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LZEIZXE]> Preface

An exoskeleton iIs the external skeleton that supports and
protects an animal's body, in contrast to the internal
skeleton “endoskeleton”

Exoskeletons contain rigid and resistant components that
fulfill a set of functional roles in many animals including
protection, excretion, sensing, support, feeding and acting
as a barrier against desiccation in terrestrial organisms
N
Wearable Human Extremity Exoskeleton (WHEE) is a wearable mobile
machine that is powered by a system of electric motors, pneumatics,
levers, hydraulics, or a combination of technologies that allow for
limb movement with increased strength & endurance
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LZITXE]> Achievements of WHEE

<<« Before 2000 >»>>

Nicolas, Russia, 1890
Helping to Run & Jump
With Spring Steel Plate

Dick & Edwards, 1990
“Spring Walker”
Helping to Run & Jump
MV 50km/h

With Leverage Principle

GE, USA, 1960
“Hardiman”

First Active WHEE

SW 680kg, 30 DOF
Strengthening Human
Power 25 Times

Leslie, USA, 1917
“Pedomotor™
Assist Walking
With Steam Power
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LZITXE]> Achievements of WHEE

€€« After 2000 >>> Classification

» BLEEX, HULC
Military Soft Exosuit

m Fortis, DSME
Firefighting & Rescue
Assisting Rewalk, eLEGs

Honda Walking Assist
Disabled & Ailing Paralysis & Spinaliinjury HAL-5, Indego, Rex

2
EXPOS

Strengthening
Power & Motion

HERCULE, WAS
PAS
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IZITXEl> Key Technologies

Effectiveness

Biomimetic | . B
0J Assessment

Structure Design

2 ~
| |
Motion 4 ?
Prediction p >

\ \
7~

|
Control Scheme \..3/ \../ Drive Mode

Power Source
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IZIZXX]> Key Technologies

@ Biomimetic Structure Design Materials

Requirements Design Contents

Adaptivity (Wearer & Enviromental) (
Interference
Bionics
Comfort
Lightweight
Strength
Flexibility
Safety

vV WV V VWV V¥V V V VY
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[ZIIXE] > Key Te

@ Motion Prediction

Requirements

» Accuracy

» Response Speed
> Reliability

» Adaptivity

chnologies

Sensor

Algorithm

—[Force Sensor

|

Posture Sensor

|

iBioeIectricity Sensor ]

|

Multi-sensor Fusion

:Combined with Motion Control
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IZITXE]> Key Technologies

@ Control Scheme

» Harmony » Accuracy » Self Learning
» Real Time » Adaptivity
Pre- Direct Force | Ground Force ZMP EMG Operator Master-Slave Sensitivity

programming Feedback Feedback Amplification

Operator
Adaptivity

Motion
Adaptivity

Motion
Stability

Sensors
on Wearer

Sensors
on Machine

Hardware
Requirement

Computational
Load




IZIZXX]> Key Technologies

Drive Mode

Requirements

>

Power Density
(weight & size)
Flexibility
(Variable Stiffness)
Accuracy

Safety

Hydraulic

Drive

Motor Drive

Pneumatic

Drive

Advantages

High Reliability

Smooth Work

Small Inertia

Overload Protection
Stepless Speed Regulation

High Response

High Standardization
High Automation
Simple Construction
Low Pollution

Simple Construction

Low Cost

Stepless Speed Regulation
Low Pollution

Low Resistance Loss

Disadvantages

High Sensitivity to Load & Oil Temperature

Easy Leakage of Oil

Low Motion Balance
High Sensitivity to Load
High Inertia

Slow Reversal

Large Volume

Easy Compressibility and Leakage of Air
High Sensitivity to Load

Low Accuracy

Difficult Sealing

Fit Low Power Drive




IZITXEl> Key Technologies

9 Power Source

Requirements

. . Energy Density Charge Life
» High Energy Density (Wh/kg) (Times)
» Long Charge Life Lead-Acid 25 1000 - 2000

