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The iirst junctional/oat/-carrying ant! efll~r;.:e ticaffy lIUWl /Ol1/Ol/S exoskefetoll ww' demoll
strated at the University o/Califomia, Berkeley, lilli/kill/: at tile llveragl' speed of 1.3 11I 1s 
(2. 9 mph) while carrY;lIg a 34 kg (75 lb) payload. Four jllllc/ame1lta/ tec/lll% gies asso
ciated with the Berkeley lower extremity exoskeleton were tack/ell durillg 'he course of 
This project. '/11ese JOllr (:ore technologies ;IIc:/ude the design of 'he exoskeh'lOll arc:hilec
IlIre, control schemes, a body local (lreo network 10 host the cOIllml algorithm, and a 
series of ol/-board pOWl~r I/I/its 10 power the (/('fl/(/tor~', sensors, alld the cOlI/plllers. nlis 
paper gives all overview of olle of the COl/1m/ s('IJ(~mes. The al/aIY~'is here is till extension 
of the classical definition of the sensilivity fUllction of a system: the ability of a system to 

reject disfllrballces or the measure oj system robusilles.\·. 'J11e confrol algorithm de veloped 
here increases the closed-loop system sellsitivity to its wearer\' forces (md torques with
Ollt allY measllremelll from Ihe !Vearer (s l/ch liS jorce, position, or electromyogram sig
lIal). 'J1le control method has little robusll/ess 10 parameter varia/ions and Iherefore 
requires a relatively good dynamic model of the systelll. The mule-offs betwl'CII havillg 
sensors to measure I/Unum variables and the lack of robustlless ro parameter variation 
ore describec/, [1l01: 10 ,1 I 15/ 1.2168 164J 

1 Introduction 

The primary Objective of the Berkeley l .ower Ex tremity Exo$k
eleton (BLEEX) Project at the Uni vers ity of California, Berkeley 
is to develop fundamental technologies a$sociated with the design 
and control of energet ica ll y autonomous lower extremity exoskel
etons that augment human strength and endurance duri ng locomo
tion . The first field-operationa l lower extremity exoskeleton is 
compri sed of two powered anthropomorphic legs, a power unit, 
and a backpack-like frame on which a variety of heavy loads can 
be mounted. This system provides its pi lot (i.e., the wearer) the 
abili ty to carry significant loads on hi s/her back with min imal 
effort over any type of terrain. BLEEX allows the pilOl to com
fortabl y squat, bend, swing from side to side, twist, and walk on 
ascend ing and descending slopes, whil e al so offering the ability to 
step over and under obstructions whi le carrying equipment and 
supplies. Because the pilot can carry significant loads for extended 
periods of time without reducing his/her agil ity, physical effec
ti veness increases s ignificantly with the aid of thi s class of lower 
ex tremity exoske letons. In order to address i$sues of field robust
ness and reli abi lity, BLEEX is des igned such that, in the case of 
power loss (e.g. from fuel exhausti on). the exoskeleton legs can 
be easily removed and the remainder of the device can be carried 
like a standard backpack. 

RLEEX was first unvei led in 2004, at the University of Cali
fornia , Berkeley 's Human Engineering and Robotics Laboratory 
(Fig, I) l l- 3]. In this in itial model, IlLEEX offered a carrying 
capacity of 34 kg (75 Ib). with weight in excess of that allowance 

being supported by the pi lot. BLEEX's un ique design offers an 
ergonomic. highl y maneuverable, mechanicall y robust, light
we igh t, and durab le outfit to surpass typical human limitations. 
BLEEX has numerous potent ial applicmions; it can provide sol
diers, disaster-re li ef workers, wi ldfire fighters, and other emer
gency personnel the ability to carry heavy loads, such as fo(xI , 
rescue equipment , fi rst-aid supplies, communications gear, and 
weaponry, without the strain typically associated with demanding 
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labor. It is our vision that BLEEX will provide a versatile and 
real i7.able transport platform for mission-critical equipment. 

The capability of the lower extremity ex.oskeleton stems from 
the combined benefi t of the human intellect provided by the pilot 
and the strength advantage offered by the exoskeleron; in other 
words, the human provides an intell igent control system for the 
exoskeleton wh ile the exoske leron actuntors provide most of the 
strength necessary for walking. The control algorithm ensures that 
the exoskeleton moves in concert with the pilot with minimal 
interaction force between the two. The control scheme needs no 
direct measurements from the pilot or the human-machine inter
face (e.g., no force sensors between the two); instead, the control 
ler estimates, based on measurements from the exoskeleton only, 
how to move so that the pi lot feels very litt le force. This control 
scheme. which has never before been applied to any robotic sys
tem, is an effecti ve method of generating locomotion when the 
contact location between the pilot and the exoske leton is unknown 
and unpredictable (i.e., the exoskeleton and the pilot are in contact 
in a variety of places). This control method differs from compl i
ance control methods employed for upper extremi ty exoskeletons 
[4- 6] and haptic systems r7,8] because it requires no force sensor 
between the wearer and the exoskeleton. 

The bas ic principle for the control o f BLEEX rests on the no
tion that the exoskelcton needs to shadow the wearer' s VOluntary 
and involuntary movements quickl y, and without delay. This re
quires a high level of sensitivity in response to all forces and 
torques on the ex.oskeleton, particularl y, the forces imposed by the 
pi lot. Addressing thi s need involves a direct COn niCI with control 
sc ience's goal of minimizing system sensitivi ty in the design of a 
closed- loop feedback system, If fitted with a low sensitivity, the 
exoskeleton would not move in concert wi th its wearer. We real
ize, however. that maximi7.ing system sensi ti vity to ex ternal forces 
and torques leads to a loss of robustness in the system. 

Taking into account this new approach, our goal was to develop 
a control system for BLEEX with high sensi tivi ty. We were faced 
with two reali stic concerns; the first was that an exoskeleton with 
high sensitivi ty to external forces and torques would respond to 
other external forces not initiated by its pilot. For example, if 
someone pushed against an exoskeleton that had high sensitivity, 
the exoskelcton wou ld move the same way it would move in 
response to the forces from its pi lot. Although the fact that it does 
not stabili ze its behavior on its own in response to other forces 
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Fig. 1 Berkeley lower extremity exoskeleton (BLEEX) and pI
lot Ayan Steger. (1) Load occupies the upper portion of the 
backpack and around the power unit, (2) rigid connection of the 
BLEEX spine to the pilot's vest , (3) power unit and central com
puter occupies the lower portion of the backpack, (4) semi-rigid 
vest connecting BLEEX to the pilot, (5) one of the hydraulic 
actuators, and (6) rigid connection of the BLEEX feet to the 
pilot's boots (more photographs can be found at 
http://bleex.me.berkeley.edu). 

may sound like a serioll s problem; i f it did (e.g., usi ng a gyro), the 
pi lot wou ld receive motion from the exoskeleton unexpectedly 
and would have \0 struggle with it to avoid unwanted movement. 
The key to stabilizing the exoskeleton and preventing it from fail 
ing in response to exte rn al forces depends on the pilot's abil ity to 
move quick ly (e.g ., step back or sideways) to create a stable situ
ation for himse lf and the exoskeleton. For this, a sufficiently wide 
wlllrol bandwidth is needed so the exoske leton can respond to 
both pilot's volunwry and involuntary movements (i .e., reflexes). 

