
S5,S9 Sagittal &Lateral High 600
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wearing comfort. The stiffness of the impedance wary
between 0 and 820 Nm/rad. Damping was set to Qhiese
experiments. No oscillation or overshoot was oleseiin pilot
tests. The intrinsic damping (damping of actuatord human
joints) proved to be sufficient. There is no need add
additional damping.

V. EVALUATION AND RESULTS

The proposed CoM position HMI has been tested usir
walking experiments with four complete SCI parajisg
(males, age 26x11, weight 66+11, injury level T72Y.1n all
experiments, pushbuttons were only used to tri@eART/
STOP walking. The results are given in Section \aBd also
shown in the multimedia material Scene 1.

We tested the proposed step-width adaption (SW/
algorithm on both paraplegics and healthy subjectsge
disturbances (pushes by a third person) have aén lapplied
to tests with piloting healthy subjects. These ltesare given in
Section V.C and the multimedia material Scene Phé. effects
of exoskeleton-assisted walking on gait kineticel &MG
patterns are published separately by Sylos-Lalbial. §38].

A. Experiment Setup

All experiments were performed in a laboratory emwinent,
where an 8-meter walkway and double handrails i(gtches)
were available. A safety harness worn by the wearas
attached to an overhead suspension system mowng alith
the wearer, which only came into action when thgjesi fell.
For each subject, each experimental session lastedo-two
hours. The subject walked 8 meters in a trial. @kgeriments
were performed under the ethical approval giverCbnitato
Etico Fondazione Santa Lucia.

B. CoM Position as an HMI

In this experiment, the subjects (both healthy pawcplegic
subjects) were trained to use their trunk movenerthange
the wearer-exoskeleton’s CoM. Following the indgits
about how and when to move their upper body, dbjestis
managed to learn the techniques in the very beginaf the
training session. After one or two trials, they albuld
repetitively trigger the steps of the exoskeletartheeir own.

For example, Fig. 9 illustrates how a SCI subjeggered
the state transitions of the FSM. &t0.25s, the subject started
to shift his weight to the front and to the leftt 40.78s (the
first vertical dashed line), both weight-shift cigénts fell
below their thresholds, the controller detectedititention of
the subject and initiateassisted weight shift to left (S2). The
MW assisted and accelerated the weight shift, agrifiies by
the rapid drop in the coefficients after the triggeas given.
After the completion of state S2, the state trauisit
automatically tdull step right swing (S4). Similarly, at=3.9s,
the system detected the user’s intention of makingft step
and stateassisted weight shift to right (S6) was triggered.
Cyclic gaits were produced in this manner. Weidtift svas
initiated by the subject, and completed by the kaketon.

,,

oL
SO r o
— T

oL
SO r
— T

Lateral coef. r, Sagittal coef. r

N B OO o
— T

State

0 2 3

(©) Time(s)
Fig. 9. CoM position triggered exoskeleton stegdiy a SCI patient. (a) a
(b) show the sagittal and lateral coefficients &sation of time, respectively.
When both coefficients are smaller than its thr&hdindicated by th
horizontal dashed line), triggease generated (indicated by a vertical da
line). (c) shows the corresponding state transstiért=0.5s the sagittal coeafs
first crossed its threshold and thert=at0.78s, the lateral coaf. did. Stat
transited immediately frondouble stance left foot leading (S9) toassisted
weight shift to left (S2). Similarly, at=3.9s, due to the usertrunk motior
both coefficients became less than their threshaldd then the state chan
from S5 to S6. In double stance (S2,S6), the aoeffisfurther decrease
meaning, CoM was moved towards the leading staomtebfy the exoskeleton.

C. Sep-Width Adaptation

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

The SWA algorithm was effective in counteracting
disturbances. Fig. 11 illustrates that the algamithade the step
wider to counteract the large change in XCoM positDuring
the regular left swingt€ [0.5, 1.8] s), the XCoM deviatiaf(
in (4) did not exceed the threshold and nominahntjoi
trajectories were tracked. During the right switigg subject
was pushed and fell quicker to the right. A& 3.2s, the
averaged XCoM deviation exceeded the threshold thed
reference HAA angle was online adapted. This reduih a
larger hip abduction at heel strike and a largep stidth at =
3.8s.

