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Abstract

The Berkeley Lower Extremity Exoskeleton isthefirst functional en-
ergetically autonomous load carrying human exoskeleton and was
demonstrated at U.C. Berkeley, walking at the average speed of
0.9 m/s (2 mph) while carrying a 34 kg (75 Ib) payload. The origi-
nal published controller, called the BLEEX Sensitivity Amplification
Controller, was based on positive feedback and was designed to in-
crease the closed loop system sensitivity to its wearer’s forces and
torques without any direct measurement from the wearer. This con-
troller wassuccessful at allowing natural and unobstructed load sup-
port for the pilot. This article presents an improved control scheme
we call “ hybrid” BLEEX control that adds robustness to changing
BLEEX backpack payload. The walking gait cycle is divided into
stance control and swing control phases. Position control is used
for the BLEEX stance leg (including the torso and backpack) and
a sensitivity amplification controller is used for the swing leg. The
controller is also designed to smoothly transition between these two
schemes as the pilot walks. With hybrid control, the controller does
not require a good model of the BLEEX torso and payload, which
is difficult to obtain and subject to change as payload is added and
removed. As a tradeoff, the position control used in this method re-
quires the human to wear seven inclinometers to measure human
limb and torso angles. These additional sensors reguire careful de-
sign to securely fasten them to the human and increase the time to
don and doff BLEEX.

Hybrid Control of

the Berkeley L ower
Extremity Exoskeleton
(BLEEX)

objective of this project is to develop fundamental technolo-
gies that augment human strength and endurance during loco-
motion. The first field-operational lower extremity exoskele-
ton (commonly referred to as BLEEX) is comprised 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 pilot (i.e., the wearer) with the abil-
ity to carry significant loads on his/her back with minimal
effort over any type of terrain. BLEEX allows the pilot to
comfortably squat, bend, swing from side to side, twist, and
walk on ascending and descending slopes, while also offering
the ability to step over and under obstructions while carry-
ing equipment and supplies. The overall concept of this lower
extremity exoskeleton is that the human provides an intelli-
gent control system for the exoskeleton while the exoskeleton
actuators provide most of the strength necessary for walking.

BLEEX has numerous potential applications; it can pro-
vide soldiers, disaster relief workers, wildfire fighters, and
other emergency personnel with the ability to carry heavy
loads such as food, rescue equipment, first-aid supplies, com-
munications gear, and weaponry, without the strain typically
associated with demanding labor.

The original control algorithm was designed to increase
the closed loop system sensitivity to its wearer’s forces and
torques without any measurement from the wearer. As an alter-
native, this article presents the hybrid BLEEX control scheme.

KEY WORDS—BLEEX, exoskeleton, human-machineposition controlis used for the stance leg (including torso) and
wearable robotics, control, load support, sensitivity amplia sensitivity amplification controller is used for the swing leg.

fication, master-slave, hybrid control

1. Introduction

2. Background

BLEEX was first unveiled in 2004, at U.C. Berkeley’s Humarln the early 1960s, the Defense Department expressed inter-
Engineering and Robotics Laboratory (Figure 1). The primaf§St In the development of a man-amplifier: a “powered suit
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of armor” which would augment soldiers’ lifting and carrying
capabilities. In 1962, the Air Force had the Cornell Aeronau-
tical Laboratory study the feasibility of using a master-slave
robotic system as a man-amplifier. In later work, Cornell de-
termined that an exoskeleton, an external structure in the shape
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of EMG signals measured from the wearer (Kawamoto and
Sankai 2002; Kawamoto, Kanbe, and Sankai 2003).

In our research work at Berkeley, we have separated the
technology associated with human power augmentation into
lower extremity exoskeletons and upper extremity exoskele-
tons. The reason for this was two-fold; firstly, we could envi-
sion a great many applications for either a stand-alone lower
or upper extremity exoskeleton in the immediate future. Sec-
ondly, and more importantly for the division, is that the ex-
oskeletons are in their early stages, and further research still
needs to be conducted to ensure that the upper extremity ex-
oskeleton and lower extremity exoskeleton can function well
independently before we can venture an attempt to integrate
them. With this in mind, we proceeded with the designs of the
lower and upper extremity exoskeleton separately, with little
concern for the development of an integrated exoskeleton. We
will first give a summary of the upper extremity exoskeleton
efforts at Berkeley and then we will proceed with the descrip-
tion of the BLEEX project.