The second concem is that systems with high sensit ivity to 
ex ternal forces and torques are not robust to variations, and there
fore, the precision of the system performance will be proportional 
to the precision of the exoskeleton dynamic model. Al though th is 
is a seriolls drawback. we have accepted it as unavoidable. Nev-
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enheless, various experi mental systems in our laboratory have 
proved the overall effectiveness of the control method in shadow. 
ing the pilot' s movement. 

2 Previous Work 

In the earl y 1960s, the U.S. Defense Department expressed in
LCrest in the development or a man-ampli fi er, a " powered suit of 
armor" tlmt wou ld augment soldie rs' lifting and carry ing capabili
ties. In 1962, the U.S. Air Force had the Corne ll Aeronautical 
Laboratory study the feasib il ity of using a master-s lave robotic 
system as a man-amplifier. In later work, Cornell determined that 
an exoskeleton-an external structure in the shape of the human 
body that has far fewer degrees of freedom than a human---cou ld 
accomplish most desired tasks [9]. From 1960 to 197 1, General 
Electric developed and tested a prototype man-am plilier, a master
slave system, called the Hard iman [ 10-13]' The Hmdiman was a 
set of overlapping exoskeletons worn by a human operator. The 
outer exoskeleton (the slave) followed the motions of the inner 
exoskeleton (the master), which fo llowed the motions of the hu
man operator. These studies found that duplicating all human mo
tions and using master-slave systems were not practical Addi tion
all y, di ffi cult ies in human sensing and system complexity kept it 
from walk ing. 

Several exoskeletons were developed at the University of Bel
grade in the 1960s and 1970s to aid people with paraplegia res ult
ing from sp inal cord injury [ 14,15]' Although these early dev ices 
were limited to predefi ned mO[ions and had li mited success, bal
anc ing algorithms developed for them are still used in many hi
pedal robOls [ 161, Current commerciall y avail able rehabilitation 
deviccs, such as the "Locomat," use a simi lar predefi ned motion 
strategy to train museles and nerve pathways fo r patien ts with 
locomotion impairment [ 17]. The "RoboKnee" is a powered knee 
brace developed hy MIT that fu nctions in parall el to the wearer 's 
knee and transfers load to the wearer's anklc (not to the ground) 
l 18]. "HAL" is an orthosis developed by the Univcrsity of 
Tsukuba in Japan that is connected to the patient's thighs and 
shanks and moves the patient's legs as a function of the EMG 
signals measured from the wearer [ 19,20]' 

In our research work at Berkeley, we have separated the tech
nology associated with hu man power augmentation into lower ex
tremity exoskeletons and upper extremity exoskeletons. The rea
son for this was twofold; fi rst, we could envision a great many 
app lications for either a stand-alone lower or upper extremity ex
oskeleton in the immediate future . Second, and more importan tly 
for the division, is that the exoskeletons are in their early stages. 
and furlher research stillnccds to be conducted to ensure that the 
upper and lower extremity exoskeletons can function well , inde
pendently, before we can venture an attempt to integrate them. 
With this in mind, we proceeded with the designs of the lower and 
upper cxtremity exoskelctons separately, with litt le concern for the 
deve lopment of an integrated exoskeleton. We will fi rst g ive a 
summary of the upper extremity exoskeleton efforts at Berkeley 
and then will proceed with the description of the BLEEX project 

in the mid- 1980s, we in itiated several research projects on up
per extremiry exoske leton systems, so-called human extenders 
14,5,21]' The main func tion of an upper eXlremity exoskeleton is 
human power augmentat ion fo r mani pulation of heavy and bulky 
objccts. These systems. which are also known as assist devices or 
huma n power extenders, can simulate forces on a worker's arms 
and torso. These forces differ from and are usuall y much less than 
the forces needed to maneuver a load. When a worker uses an 
upper eXLremity exoskeleton to move a load, the device hears the 
bulk of the weight by itself, while Lransferring to the user as a 
natural feedback, a scaled-down value of the load 's actual weight. 
For example, for a 20 kg (44 Ib) object, a worker might soppurt 
only 2 kg (4.4 lb) while the device supports the remaining 18 kg 
(39.6 Ib). In th is fashion, the worker can st ill sense the load's 
weigh t and judge hi s/her movements accordingly, but the force 
he/she reels is much smaller than what he/she would fee l without 
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Fig. 2 Simple 1-DOF exoskeleton leg interacting with the pilot 
leg. The exoskeleton leg has an actuator that produces a 
torque T about the pivot point A. The total equivalent torque 
associated with all forces and torques from the pilot on the 
exoskeleton is represented by d. 

the device. Tn another example, suppose the worker uses the de
vice to maneuver a large. rigid, and bulky object, such as an 
exhaust pipe in an automotive assembly line. The device will con
vey the force to the worker as if it was a light, single-point mass. 
This limits the cross-coupled and centrifugal forces that increase 
the difficulty of maneuvering a rigid body and can sometimes 
produce injurious forces on the wrist. In a third example, suppose 
a worker uses the device to handle a powered torque wrench. The 
device will decrease and filter the forces transferred from the 
wrench to the worker's ann so the worker feel s the low-frequency 
components of the wrench's vibratory forces instead of the high
frequency components that produce fatigue. 

The Berkeley lower extremity exoskeleton (BLEEX) is not an 
orthosis or a brace; unlike the above systems. it is designed to 
carry a heavy load by transferring the load weigh t to the ground 
(not to the wearer). ELF.EX has four new features. First, a novel 
contro l architecture was developed that controls the exoskeleton 
through mcasurements of the exoskeleton itself [2]. This elimi
nated problematic human-induced instability due to sensing the 
human force [8]. Second, a series of high specific-power and 
specific-energy power supplies were developed that were small 
enough to make BLEEX a tme fi eld-operational system [22- 24]. 
Third, a body LAN (local area network) with a special communi
cation protocol and hardware was developed to simplify and re
duce the eabling task for the sensors and actuators needed for 
exoskeleton conlrol [25,26]' Finally, a flexible and versatile me
chanical architecture was chosen to decrease complexity and 
power consumption [3]. This paper focu ses on the control archi
tecture and gives an overview of the electronic design and the 
biomimetic mechanical design of the exoskeleton. For further 
depth in each of these four areas, the reader is referred to the 
publications referenced above. 

3 Controller Description 

3.1 A Simple One·Degree-of-Frccdom (I-DOF) Example. 
The control of the exoskeleton is motivated here through the 
simple I-DOF example shown in Fig. 2. This figure schematically 
dep icts a human leg attached or interacting with a I-DOF exosk
eleton leg in a swing configurat ion (no intemction with the 
ground). For simplicity, Lbe exoskeleton leg is shown as a rigid 
link pivoting about a joint and powered by a single actuator. The 
exoskeleton leg in Lbis example has an actuator that produces a 
torque about pivot point A. 