For paraplegic subjects, the step width adaptok place,
for example, when the subject pulled the handraith w
excessive forces, and the measured XCoM deviatioaezled
the threshold. The excessive arm forces actedsasriances,
and the exoskeleton reacted in the same way asnsimoRig.

i 4
S5: double stance S6: assisted weight
right foot leading shift to right

left foot leading
Fig. 10. Snapshots of a left step dursteaight walking. The crutches w
only used for safety and did not touch the groumdndj the 8-meter walk.

swing
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Fig. 11. Online step-width adaptatigngait cycle with 2 steps performed t
healthy subject using CoM positigtiunk motion) as a HMI. (a)(b)(c) are
joint angles. (d) the state. () XCoM deviation d@scumulated durir
mid-swing and the time averaged value is computegdar t; , shown by th
stem plot. Tie horizontal dashed line indicates the threskvafdch is used t
determine whether the step width should be adapie3.2s, the stepsidth
adaptation occurred, due to the excessive pertarbadtiring the right swin
(f) the step width irdouble stance (S5 and S9). fie last step became wi
compared to previous steps.

11.

After each session, several questions were askedking
with and without SWA could be distinguished wittsaveral
steps. Among different healthy subjects, some teddhat the
SWA algorithm made their walk more stable and thalied
less on crutches. Others reported no differen¢erms of gait
stability.

23 3
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o

o 2
& &
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VI. DISCUSSION

The goal of this research is to develop a powexedleleton
to support SCI paraplegics to walk. ThW exoskeleton,
equipped with compliant series elastic actuatassable to
support SCI patients to walk with support aids.dtsuation
capacity and structural strength can deal withesztbjweighing
up to 100kg. The powered hip ab/adduction allowsvely
controlled foot placement in the frontal plane.ciin also
provide assistance in lateral weight shift.

The proposed controllers and human machine inisf."rfa{::)i

partially addressed the posture stability and iterdetection
issues accompanied with this type of assistiveagsviwith the
current prototype and control implementation, stalvhlking
without crutches is achieved for healthy subjectsiot yet for
SCI paraplegics. More research and developmergased to
further improve the gait stability and let parapbsgwalk
without support aids.

The current design has some limitations. The tetaght of
the exoskeleton (28kg) is within the design requiats, but
does constrain the portability of this device. Wididve that
keeping the current linear actuators unchangedptatweight

can be reduced to two thirds by optimizing thecttrtal design.
Lack of actuation in some degrees of freedom lintite
locomotion capability of the exoskeleton. For exéenmMw
does not have powered HEE, which is crucial foivadurning.
Similarly, MW has an unpowered ankle joint, which limits the
use of ankle strategy in balance control and theeiggion of
powered push-off during walking.

A. Human Machine Interface

Among the existing exoskeletons, different HMIs &éideen
experimented to determine human intentions anderigtate
transitions.

* Manual commands (via pushbuttons/ a joystick) [13][
and voice commands [14] have been tested. Manual
commands are direct expressions of the wearer's/
operator’s intention. However, they involve cogrsti
load and movements, which are not an integral pfrt
locomotion.

» Biosignal-based HMIs, e.g., using brain or muscle
activities, have been used for operating a human-
augmentation exoskeleton [39] and manipulating@oeu
limb prosthesis [40], while they have not been igapin
SCI gait assistance.

» Currently, most exoskeletons trigger the statesitams
by analyzing the data collected by onboard senands
applying intention detection algorithms [11][13][1®ur
implementation belongs to this category.