Battery
» Safety

R
» Light Weight it L

Zinc Bromide 70 _

Battery

Lithium
Battery

Gasoline 11963 -




IZIZXX]> Key Technologies

Effectiveness Assessment

Problems

» Obvious Differences from Subjective &
Qualitative Assessments

» No Standards

» Difficulty in Obtaining Human Indices
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Work Related to
PART TWO*» WHEE Performed
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IZIZXF]> Way to Design Biomimetic Structure

Kinematics

Sensing | Control
System Scheme

Structure

Demand

dynamics Dynamics

Human-Machine
Modeling

Design

MDO

Optimization

Simulation Human-

Modelling & Simulation

Machine-Control

Coincident?
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IZIZXF]> Way to Design Biomimetic Structure

e Kinematics, Dynamics & Human-Machine Coupled Simulation
Lagrange Mechanics Theory Adopted Here

Payload Angular Velocity of Mass Center

0 - @y, @y, 0 @ 0

[mm]:[ﬁm];"df: @,y 0 @ =@, 0 -

- Wiox

N\
o |-®y, @0, 0 | |0 @, O
Velocity of Mass Center

o] =[ Bo | =[Sio]+[Ro][ B |+ [@0][Ro][B]

Space Coordinate Transformation ' 2vitational Potential Energy

N. =m. -
ab %2 Y
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IZIZXF]> Way to Design Biomimetic Structure

e Kinematics, Dynamics & Human-Machine Coupled Simulation

Lagrange Mechanics Theory

Payload

Space Coordinate Transformation

P P R, s. [P
a | _ T b — ab ab b
1 [Z.:] 1 0 1 1

Adopted Here

Translational Kinetic Energy

1

K = E Mg, [1’:'0 ]T [1’50 ]

Rotational Kinetic Energy

| T
' ii 2 2 2
Gii —EI [ﬂ%ux e I [P ]

Lagrange Equations

a = EE—E ............... (Rotational joint)
' dt da, Oa;

L= iﬂ oL (Translational joint)
" drel. dl

[

. Obtain the angle curve of Clinical Gait
Ezts;bl}sh _1‘.he_3d Analysis (CGA) by measuring or
model of every part based on the gait database

Import the 3d models and the angle curve of Clinical Gait
Analysis into the Adams

Dirive the human body model by the angle curve of Clinical Gait

Analysis to calculate out the angle curve (curve of angle

changing with time} of every DOF of the lower extremity
exoskeleton in Adams.

Get rid of the human body model. driving every DOF of the
lower extremity exoskeleton model by the angle curve to
calculate out the pressure curve of the four hydranlic cylinders
of the lower extremity exoskeleton in Adams

| | |

Simmlate the coupled . Simmulate the
model of human body, Simulate the mode] of human
lower imb ) mt;::;idEl {éfi-t;l:'l\tﬂﬂ,ﬂﬂ hﬂd}" without
Y Y bearing load to

exoskeleton and
pavload to calculate
out the torque curves

bearng load to
calculate out the
torque curves and
ower curves of

calculate out the
torque curves and
power curves of

and power curves of OF of b every DOF of
every DOF of human body El A‘iﬂ;ﬂs huﬂliﬂdglnﬁ;i}’ in

body in Adams

| [ [

Get the enerzy consumption of every DOF of human body by
integrating the power curves. In order To analysis the auxiliary
effect of the lower extremity exoskeleton by comparing the
torque and the energy consumption of the three models.