In the mid-1980s, we initiated several research projects on
upper extremity exoskeleton systems, billed as “human exten-
ders” (Kazerooni 1990, 1995, 1996; Kazerooni and Mahoney
1991; Kazerooni and Guo 1993; Kazerooni and Her 1994,
Kazerooni and Snyder 1995). The main function of an upper
extremity exoskeleton is human power augmentation for ma-
nipulation of heavy and bulky objects. These systems, which
are also known as assist devices or human power extenders,
can simulate forces on aworker’s arms and torso. These forces
differ from, and are usually much less than the forces needed
to maneuver a load. When a worker uses an upper extremity

of the human body that has far fewer degrees of freedom thxoskeleton to move a load, the device bears the bulk of the
a human, could accomplish most desired tasks (Mizen 1968yeight by itself, while transferring to the user as a natural
From 1960 to 1971, General Electric developed and testégpdback, a scaled-down value of the load’s actual weight.
a prototype man-amplifier, a master-slave system called th@r example, for every 40 pounds of weight from an object,
Hardiman (Mosher 1960, 1967; General Electric Co. 196@ Worker might support only 4 pounds while the device sup-
1968; Groshaw 1969; Makinson 1971). The Hardiman wasRk®rts the remaining 36 pounds. In this fashion, the worker can
set of overlapping exoskeletons worn by a human operatéill sense the load’s weight and judge his’/her movements ac-
The outer exoskeleton (the slave) followed the motions of tHordingly, but the force he/she feels is much smaller than what
inner exoskeleton (the master), which followed the motionide/she would feel without the device. In another example, sup-
of the human operator. All these studies found that duplicaose the worker uses the device to maneuver alarge, rigid, and
ing all human motions and using master-slave systems wetelky object, such as an exhaust pipe. The device will con-
not practical. Additionally, difficulties in human sensing and/ey the force to the worker as if it was a light, single-point
system complexity kept it from walking. mass. This limits the cross-coupled and centrifugal forces that
Several exoskeletons were developed at the University ifcrease the difficulty of maneuvering a rigid body and can
Belgrade in the 60s and 70s to aid paraplegics (Vukobratovig9metimes produce injurious forces on the wrist. In a third
Ciric, and Hristic 1972; Hristic and Vukobratovic 1973). Al-example, suppose a worker uses the device to handle a pow-
though these early devices were limited to predefined motiof&ed torque wrench. The device will decrease and filter the
and had limited success, balancing algorithms developed f@rces transferred from the wrench to the worker’s arm so the
them are still used in many bipedal robots (Hirai et al. 1998vorker feels the low-frequency components of the wrench’s
Colombo, Jorg, and Dietz 2000). The “RoboKnee” is a powvibratory forces instead of the high-frequency components
ered knee brace that functions in parallel to the wearer’s knéeat produce fatigue.
and transfers load to the wearer's ankle (not to the ground; The Berkeley Lower Extremity Exoskeleton (BLEEX) is
Pratt et al. 2004). “HAL” is an orthosis, connected to théOt an orthosis or a brace; unlike the above systems it is de-
thighs and shanks, that moves a patient's legs as a functigigned to carry a heavy load by transferring the load weight

Payload and
power supply

BLEEX spine and
harness

Control computer

Hydraulic actuators

Control network
node

Sensor feet with
bindings for pilot shoe

Fig. 1. Berkeley Lower Extremity Exoskeleton (BLEEX)
and pilot.
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to the ground (not to the wearer). BLEEX introduced four

new features. First, a novel control architecture was devel-

oped that controls the exoskeleton through measurements of

the exoskeleton itself (Kazerooni et al. 2005). This eliminated

problematic human induced instability (Kazerooni et al. 2005) Compliant vest

due to sensing the human force. Second, a series of high spe;—‘;fg]‘z‘;’;’iigm —
cific power and specific energy power supplies were devel-

oped that were small enough to make BLEEX a true field-

Torso Rotation
| = with respect to
BLEEX Spine
(un-powered)

operational system (McGee, Raade, and Kazerooni 2004; "'\‘_ Abduction/
Raade and Kazerooni 2004; Amundsen et al. 2005). Third, T '}éﬁi‘;ﬁ;’)“
a body LAN (Local Area Network) with a special communi- )
cation protocol and hardware was developed to simplify and . @
reduce the cabling task of all the sensors and actuators needed : g;lt’ei';::f“’
for exoskeleton control (Kim, Anwar, and Kazerooni 2004; (powered)
Kim, and Kazerooni 2004). Finally, a flexible and versatile
mechanical architecture was chosen to decrease complexity 4
and power consumption (Chu, Kazerooni, and Zoss 2005; GKneeF,exion,
Zoss and Kazerooni 2005). This paper gives an overview of plantarflexion/ Extension
the biomimetic design of this architecture. Dorsiflexion (powered)
(un-powered) .