For the third category, different body movementd an
algorithms have been used. In [11], the user triggee steps of
the exoskeleton by leaning forward, detected byuakt tilt
sensor. In [13], the user triggers the steps bgravdrd arm
movement (detected by an IMU on each arm). In [&t&]pping
is also triggered by leaning forward. CoM groundj@ction in
the sagittal plane, which is computed using datanfthigh
accelerometers and joint encoders, is used to tdtedrunk
motion. This is similar to our approach. For &V, the user
leans forward as well as sideways to trigger stegw®reas
CoM projection in both the sagittal and frontalr#a is used.
Natural gait is not constrained to the sagittahpland lateral
weight shift is an integral part of gait. We bekethat making
use of the information in the frontal plane coulotgmtially
improve the detection success rate. To compare
effectiveness and robustness of different algorithre need to
implement them on the same device.

Besides the reported CoM position HMI, we have &ésted
osignal-based HMIs usiniylW, e.g., step triggering using
arm muscle (anterior portions of deltoid muscles)
electromyography (EMG) and using electroencephalogr
(EEGQG) related to steady-state visual evoked pabEn{SSVEP).
The preliminary experiments are shown in the mudtim
material Scene 5-6. Further study will be carrietto compare
the performance of different HMIs.

the

B. Frontal Plane Actuation

Powered hip ab/adduction is critical in supportiateral
balance. Currently most existing exoskeletons ohgve
actuated hip and knee flexion/extension. The wdaasrto use
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crutches to stabilize. Only few exoskeletons inethgowered ACKNOWLEDGMENT

HAA (see e.g. [17] and [19]), though no exoskeletds  The authors thank Arthur Ketels (Speciaal Machibeék
reported the use of the HAA to actively stabilizétg Ketels v.o.f., the Netherlands) for providing thesmm-made

C. Step-Width Adaptation high power electronics and EtherCAT-technology swpp

Most exoskeletons produce gait by tracking fixedd an
pre-defined joint reference trajectories, generatedarious
ways [12][14][16][18]. One obvious downside of tkatg
fixed references is the limited capability of maining balance
and counteracting disturbances.

In our experiments, the XCoM concept has been egb
adapt the step-width to counteract disturbancesgait. To
the authors’ knowledge, this is the first exoskabetthat
incorporates this concept. Previously, mainly tle&oal
studies on XCoM have been published [24][26]. Theokl
theory has been verified mainly using human expenis (e.g.
[25][41][42]). A closely related concept, thepture point
theory, is rapidly gaining popularity in the dynanbalance
control of humanoids. It has been applied in thatrmb of
different humanoids to balance or to recover frooshes
[43][44]. Still it has not been applied to exoshetes.

In  our approach, the balance control of thes
human-exoskeleton combined system is partially estdd.
The step-width adaptation algorithm actively makess steps
wider to avoid tipping over. However, we do not knahether
the algorithm improved the gait stability duringeatly-state
walking. To access the stability improvement, weehased
some indicators such asargin of stability (see [45]). But no 5
consistent results have been found. This can bsedaby
several factors: (8]

¢ Human factor: The way that the subject perceives an
interacts with the exoskeleton and the SWA cordgralbn  [9]
vary between subjects and even per step for thee sam
subject. [10]

« Accuracy of the XCoM estimation: In the experimemnts
sensor has been placed on the human body. Theveelat

) (11]
motion between the wearer and the exoskeleton aasec
estimation error.

e Accuracy of foot placement: The lack of actuatiorthie
ankle joint limits the controllability of the syste
Furthermore, though the exoskeleton is equippedh wit13]
powerful actuators, the interaction forces from re€a
limbs can disturb the exoskeleton and cause eimdise
foot placement.

These factors have to be tackled one by one bedore

consistent conclusion can be made.

(1

(2

(3]

[4]

(6]

(12]

[14]

D. SeriesElastic Actuator [15]

Additionally, it can be argued that the joint catier has not
fully made use of the advantages of torque-coratbbd! SEAS.
The current implementation is simple and does nwblive
heavy computations such as inverse kinematics pardics.
Additionally it works with the XCoM concept diregtl
However to fully explore the potential of SEAs, arde/
torque-based balance controller (see e.g. [46]}[4Bpuld be
investigated.

[16]

[17]

(18]

MINDWALKER project consortium also greatly appreciates the
tremendous effort of all the testing subjects.
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