Although the pilot is attached securely to the exoskeleton at the 
foot, other parts of the pilot leg, such as the shanks and thighs, can 
contact the exoskeleton and impose forces and torques on the 
exoskeleton leg. The location of the contacts and the direction of 
the contact forces (and sometimes contact torques) vary and are 
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Fig. 3 The exoskeleton's angular velocity is shown as a func
tion of the input to the actuators and the torques imposed by 
the pilot onto the exoskeleton 

therefore considered unknown values in this ana lysis. In fact, one 
of the primary objecti ves in designing DLEEX was to ensure a 
pilot'S unrestricted interaction with it. The equivalent torque on 
the exoskeleton leg resulting from the pi lot's applied forces and 
torques is represented by d. 

In the absence of gravity, ( I) and the block diagram of Fig. 3 
represent the dynamic behavior of the exoskeleton leg regardless 
of any kind of internal feedback the actuator may have 

u=Cr+Sd ( I) 

where G represen ts the transfer function from the actuator input r 
to the exoskeleton angular veloci ty /I (actuator dynamics are in
eluded in G). In the case where multiple actuators produce con
trolled torques on the system, r is the vector of torques imposed 
on the exoskeleton by the actuators. The form of G and the type of 
internal feedback for the actuator is immaterial for Lbe discussion 
here. Also bear in mind the omission of the Laplace operator in all 
equations for the sake of compactness. 

The exoskeleton velocity, as shown by ( I) , is affected by forces 
and torques from its pilot. The sensit ivity transfer function , 5, 
represents how the equ ivalent human torque affects the exoskel 
eton angular velocity. 5 maps the equivalent pilot torque d onto 
the exoskeleton veloc ity v. If the actuator already has some sort of 
primary stabilizing contro ller, the magnitude of S will be small 
and the exoskeleton will only have a small response to the im
posed forces and torques from the pilot or any other source. For 
example, a high-gain velocity controller in the actuator results in 
small 5 and consequently a small exoskclcton response to external 
forces and torques. Also, non-back-drivable actuators (e.g .• large 
transmission ratios or servovalves wi th overlapping spools) result 
in a small 5, which leads to a correspondingly small response to 
pilot forces and torques. 

Note that d (resulting torque from pilot on the exoskeleton) is 
not an exogenous input; it is a function of the pilot dynamics and 
variables, such as position and velocity of the pilot and the exosk
eleton legs. These dyna mics change from person to person and 
within a person as a function of time and posture. We will add 
[hesc dyna mics to our analys is later in the paper, but it is unrelated 
to the purpose of current di scussion. We also assume that d is only 
from the pilot and does not inelude any other ex ternal forces and 
torques. 

The objective is to increase exoskeleton sensitivity to pilot 
forces and torques through feedback but without measuring d . Tn 
other words, we arc interested in creating a system that allows the 
pilot to swing the exoskeleton leg easi ly. Measuring d to create 
such systems develops several hard, but ultimately solvable prob
lems in the control of a lower extremity exoskeleton. Some of 
those problems are briefly described as follows: 

I. Depending on the archi tecture and design of the exoskel
eton, one needs to install several force and torque sensors to 
measure all forces from the pilot on the exoskeleton because 
the pilot is in contact with the exoskeleton at several loca
tions. These locations are not known in advance. For ex
ample, we have found that some pi lots are interested in hav
ing braces connecting BLEEX at the shanks while some are 
interested in having them on the thighs. Inclusion of sensors 
on a leg to measure all kinds of human forces and torques 
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Fig. 4 Feedback control loop is added to block diagram of Fig. 
3. C is the controller operating only on the exoskeleton 
variables. 

may result in a system suitublc for a laboratory setting but 
not robust enough to be deployed in the field. 

2. If the 13LEEX design is such that the forces and torques 
applied by the pilot on the exoskeleton arc limited to a speci
fied location (e.g., the pilot foot), then the sensor that mea
sures the pilot forces and torques will also inadvertently 
measure oLher forces and torques that are not intended for 
locomotion. This is a major difference between measuring 
forces frolll , for example, the human hands and measuring 
forces frolll the hu man lower limbs. Using our hands, we are 
able to impose cOlllrolled forces and torques on upper ex
tremity exoskclctons and haptic systems with very few un
certainties. However, ou r lower limbs have other primary 
and non voluntary funct ions, such as load support, that take 
priority over locomotion. 

3. One option we have experimented with was the installat ion 
of sensing devices for forces on the bouom of the pi lot's 
boots, where they are connected to BLEEX. Since the force 
on the bOllom of the pilot's boot travels from heel to toe 
during normal walking, several sensors are required to mea
sure the pilot force. Ideally, we would have a matrix of force 
sensors between the pilot and the exoskeleton feet to mea
sure the pilot forces at all locations and at all directions. In 
practice. only a few sensors could be accommodated: at the 
toe, ball, mid foot, and the heel yet. This option has led to 
thick and bulky soles. 

4. The bottoms of the human boots experience cycl ic forces 
and torques during normal walking that lead to fatigue and 
eventual sensor fai lure if the sensor is not designed and iso
lated properly. 

For the above reasons and our experience in the design of vari
ous lower extremity exoskeletons, it became evident that the ex
isting state of technology in force sensing could not provide ro
bust and repeatable measu remenl of the human lower l.imb force 
on the exoskeleton. Our goal then shifted 1.0 developing an exosk
eleton with a large sensi ti vity to forces and torques frolll the op
erator using measurements only from the exoskeleton (Le., no 
sensors on the pilot or the exoskeleton interface with the pilot). 
Creating a feedback loop only from the exoskeleton variables, as 
shown in Fig. 4, the new closed-loop sensitivity transfer function 
is 

u S 
Snc:w=d;;I+GC (2) 

Observation of (2) reveal s that Snew =so; S, and therefore any 
negative feedback from the exoskeleton, leads to an even smaller 
sens itivity transfer function. With respect to (2), our goal is to 
design a contro ll er fo r a given Sand G such that the closed-loop 
response from d to u (rhe new sensi ti vity function as given by (2)) 
is greater than the open-loop sensitivity transfer function (i.e., S) 
within some bounded frequency range. This des ign specification is 
given by inequal ity 

Is",.1 > 151 V W E (0, wu) (3) 

or alternati vel y 

where Wo is the exoskeleton maneuvering bandwidth. 
In classical and modem control theory, every effort is made to 

minimize the sensitivity function of a system to external forces 
and torques. But for exoskeleton control, one requires a totally 
opposite goal: maximize rhe sensitivity of the c/o,\·ed·/oop system 
to forces and rorqlles. In classical servo problems. negative feed
back loops wi th large gains generall y lead to small sens itiv ity 
within a bandwidth, which means that they reject forces and 
torques (usually called disturbances). However, the above analysis 
states that the exoskeleton conLroller needs a large sensitivity to 
forces and torques. From the perspective of the pilOl, thi s has the 
effect making the exoskeleton feel and behave like a very small 
mass when the sensitivity of the closed-loop system to forces and 
torques is high. 