Simulation Flow



IZIZXF]> Way to Design Biomimetic Structure

9 Kinematics, Dynamics & Human-Machine Coupled Simulation

Part 22
= == left hip

Translational Joint 4 B N
——. nght hip
Spherical Joint 5 nght knee
1000
Hook Joint 2
Revolute Joint 2
5004,
Fixed Joint 9 _ |
=
Rotational Motion 2 ?.EZ' 0
General Motion 4 i
Force Motion 4 500 -
Spline 14
Payload 100 Kg -1000
Process Time 025s - ' y 1 ' ' g 1 " 1
0o 008 010 D.15 020 0,25
Walk Speed 1.511 m/s

Pressure of Hydraulic Cylinder
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= = = leftankle Mexion/extension
- leftknee flexion‘extension

—-—- lefthip [lexionextension
o leftankle adduction/abduction A
---------- =~ lefthip  adductionsbduction A
0 At
20
g
2 o
3 4
B
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3
=
a0
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o.on ons a.1a 015 020 az5
Time (5)

Drive Torques of Left Joints

= == lelt ankle Nexion/extension
=== leftknee fexion‘extension
120 - lelt hip  Mexion‘extension

left ankle adduction‘ghduetion
- lefthip adduction/abdution e
100 s -
B4
0
o B0 4
3
B
g 404
(9
20
a4
T T T T T T
am 0.08 aio 015 00 025
Time ()

Drive Power of Left Joints

Drive Torques of Right Joints

Power (1/3)

Torque (N)
-
:

IZIZXF]> Way to Design Biomimetic Structure

nght amkk lexieneension

—-=- rightknee flexion/zuznsion
= oo mghthip  fexion o

right ankk: adduction’shdustion

—— righthip  adctionauction

Tame (5}

right ankle Nexien’e

MS10m

= o= tipht knee exioncxlension
o0 4 I = = = right hip  flexion/extension
| —— right ankle adducion’abduciion
500 - 3 cows mighthip  adduction/abduction
|
500 | Y
a0 |
00 |
200
100 4
0
A0 T T T T T T
0.0 0.08 0.10 015 ik} [F=]
Time {s)

Drive Power of Right Joints

e Kinematics, Dynamics & Human-Machine Coupled Simulation
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Drive Torques of Different Models

IZIZXF]> Way to Design Biomimetic Structure

e Kinematics, Dynamics & Human-Machine Coupled Simulation

Case I 11 11

DOF fle/ext add/abd | fle/ext add/abd | fle/ext  add/abd
Torque of right ankle, Nm | -58~-33  -84~26 | -249~-60 -249-~72 | -249-89 -264~36
Torque of right knee, Nm | -55~26 -198~82 -208~139
Torque of right hip, Nm -44~109  -3~122 | -124~-99  20~269 | -118~177 0.2~217
Torque of left ankle, Nm -0-.-5 0~4 -0--5 3~7 -0-.5 0~4
Torque of left knee. Nm | -37.9~-3 -17~7 -37.9~-3
Torque of left hip. Nm -107~21 -20~58 | -66~41  -20~58 | -107~17  -20~58

Case I: Human Body: Case Il: Human Body + WHEE; Case Ill: Human Body + Payload

fle/ext: flexion/abduction; add/abd: adduction/abduction

The power support effect of WHEE can not be reflected directedly by the range

of drive torques




IZIZXF]> Way to Design Biomimetic Structure

e Kinematics, Dynamics & Human-Machine Coupled Simulation

Energy Consumption of Different Models

Case I I 11

DOF fle/ext add/abd | fle/ext add/abd | fle/ext add/abd
Energy of right ankle, J 11.9 1.7 156 4.0 18.1 44
Energy of right knee, J 11.8 31.2 34.7

Energy of right hip. J 28.3 10.0 32.3 22.3 50.5 36.5
Total energy of right leg. J | 63.7 105.4 144.2
Energy of left ankle, J 2.0 0.1 2.1 0.3 2.0 0.1
Energy of left knee, J 3.6 2.6 3.6

Energy of left hip. J 25.0 3.0 17.4 2.9 25.0 3.0
Total energy of leftleg, J | 33.7 25.3 33.7

Total energy. J 97.4 130.7 177.9

Case I: Human Body: Case IIl: Human Body+WHEE; Case Ill: Human Body+Payload
fle/ext: flexion/abduction; add/abd: adduction/abduction

The WHEE can obviously reduce the energy consumption of human body
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LXK > Control Schemes

The Force Control Method is adopted here, and this idea is to minimize the interaction
force between human body and machine for reducing energy consumption of human

» Traditional Pl Controller

Lower Lower

Pl Eﬁl f&:ﬁ; /, Motor | £/} extremity extremity
controller Lﬁllndcl i @ reducer exoskeleton [T "c_m;_-skc]ctun
model joint angle

A ' f}!