To achieve a large sensiti vi ty function, we use the inverse of the 
exoskeleton dynamics as a positive feedbll(;k controller so that the 
loop gain for the exoskeleton approaches uni ty (slightly less than 
I). Assuming positive feedback, (2) can be written as 

u 5 ,. - ----'new-
d

-
I

_
GC 

(5) 

If C is chosen to be C;::;O.9G- 1
, then the new sensi ti vity transfer 

function is Snew;::; lOS (ten times force amplification). In general, 
we recommend the use of positive feedbad with a contro ller cho
sen as 

(6) 

where a is the amplification number greater than unity (for the 
above example, a= 10 led to the choice of C=O.9C- 1

). Equation 
(6) simply states that a posi tive feedback controller needs to be 
chosen as the inverse dynamics of the system dynmnics scaled 
down by (1 -0'-1). Note that (6) prescribes the controll er in the 
absence of unmodeled high-frequency exoske leton dynamics. In 
practice, C also includes a unity gain low·pass filter to attenuate 
the unmodeled high-frequency exoskeleton dynamics. 

T he above method works well if the system model (i.e., G) is 
well known to the designer. If the model is not well known, then 
the system performance will differ greatly from the one predicted 
by (5), and in some cases instability will occur. The above simple 
solution comes with an expensive price: robustness to parameter 
variations. In order to get the above method working, one needs to 
know the dynamics of the system well . Section 3.2 di scusses thi s 
Lrade-off. 

3.2 Robustness to Parameter Variations. The variation in 
the new sensitivity transfer funct ion when positive feedback is 
used is given by 

6.Snew 6 S GC f).G 
--;::;-+-----
So,. S 1- GC G 

(7) 

If GC is close to unity (when the force amplification number a 
is large). any parameter vari ation on modeling will be amplified as 
well. For example. if the parameter uncertainty in the system is 
10%, i.e., 

I a~1 ;010 and I ~:I;o 
then (7) results in 

IM"·I I GC I -- ; -- 0.10 
SIICW 1- GC 

(8) 

Now assu me C is chosen such that C=0.9G-1• Substituting into 
I I +GCI < I V W E (O,wo) (4) (8) results in 
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Fig. 5 This block diagram shows how an exoskeleton moves. 
The upper loop shows how its pilot moves the exoskeleton 
through applied forces. The lower loop shows how the control· 
Jer drives the exoskeleton. 

I 
AS",w I = 0.90. 
Sncw 

(9) 

Equation (9) indicates th'lt any parameter variation directly af
fects the system behavior. In the above exampl t.::, a 10% error in 
model parameters resu lts in nine times the variation in the sensi
ti vity function. Th is is why model accuracy is crucial to exoskel
eton control. 

To gel the above method working properl y, one needs to under
sland the dynamics of the exoskeleton qu ite well , as the contro ller 
is heavily mode l based. One can see thi s problem as :l trade-oIT: 
the des ign approach described above requires no sensor (e.g., 
force or EMG 120 1) in the interface between the pilot and the 
exoskeleton; one can push and pull against the exoskeleton in any 
direction and at any location without measuring any variables on 
the interface. However, the control method requires a very good 
model of the system. At thi s time, Ollr experiments with BLEEX 
have shown that thi s control scheme- which docs not stabili ze 
BLEEX- forces the exoskeleton to foll ow wide-bandwidth hu
man maneuvers whi le carrying heavy loads. We have come to 
belie ve. to rephrase Friedrich Nietzsche, that tilat which does not 
stabilize, will only make liS S{/"OI1Ker. 

3.3 Pilot Dynamics. There are many approaches to mode ling 
the dynamics of a human, ranging from complete neuromuscu
loskeletal m(xiels l27,2K] to a s implified spring damper represen
tation. In particul ar, two types of human muscle modeling have 
been used succcssfulJ y to prov ide insight into human dynamics. 
One is based on the investigation of the molecular or fiber range 
of the muscle. while the second is based on the rel ationship be
tween the input and output properties of the muscle. See r29,30] 
for in-depth modeling and anal ysis. We have chosen the second 
approach and reported our preliminary work as appl ied to haptic 
systems and human power amplifiers. 

In our control scheme, there is no need to include the internal 
components of the pilot limb model; the detailed dynamics of 
nerve conduction, musc le contraction , and central nervous system 
process ing are implici lly accounted for in constructing the dy
namic model of the pilot limbs. The pilot force Oil the exoskel · 
eton, d, is a function of both the pilot dynamics I-J and the kine
matics of the pilot limb (e.g., veloc ity, position. or a combination 
thereat). Tn general, H is determined primaril y by the physic<ll 
properties o f the human dynamics. Here we assume H is a non
linear operator representing the pilot impedance <lS a function of 
the pilot kinemati cs 

feedback loop affects the exoskeleton. While the lower feedback 
loop is posi ti ve (potentiall y destabili zi ng). the upper feedhack 
loop stabilizes the overall system of pi lot and exoskeleton taken as 
a whole. 

3.4 Effect of Pilot Dynamics on C losed-Loop Stability. 
How does the pilot's dynamic heh:'lvior affect the exoskeleton 
behavior? In order to get an understanding of the system beha vior 
in the presence of pilot dynmnics, we use our I-DOF system and 
assume /I is a linear transfer function. The stabi lity of the system 
shown in Fig. 5 is decided by the closed-loop characteri sti c 
equation 

I + .IH - GC= O (II ) 

In the absence of feedback contro ller C, the pilot carries the 
entire load (payload plus the weight of the ex.oskeleton torso). The 
stability in thi s case is decidcd by the characteri sti c equation 

( 12) 

Characteri stic equation ( 12) is always stable since it represents 
the coupled pi lot and exoskeleton behavior without any controller 
(i.e., when GC=O). Provided no neuromuscular control di sorders 
exist, a human coupled to an enti rely passive system is naturall y 
stable. For example, if one were 10 holding a purely pass ive ob
ject, such as a penc il , there is li ttle chance that the interaction with 
the object would become unstable. When feedback loop C is 
added, the closed-loop characteri sti c equation changes from (12) 
to (11 ), and using the small-gain theorem, one can show that the 
closed-loop stability is guaranteed as long as inequality (13) is 
sati sfied 

IGCI < II +sHI V W E (0,00) ( 13) 

According to (6). C is chosen sllch that IGCI < I , and therefore, 
in the absence of uncertainties, ( 13) is guaranteed as long as I 
~ I I +SI1I. Unlike control methods utili zed in the control of the 
upper ex tremity exoske letons [2 1], the human dynamics in the 
control method described here has liltle potenti al to destabili ze the 
system. Even though the feedbuck loop containing C is pos itive, 
the feedback loop contain ing H stabilizes the overall system of 
pilot and exoskeleton. 

Example. For a I-DOF system, S=G= Ills, u is angular veloc
ity. J is the moment of inertia, and s is the Laplace operator. The 
human impedance is modeled as H=MlIs+ CH , where M il and e" 
are positive quantities. If a= 10 and the controller is chosen as 
C=O.9Js, the new sensitivity function is ten times larger than the 
orig inal sensitivity function 

u S 
Sncw= "d = I _GC =I US (14) 

The system characteri stic equation when C=O is given by (15) 
and always results in a stable system 

(J + M 1/)>"+ CI/ 
I + SII = 

is 
(15) 

The closed-i<x)p characteri st ic equat ion when a posit ive feed
back loop is used is g iven by ( 16) ami ulso results in a stable 

( 10) system 

The specific form of H is not known other than that it resuhs in 
the human muscle force on the exoskeleton. I '"igure 5 represents 
the closed-loop system behavior when pi lot dynamics is added to 
the block diagram of Fig. 4 . Examining Fig. 5 reveals that (5) , 
representing the new exoskeleton sensi tivi ty function, is not af
fected by the feedback loop containing 11. 

Figure 5 shows an important characteri sti c for exoskeleton con
trol. One ean observe two feedback loops in the system. The upper 
feedback loop represent s how forces and torques from the pilot 
affect the exoske leton . The lower loop shows how the contro lled 
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(0. \J + M 1/)5+ CI/ 
I +SI1 -GC= 

is 
( 16) 

Even if a is chosen as a larger number, the system in the ab
sence of parameter uncertainties. is stable. Now suppose 6111 = 
- 20%, i.e., 6 ,'),/S=6 GIG=20%. then the variation in new sensi
ti vity function is 

A.I·",w LlS CC LlC 
-- = - + ----- = 200 ok 
Sncw S I -GC G 

( 17) 
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Front Back 

Fig. 6 The pilot vests shown here and in Fig. 1 are designed to 
uniformly distribute the BlEEX-pllot force on the pilot's upper 
body 

In this case, GC=(IIO.~Js)0.9is=9fg, 5= 110.81.<, and the 
closed-loop charuclCri stic polynomial is represented by 

(IOMH-J)s+ lOCH 
I +SH- GC= (18) 

8is 

Equation (18) Slates that the system is unstab le if J > lOM,,_ 
Thus, the system is vu lnerable to model parameter uncertain ties. 
Tn summary, lhe controller discussed here is stable when worn by 
the pilot as long as parameter uncertainties arc kept to a minimulll. 

4 Implementation on BLREX 

The above di scussion motivated the design philosophy using a 
I-OOF system. BLEEX. as shown in Fig. t. is a system with 
many degrees of freedom and therefore implementation of 
BLEEX contro l needs further atlention. Each BLEEX leg has 
three degrees of freedom at the hip, one degree of freedom at the 
knee, and three degrees of freedom at the ankle. Both the fl exion
ex tension and abduction-adduction degrees of freedom at the hip 
arc actuated. The knee has one flexion-extension degree of free
dom that is actuated. The ankle plan tar/dorsi flex ion (in the sagit
tal plane) is also actuated. The othcr three degrees of freedom 
(i.e. , rotation and abduction-adduction at the ankle and rotation at 
the hip) are equipped with passive impedances using steel springs 
and elastomers. 111 summary, each BLEEX leg has four powered 
degrees of freedom: hip joint, knee joint, and ankle joint in the 
sagittal plane, and a hip abduction-adduction joint. 

The pilot and BLEEX have rig id mechanical connections at the 
torso and the feet; everywhere else, the pi lot and BLEEX have 
compliant or periodic contact. The connection at the torso is made 
us ing a vest, two variat ions of which can be seen in Fig. I and 
Fig. 6. One of the essential objectives in the design of these cus
tom vests was to allow the distribution of the forces between 
BLEEX and the pilot. thereby preventing abrasion. These vests 
are made of scveral hard surfaces that are complianlly connected 
to each other using thick fabric. The adjustment mechanisms in 
the vests allow for a snug fit to the pilot. The vests include rigid 
plates (with hole patterns) on their backs for connection to the 
BLEEX torso. 

The pilot 's shoes or boots (Fig. 7(a)) .ll.eh to the BLEEX reet 
using a modified qu ick-release binding mechanism similar to 
snowboard bindings (Fig. 7(b)). A plate with the quick-re lease 
mechanism is auached to the rigid heel section of the BLEEX 
foot. Earl y versions of the BLEEX sy~tem had the pilot wearing a 
standard boot that has had a mating binding cleat secured to the 
heel. The cleat on the modified pilot boot docs not interfere with 
normal wear when the pilot is ullclipped from BLEEX. The 
BLEEX foot is composed of the rigid heel section with the bind-
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Fig. 7 Rigid attachment bindings between (a) the pilot boot 
and (b) the BLEEX foot 

ing mechani~m and a compliant, but load bearing, toe section that 
begins at midfoot and extends to the toe. The BLEEX foot has a 
compressible rubber sole with a tread pattern thaI provides both 
shock absorption and tract ion whi le walking. The rubber sole or 
the BLEEX foo t contains embedded sensors, <.IS shown in Fig. 8 
that detect the trajectory of the BLEEX-ground reaction force 
starting from heel -strike to toc-off. This infommtion is used in the 
BLEEX controller to ident ify the BLEEX foo t configuration rel a
tive to the ground. 

Although biomechanical studies of walking frequen tly identify 
seven or more distinct phases or the human walking gait cycle 
r31], for simpl icity in control we consider BLEEX to have three 
di stinct phases (shown in Fig. 9) , which manifest to th ree different 
dynamic models: 

I. Single support: One leg is in the stance configuration whi le 
another leg is in swing. 

2. Double support : Both legs arc in stance configurat ion and 
situated flat On the ground. 

3. Double support with one redundancy: Both legs are in stance 
configuration. but one leg is si tuated flat on the ground while 
the other onc is not. 

Using the information from the sensors in the foot sole, the 
controller determi nes in which phase BLEEX is operating and 
which of the three dynamic models apply. 

In our in it ial control design process, we decoupled the control 
of the abduct ion-adduct ion DOF at the hip from the control of 
joints in the sagittal plane. This is valid because we noted through 
measurements that the abduction-adduction movements during 
normal walking «0.9 m/s or 2 mph) arc rather small. In com
parison to the movements in the sagittal plane. the abduction
adduction movements can be considered quasi-static maneuvers 
with little dynamical affects on {he rest of system. This indicates 
that the exoskeleton dynamics in the sagittal plane are affected 
only by the abduction-adduction angle and not by the abduction
adduction dynamics. For the sake of brevity, Secs. 4.1-4.3 de
scribe the con trol method in the sagittal plane for a given set of 
abduction-adduction ang les. 

4.1 Single Support. In the single-support phase, BLEEX is 
modeled as the 7-DOF serial link mechanism in the sagittal plane 
shown in Fig. 10. The inverse dynamics of BLEEX can he written 
in the general fonn as 

Toe Ball Midfoot Heel 

Fig. 8 The sensory system In one prototype BlEEX foot sole 
is composed of pressure sensitive sem l~conductive rubber em
bedded In a polyurethane sole (Fig. 7(b»). This foot measures 
the ground reaction force profile at four locations: toe, ball, 
mldfoot, and heel. 
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single support double support double support 
one redundancy 

Fig. 9 Three phases of the BLEEX walking cycle 

single support 

M( 0) 0+ C(O, il)iJ+ 1'(0) = T + d ( 19) 

where 0=[0"0,, .. . ,0,]' and T=[O. T" T " ... , ToY. 