Torque produced by
interaction fﬂI’EE‘S

T Pull-pressure

SENSOTS -
Man-machine Human body
interaction model joint angle
Structure Model Control Model ©) i E2XF
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Simulation Model

=] Maxon Ecflat

: —dn ,ﬂf_ motor .
W b = [f-r

i o
g R
Lz;:‘!? ’ 1‘:%-_

Exoskeleton| ,
Astructure | ) -
% T Maxon EPOSZ 5003

motor controller

i \| acquisition,
s gysiem
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LZIZX P> Control Schemes

T/N-m

——— Diviving tonguee provide by aman body for ankle joint

Tradional Pl controller Dinving tomgue provide by moitor for kes wini Trndigiomal P1 controller ———— Driving torguee prowide by laman bady For knee joint

20 - Laovw spised ===« [nving bomque provide by molor [or hip jomt | Lovaw speed « = = o [Iriving Limeue provide by humam hady Gor bap joind

= Inving Wmepue provide by milor [or ankle joint

10 1

=10 4

T'/N-m

t/s i/s

Drive Torque at Low Speed by Motor Drive Torque at Low Speed by Human Body
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LZIZX P> Control Schemes

e et torpuie preowide by motor Tor anklo jedn — riving longue provids by human body For ankle poind

I “"J-ili:'ll;‘;:l*:mlhﬂlur —— DInving inrgne prowvide by mobor for knee jomt Trm":m:i.l:»::ﬂ'm"" —— Drvangg tongue provide by homan body for kives join
= = Dinving teeque prosvide by motor For bip joing B v = o+ Dewvang tongue provide by human body for b joint
100 ™ A
| r "

3

=
5 - \ II
B - :

i 1 2 3 i
t/s tl's
Drive Torque at High Speed by Motor Drive Torque at High Speed by Human Body

Human body should provide larger drive torque at high speed than at low speed, and
thus the traditional Pl controller can not obtain nice effect at high speed . bhid st
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LZIZX P> Control Schemes

----- Ankle joint angular deviation A#
Knee joint angular deviation A,

[maditisnal PI controller
Lo speed

0.015 - il T
— Hip joint angular deviation A#,
0,010 -
0.005 -

0.000

0,005 <

A@ [ rad

0,010 <

-0.015 4

0020

t/'s

a)

Angular Deviation at Low Speed

----- Ankle joint angular deviation Af,
Mradiiional P comroldber « ‘o
01E High speed Knee joint angular deviation A#,
— Hip joint angular deviation A&,
0.10 o

D05~ |

‘; |
2 oo+
= 2
L
005 o
0104 \ |
-015 I ) ] I
4] 1 z 3 d
t/s

Angular Deviation at High Speed

The angular deviation at high speed becomes bigger, and thus it's unfavorable for the

WHEE performance as well as system safety
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LZIZX P> Control Schemes

For the Interaction Force Control Method of WHEE, the
traditional Pl controller is not efficient, especially at high

speed
Thus, the Fuzzy Self-Adaptive Pl Controller is advanced




LZITX P> Control Schemes

» Fuzzy Self-Adaptive Pl Controller

—ec Proportional-action coefficient &, and integral-
E: l::n];l’:rfﬁrer action coefficient k; is adjusted by the controller
» . #{,P l' . based on the input signal e and the input differential
v o1 | Control () signal ec. After low-pass filtering, the outputs of
% g object T Fuzzy Logic Controller is changed to &, and k;, and