M is a 7 X 7 inertia matrix and is a function of 8, C(fJ, 8) is a 

7 X 7 centripetal and Coriolis matri x and is a function of 0 and 8, 
and P is a 7 X I vector of gravitational torques and is a function of 
8 only. T is the 7 X I aclUator torque vector with its first element 
set to zero sinl:e there is no actuator associated with jo int angle 0] 
(i.e., anglc between the HLREX fOOl and the ground). d is Lhe 

effecti ve 7 X 1 lOrque vector imposed by the pilot on BLEEX at 
various locations. According to (6), we choose the contro ll er to be 
the BLEEX inverse dynamics scaled hy ( I -a- I), where a is the 
amplification number. 

I 
I 

~ 
83 I~ 

II 

" o 
I \ 

82 ~ ~ 
IVY" ": A 
I,' IJ 

e0 0~~ I~, ,»>",,;,),»»»»»»»»»» 
Fig. 10 Sagittal plane representation of BLEEX in the single· 
stance phase. The "torso" includes the combined exoskeleton 
torso mechanism, payload, control computer, and power 
source. 
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(20) 

C(O,B), P(O) , and M(O) are 'he c<tima,es of 'he Coriolis matrix, 
gravity vector, and the inertia matrix, respectively, for the system 
shown in Fig. 10. Note that (20) results in a 7 X I actuator torque. 
Since there is no actuator between the HLEEX fOOl and the 
ground, the torque presc ribed by the fi rst element of T must he 
provided by the pilot. Subst ilU' ing T from (20) in'o (19) yields 

M(B) O+ C( O, 0)0+ P(B) = P(O) + ( I - ,, ·')[M(B)ii+ C(O, 0) OJ + d 

(2 1 ) 

In 'he limit when M(O)=M(O), C(O, B) =("( 0, iI) , P(O)=P( O), 
and a is suffi ciently large, d wi ll approach 7.ero, meaning the pi lot 
can walk as if BLEEX did not ex ist. However, it can be seen from 
(21 ) that the fo rce felt by the pilot is a fu nction of a and the 

accuracy of 'he est imates C;( 0, 0) , P( 8), and M( 0). In geneml, 'he 
more accurately the system is modeled, the less the human force d 
will be. In the presence of vari ations in abduction-adduction 
angles, onl y P(O) in Eqs. (19) and (20) needs '0 be modified. 

4.2 Double Suppor t. In tile double-support phase, both 
BLEEX fee t are nat on the ground. The exoskeleton is modeled as 
two planar 3-DOF serial link mechanisms that arc connected to 
each other along their uppermost link as shown in Fig. 11 (a). The 
inverse dynamics for these seri al links are represented by (22) and 
(23). 

M R(IllTR, OR) IIR + CR(IllT " OR, OR)BR + I'R(IllTR, OR) = TR + dR (23) 

where BL =r OLI 0J.2 B/.3Yand OR=r ORI 0R2 OR3Y' III'['R and I1iTl. are 
effecti ve torso masses supported by each leg, and 1111' is the total 
torso mass such that 

(24) 

T he conlIibutions of 1111' on each leg (i.e., lilT/. and "''f'R) arc 
chosen as funcLions of the locat ion or the torso center of mass 
relative to the locations of the ankles such that 

II/TR = X T/, 

mTJ. XTH 
(25) 

where xn is the hori zontal d istance between the torso center of 
mass and the left ankle and ATR is the hori zontal di stance between 
the torso center of mass and the right ankle. fo r example, if the 
center of mass of the torso is located directl y above the ri ght leg, 
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Fig. 11 Sagittal·plane representation of BLEEX in (a) the 
double-support phase and (b) the double-support phase with 
one redundancy 

then t1ln,=O and "'TR=III.,." Similar to the single stance phase, the 
controllers are chosen such that 

T,. = f\(m,.,., 0,) + (I - ,,- ')[1I1,.(m,.,., 0,)0,. + (;,.(m,.,., 0,)),)0,.1 
(26) 

T R = P R(m,R, OR) + (I - a- ')[1I1 .(I1I1R' OR) OR + (;R(""R, OR, OR) OR] 

(27) 

Needless-tv-say, (25) is valid only for quasi- static conditions, 
where the accelerations and velocities arc small. This is, in fact, 
the case, since in the double-support phase, both legs are on the 
ground and BLEEX's angular acceleration and velocities arc quite 
small. This allows us to simplify (26) and (27) during slow walk
ing by removing alilerms except the estimates of the gravitational 
vectors. 

4.3 Double Support With One Redundancy. Double sup
port with one redundancy is modeled as a 3-DOF serial link 
mechanism for rhe stance leg with the foot flat on the ground and 
a 4-DOF serial link mechanism for the stance leg that is not com
pletely on the ground (Fig. II (b)). Each serial link supports a 
portion of the torso weight. The inverse dynamics for these serial 
links are represented by (2X) and (29), where in the spec ific mo
ment shown in Fig. II (b), the left leg has four degrees of freedom 
and the right leg has three degrees of freedom. 

MI.(III ./'I. , 8,)0,. + C,Jllln, 8,., 0,)8,. + I',J"'n., 8,) = 'f,. + dl. (28) 

M R(IIITR, OR)OR + CR(mTR, OR, OR) OR + I'R(IIIT>, OR) = TR + d R (29) 

where O,.=rOI.l 01.2 0, .3 O'A1", OR=rORI OR20R' 1", T,. 
=[0 'I'Ll T L2 T L3Y, and TR=[TR1 TR2 TR3Y- 111m and mn are the 
effective torso masses supported by each leg and are computed 
similar to the double-support case by usc of (25) . Utilizing (28) 
and (29) as dynamic models or the exoskeleton, (26) and (27) arc 
used as controllers in this case. Clearly, the actuator torque vector 
associated with the leg that has four degrees of freedom (e.g., TL 
in the case shown in Fig. II (b)) is a 4 X I vector. As in the single 
support phase, the torquc prescribed by the first clement of T must 
be provided by the pilol because there is 110 actuator between the 
BLEEX fool and the ground. As BLEEX goes through the various 
phases shown in r ig. 9, the sensors shown in Fig. 8 detect which 
leg has four degrees of freedom and which has three degrees of 
freedom. The conrroJler then chooses the appropriate algorithm 
for each leg. 
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Fig. 12 The controller relies on a high-speed synchronous 
ring network topology where several remote input/output net
work nodes (shown as 1/0 Module #1) collect local sensor data 
and distribute local actuation commands 

5 Control Implementation 

Since all computations required to implement the control are 
conductt!d on a single computer, we needed a control platform to 
minimize the number of signal wires in the system. The t!xoskel
eton electronics system, EXOLlNK, was designed to simplify and 
reduce the cabling task of all the sensors and actuators needed for 
exoskeleton control. It relies on a high-speed synchronous ring 
network topology where several electronic remote input-output 
modules (RIOM) reside in a ring. Each RIOM is in communica
tion with several sensors and one actuator in close proximity, and 
includes eight sixteen-bit analog-to-digi tal converters (ADC), two 
quadrature counters, eight bits of digital input and output ports, 
two digital-to-analog converters (DAC) and analog filters. Each 
RIOM also includes localized power regulation and isolation to 
minimize signal noise and system ground loops, and a built-in 
FPGA manages all RIOM data transaction and filtering. The data 
gathered by each module are encoded and transmitted digitally to 
a central computer through the ring. The EXOLINK has four 
rings, two of which are associated with the two legs. Each ring 
contains rhree remote input-output (lIO) modules (Fig. 12). A 
third ring is connected to a graphical user interface for debugging 
and data acquisition. A fourth ring is used to accommodate other 
electronic and communication gears which arc not related to the 
exoskeleton bUI which the pilot may choose to carry. Each ring 
can accommodate up to eight RIOMs (Fig. 13). The EXOLlNK 
consists of a microcomputer and a supervisor 10 module (S IOM). 
The SIOM includes a FPGA programed to serve as the communi
cation hub for all four rings. A transceiver chip residing in the 
SIOM and all the RIOMs allow for data transfer at a rate of 
1500 Mb/ s. Currently, a 650 MHz Pentium PC-104 form-factor 
microcomputer is used to implement the control algorithm, and 
the current exoskeleton utilizes 75% of the lIO capahility of the 
EXOLINK. The use of a high-speed synchronous network in 
place of the traditional parallel method enables the exoskeleton to 
reduce the over 200 sensor and actuator wires to only 24 commu
nication and power wires. While the sensors are read at the rate of 
10 KHz, the control is updated at 4 KHz (conleol sampling time is 
250 I'-s). The detailed implementation is described in [26j. 

6 Experimental Hardware 

Fundamental to designing a lower extremity exoskeleton is se
lecling the overall structural architecture of the legs. Many differ
ent layouts of joints and limbs can combine to form a functioning 
leg. Regardless of whether linear sliders, rotary joints, or general 
compliancy are used to provide the necessary degrees of freedom, 
the architecture generally fall s into one of a few categories. 

6.1 Anthropomorphic. Anthropomorphic arch itectures at
tempt to exact ly mirror the human leg. By kinematicall y matching 
the human, the exoskeleton 's leg position follow s the human leg 's 
position. This greatly simplifies many design issues from avoiding 
human/machine collisions to predicting the required range of mo-
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Fig. 13 Each RIOM (shown here) is In communication with 
several sensors and one actuator in close proximity 

tion for the robotic joints. However, many difficulties arrivc whcn 
trying to match the human leg architecture. Major issues include 
matching the human 's knee, which is more of a sliding joint than 
a pure rotary one. Also, for different operawrs to wear the exosk
eleton, itlllust be highly adjustable to ensure that all of the exosk
eleton joints align with the corresponding human joints. Anthro
pomorphic exoskeletons arc a commonly seen architecture 
because it allows the exoskeleton to attach to the operator wher
ever desired. 

6.2 Nonanthropomorphic. Although not as common in ex
oskeletons, many nonanthropomorphic devices are highly suc
cessful (e.g., bicyeles). Nonanthropomorphic architectures open 
up a wide range of possibilities for the leg design as long as the 
exoskeleton never interferes with or li mits the operator. Oftcn it is 

Hip Abduction / Adduction 
(un-powered) 

Toe Plantarflcxion / Dorsiflexion 
( Un-I}()wercd) 

Ankle Abduction / Adduction 

Table 1 Exoskeleton-joint ranges of motion. Exoskeleton flex
ibility must be less than the human flexibility limits for safety, 
but Is kept close to the maximum human flexibility to maximize 
maneuverability. 

Human Walking Exoskeleton Average Military 
Maximum (31) Maximum Male Maximum [321 

Ankle flex ion 14.lft 4l" ]5' 

Ankle Extension 20.6" ,," ]8' 

Ankle Abduction not available 20' 23' 
Ankle Adduction not available 20' 24' 

Knt.:c Hcxion 73.5" 121" 159" 

Hip Flexion 32.2° 121" 1250 

Hip Extension 22.so 10' not available 

Hip Abduction 7.90 16' 53' 
Hip Adduction 6.40 16' )I ' 

Total Mcdiat Rotation 1l2° ]5' 7]' 
Total Lateral Rotalion 1.6° J5" 66' 

difficult to develop architecture signilieantly different from a hu
man leg that can still move the foot through all the necessary 
maneuvers (i.e. from turning light corners to deep squats). Safety 
issues become morc prominent wi th non anthropomorphic des igns 
because the exoskeleton must be absolLHcly prohibited from forc
ing the operator in to a posilion he/she cannot reach. Even though 
anthropomorphic exoskeletons are more common, a clever non an
thropomorphic architecture could lead to simpler actuation or 
lower energy consumption. 

6.3 I'seudoanthropomorphic. The BLEEX project chose an 
architecture that is almost anthropomorphic. If the exoskeleton 
kinematics arc close to human kinematics, then appropriate ranges 
of motion for each degree of freedom can he easily approximated 
from human physiological data. Similar kinematics also make it 

..-h Hip Rotation w.r.t. spine 

. ......, (un-powered ) 

Hip Flexion / Extension 
(powered) 

Knee Flexion 
(I)Owered) 

Ankle Plantarflexion / Dorsiflexion 
(un-powered) (powered) 

Ankle Rotation 
( un-llOwered) 

Fig. 14 BLEEX degrees of freedom 
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Fig. 15 Human power required for walking. The flexion/extension direction requires the most 
power for all three joints (ankle, knee, and hip). Besides these sagittal plane directions, the hlp 
abduction/adduction requires the next most power [31]. 

easier for the exoskeleton to follow the human through any ma
neuver and not coll ide wi th the operator. However, auempting to 
exactly match human kinematics creates many design issues; thus, 
slight differences arc tolerated for simplicity, such as approximat
ing the knee as a pure rotary joint. Since the human and exoskel
eton leg kinematics <Ire not exact ly the same, the human and ma
chine are only rigid ly connected at the extremities of the 
exoskeleton (feet and torso). Any other rigid connections would 
lead to large forces imposed on the operator due to the kinematic 
differences. However, compliant connections along the leg are 
tolerable as long as they allow relative motion between the human 
and mach ine. If the inertias and masses of the exoskeleton leg 
segments are similar to the corresponding human limbs, then the 
desired joint torques for the exoskeleton can be estimated using 
human cl inical gait analysis (eGA) data [ I]. Us ing a pscudoan
thropomorphic archi tecture, the exoskeleton is much easier to size 
for various operators and the joint ranges of motion and torques 
are approximately equal to those of a human, but the ri gid con
nections points arc limited to just the feet and torso. 