PI signal can be obtained by multiplying the input

Diagram of Fuzzy Self-Adaptive Pl Controller signal, &, and k&
Sublract Znd-Order
-’rﬂduc;J Filter _
TFo=10H3 Fuzzy Logic

tg— % _\\_ Controller
Derivative
--1 < f !: ! '|.
Productl Faoa=10H I
Outi 0=10Hz duldt f—4——

,‘_x‘_‘ R

2nd-Order
Filterl 1

;1

Integqrator

Simulation Model of Self-Adaptive Pl Controller



LZITX P> Control Schemes

» Parameters Settings for Fuzzy Self-Adaptive Pl Controller

NE NN Ny Z CPs W PR g NI NS z zs P PB

0.E
il AT B R e 20 Membership Function of e and ec
: | : ' ; il 4 s w3
i 1
0 0.5
' . : ! 1 S . .
: : uutputvm-:hble"kp" : : : : = SN :I:D“tvasriﬂble“sl‘:.; R L MemberShlp FunCtlon Of kpand kl
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T/N-m

m

TIiIN:

LZITX P> Control Schemes

= Driving fosque prov

¢ by motor for ankle joint
—— Dmivina foraue provide by motor for knee joint
= Driving tosque provide by motor for hip join

= Driving torque provide by human hady for onkle joint
Diriving torque provide by human body for kniee jaint

~ Driving torgue provide by bumian bedy for I joint

Furzy Pl controfler
Low speesd

Fuzzy Pl controller
Low speed

0.6+

Drive Torque at Low Speed

—— Diriving 1osque provide by motor for ankbe joine
— Diriving topauic provide by motor for knee foint
==+ Diviving tosspue provide by motor for hip joint

Fuzzy Pl contraller —— Diving torque provide by human bady for ankde jeing
I  Diriving bovque provide by husnan body for kives joinl

+ e v Driving forgue provide by luman body for bip joint

Fuzry Pl eomiroller

High speed 3. High spead

Drive Torque at High Speed

A rad

A o

--===  Ankle joint angular deviationAg, Anlde joint angular deviation A6

Fuzzy Pl Se 2 Fueey P contraller TR o
6018 |J.~. speed Knee Joani angukﬂ deviation .16'__ i High spesd < Knee jomnt angular deviation A&,
} ——  Hip joint angular deviation A#, ) AT Hip joint angular d':'\'wlmn Adl
0.010 4 :
0.02 4
0.005 4
b~ |
0,000 - £ ool
Y
=
-0.005 -|
-0.02 o
-0.010 4 ™, LY
i Y \J
\\
0015 : . e : T : . . .
[\ 1 2 3 4 0 1 z 3 4
t/'s 1/s
Angular Deviation at Both Low & High Speed
Elbow [olnt anpalar deviation  S===" Traditicnal Pl contoller Ellsara pildevistios. 0 ——m oo Trach o 7 cemirvier
Low gposd = Fuzzy Pl oonroller e — Fuszy P controlier
0015 0.05
N
AN
0010 / S - _ . _ '.
| L \\ e, : s
| :
0.0051 / \ ; -
{ . b £
| | -
J *. 3

00004 .’
-0.005-]

0.010

Elbow Joint Angular Deviation at Both Low and High Speed



LZIZX P> Control Schemes

The Fuzzy Self-Adaptive Pl Controller can insure that
the motor’s drive torques are much larger than those
provided by human body, and the angular deviations at
both low and high speed are all acceptable.

So the Fuzzy Self-Adaptive Pl Controller can work well
for WHEE.




m-)WHEE Prototypes

HULC HERCULE | Warrior-21 HAL-5 NUST
USA France Russia Japan P.R: China

Self Weight 24 kg 30 kg 21 kg

Weight Bearing 90 kg 100 kg —_ 40 kg

Max Velocity 4.8 km/h 4 km/h 16 km/h 4 km/h 5'km/h

Efficiency — — — — 75:1%
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