6.4 negrces of Freedom. Since the BLEEX has a pseudoan· 
thropomorphic architecture, its degrees of freedom need to ap
proximately match a human. Thus, like a human, the exoskeleton 
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has a hip , knee, and ankle. Generally, the exoskeleton kinematics 
arc modeled exactl y after the human, but the exoskeleton degrees 
of freedom include a few key simpl ificat ions. 

First, the exoskeleton knee joint is simplified to a pure rotary 
joint. A human knee joint is a complex combination of rOlling and 
sliding between the femur and tibia that allows the joint 's center 
of rotation to move as the knee bends r31]. Us ing a pure rotary 
joint at the knee simplifies the design and dynamic model of the 
exoskeleton, but will cause the exoskeleton knee to not exactl y 
mirror the human knee. Also, the moving center of rotation of the 
human knee plays an imponant role in helping the leg slightly 
hyperextend to an over-center configuration. This function wi ll be 
absent in the exoskeleton knee and that (;ompromise should be 
acknowledged. 

Another kinematic simplification in the exoske leton is the leg 
rotaLion. A human 's leg can rotate a small amount at ITI <lny differ
ent locations: the hip joint, knee joint, along the shank , and in the 
ankle joint l32J. To keep the functionality of these motions, but 
simpl ify the des ign, the exoskeleton rotation is condensed to joints 
at the hip and ankle. 

Initiall y, the three degrees of freedom at the hip were designed 
to be collocated and aligned with the human's hip joint. However, 
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Fig. 16 Power required for ascending/descending Stairs. The knee requires power when ascending stairs instead of 
absorbing power as it does during level walking [35], 

all these designs significantly limited the hip rotation because of 
mechanical interference of the hip linkages with themselves or the 
human. Therefore, the rotation was moved such lhm it no longer 
aligns with the human's rotation. KinematicaJ ly, the exoskeleton 
leg has sufficient degrees of freedom to account for the misalign
ment. Similar allowances were made at the ankle, where the ab
duction and rotation axes do not align wi th the human's axes of 
rotation. 

With these simplifications, the exoskeleton has seven degrees of 
freedom per leg (Fig. 14); 

three degrees of freedom at the hip 
one degree of freedom al the knee (pure rotation in the sag
ittal plane) 
three degrees of freedom at the ankle 

An additional degree of freedom is added to the exoskeleton 
foot. The front of the exoskeleton foot, under the human's toes, is 
compliant. This allows the exoskeleton foot to fl ex with the hu
man 's foot as they gel up on their toes. 
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6.S Range of Motion. The BLEEX kinematics are similar to 
human leg kinematics; thus , the motion limits for each of the 
exoskeleton joints is determined by examining human-joint ranges 
of motion. At the very least, the exoskeleton must be able to 
shadow the human through a normal walking motion. eGA data 
reveal the angles of each joint during walking and, thus, the mini
mum range of motion for each joint r30). Safety dictates that the 
exoskeleton should not have motion limits greater than the opera
tor. Therefore, the maximum range of motion for each joint is 
determined by the human's maximum flexibility [32l ldeall y, all 
the joint ranges of motion would be sligh tly smaller than the lim
its of human flexibility to prevent injury but allow maximum ma
neuverability of the exoskeleton. However, as discussed, linear 
actuators are used in BLEEX. which limits some of the joint 
ranges of motion. Joints, such as the knee, have a reduced fl ex
ibility to prevent the actuator from reaching singularity. Other 
limits on the joints' motion were determined through prototype 
testing. For example, the ankle plantar-dorsi flexion limits are 
outside the normal human flex ibi lity. Mock-up test ing indicated 
that thi s additional fl exibility is necessary for full maneuverability 
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since lhe human 's fOOL is nO( held completely rigid relati ve to the 
exoskeleton foot Table I shows the exoskeleton·joint ranges of 
mot ion. 

6.6 Which Joints to Actuate? Each exoskeleton leg has 
seven degrees of freedom (eight counting the toe flexibility), bu t 
arbitrari ly deciding to actuate all of them leads to unnecessaril y 
high power consumption and control complexity. Instead, a mini· 
mum number of joints necessary to maintain functionality should 
be actuated. For the exoskeleton to be funct ional , the human op· 
erator should onl y move the exoskeleton and payload with a mini · 
mum amount of power. Therefore, any degrees of freedom requir· 
ing a substantial amount of power should be actuated, or limited 
by another impedance. For this first generation of BLEEX, actua· 
tion was des igned primari ly for walking; thus, once again, eGA 
data were used to determine which degrees of freedom consumed 
power while walk ing. 

As expected, CGA data show that the highest amount of power 
is used for flexion and extension at the anklc, knee, and hip 
[30,3 1,33,34] (fig. IS). The ankle and hip both require significant 
positive power and, thus, need to be actuated. The knee mainly 
req ui res negative power (it absorbs power) while walking; thus, it 
could be cOIHroJJed l,I,o ith damper. Even though the actuation is 
mainl y des igned for level walking, when walking up steps, an 
incline, or squalling, the knee becomes a very critical joint for 
adding positive power to the system [35] (Fig. 16). Therefore, the 
knee joint is also actuated. Besides flexion and ex tension, hip 
abduction/adduction requires the most power for walking because 
it provides the lateral balancing forces. To hclp with the lateral 
balancing and maneuverabili ty, the hip abduction of BLEEX is 
actuated. According to eGA data, the other degrees of freedom all 
have very small power consumptions while walking and, thus, 
remain unactuated. 

7 Conclusion 
Although there is still significant work to be done before the 

project is complete, BLEEX has successfully walked, carrying its 
own weight and producing its own power. This makes it the first 
lower ex tremity exoskeleton capable of carry ing a payload and 
being energetically autonomous. Currently, BLEEX has been 
demonstrated to support up to 70 kg (exoskeleton weight plus 
payload), walk at speeds up to 1.3 mis, and shadow the operator 
through most maneuvers without any human sensing or prepro
gramed motions. BLEEX is not a typical servomechanism. While 
providing disturbance rejection along some axes preventing mo
tion in response to gravitational forces, BLEEX actually encour
ages motion along other axe.o;; in response to pilot interface forces. 
This characteri stic requires large sensitivity to pilot forces, which 
invalidates certain assumptions of the standard control design 
methodologies and, thus, requires a new design approach. The 
controller described here uses the inverse dynamics of the exosk· 
cleton as a posi tive feedback controller so that the loop gain for 
the exoskeleton approaches unity (slightly less than I). Our cur· 
rent experiments with BLEEX have shown that this contro l 
scheme has two superior characteristics: (i) it allows for the same 
wide bandwidth maneuvers a human is capable of perfonning and 
(i i) it is unaffected by changing human dynamics (i.e., no changes 
to the controller are required when pilots are switched). The trade· 
off is that it requires a relatively accurate model of the system. A 
body local area network to host the control algorithm is developed 
in r25]. Video cl ips that demonstrate the effectiveness of this can· 
tcol scheme can be found at http://bleex.me.herkeley.edul 
bleex.htm. 
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