. . . D G Ankle

3. Mechanical Description "™ | * Plantarflexion/
Ankle Abduction/ . g"’;j';:;‘)“’“

For BLEEX, we choose a pseudo-anthropomorphic design. Adduction ‘I')

. . (un-powered) .
The exoskeleton has a rigid spine that serves as a payload Ankle Rotation

. (un-powered)
attachment point and an exoskeleton-to-human attachment
point through a compliant harness. Three-segment legs, anaig. 2. BLEEX mechanical structure and degrees of freedom.
ogous to the human’s thigh, shank, and foot, run parallel to
the human’s leg segments when the device is worn. Single
DOF revolute joints connect each leg segment and between
the thigh and spine on each side. A servo-valve-controlled hy-
draulic cylinder spans each segment pair to provide an actiessential objectives in the design of these custom vests was
torque source at the hip (flexion and abduction), knee, atad allow the distribution of the forces between BLEEX and
ankle of each exoskeleton leg. the pilot, thereby preventing abrasion. The vest is made of
As shown in Figure 2, additional unpowered passiveeveral hard surfaces that are compliantly connected to each
degrees of freedom exist at the hip and ankle and imther using thick fabric. The adjustment mechanisms in the
clude experimentally chosen passive impedances (createdvagt allow for a snug fit to the pilot. The vest includes rigid
steel springs and elastomers). BLEEX is considered pseudsates (with hole patterns) on the back for connection to the
anthropomorphic because we have not included every humBhEEX torso (Zoss and Kazerooni 2005).
degree of freedom or attempted to match the joint behavior of Because the exoskeleton kinematics are close to human
the human exactly (e.g., the human knee uses a combinatkinematics, appropriate ranges of motion for each degree of
of rotation and sliding but the exoskeleton has a pure rotafseedom could be approximated from human physiological
joint). We determined, through extensive testing of unpowerathta (Woodson, Tillman, and Tillman 1992). Slight human-
mockups both in our lab and independently at the U.S. Armmachine kinematic differences are tolerated for design sim-
Natick Soldier Testing Center, that the kinematics of the comlicity. These differences are not uncomfortable for the human
figuration shown in Figure 2 allow for unrestricted walking because the human and the machine are only rigidly connected
running, kneeling, and crawling, and therefore is sufficient faut the extremities of the exoskeleton (feet and torso). Any other
this design. In the hybrid control experiment, only the sagittalgid connections would lead to large forces imposed on the
plane is considered and hip abduction-adduction joints are nmpterator due to the kinematic differences. However, compli-
powered. ant connections along the leg are tolerable as long as they
The pilot and BLEEX have mechanical connections at thallow relative motion between the human and machine. Be-
torso and the feet; everywhere else the pilot and BLEEX hawause the inertias and masses of the exoskeleton leg segments
compliant or periodic contact (Figures 3 and 4). The corwere similar to the corresponding human limbs, the desired
nection at the torso is made using a custom vest. One of tjunt torques for the exoskeleton were estimated using hu-
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a) Swing b) Stance
| =}
Sy
_ "~
Front Side o I

Fig. 3. The pilot vests in this figure and in Figure 1 are

designed to uniformly distribute the BLEEX-pilot force onFig. 5. BLEEX single leg gait phase distinctions: a) swing

the pilot’'s upper body (note that the BLEEX power supply iseg: large angle motion, low torques, no payload support;

not attached in the “side” image). b) stance leg: small angle motion, large torques, full payload
support.

ried by the stance leg, there is no need to know the mass and
center of gravity (CG) properties of the torso. For the swing
leg, a positive feedback sensitivity amplification controller,
identical to the one presented in Kazerooni et al. (2005), is
used. Provided the controller has a precise dynamic model
of the BLEEX structure, this controller allows BLEEX to
track rapid human limb motions without impeding the hu-
Fo. 4. Foot atactment mechanism showng ) the o TGS o0, AWy (Goston convoled snce o)
attached to the pilot boot and b) the mating cleat on t}}e. e ; o
BLEEX foot. ivity amplification controlled swing leg) can be maintained

simultaneously.

4.1. Stance Phase; Position Control

man Clinical Gait Analysis (CGA) data (Winter 1990; RienerStance phase position control of the exoskeleton is motivated

Rabuffetti, and Frigo 2002; Kirtley 2005; Linskell 2005). ~ through a 1 DOF example shown in Figure 6. This figure
schematically depicts the master (a human leg) interacting

with the slave (a 1 DOF exoskeleton leg in the stance config-
4. Hybrid Control of BLEEX uration). The exoskeleton leg is shown as a rigid link pivoting
about an ankle joint and powered by a single actuator that gen-
Looking at the entire walking gait cycle, the swing leg undererates a torqué&,.,. The interaction between human leg and
goes large motions but itis only supporting its own weight—ithe exoskeleton leg in this example is interpreted as a spring-
needs relatively small torques and high bandwidth. The standamper connection. This interaction generates an equivalent
leg goes through a small motion but supports the entire torsarqued about pivot joint.
and payload—it needs large torques and relatively low band- Figure 7 shows the control block diagram of Figure 6,
width. Based on these observations, hybrid control is put fowhere G represents the transfer function from the actuator
ward. For a single leg, the walking gait cycle is divided into @#orqueT,., to the exoskeleton angular velocityC is the ex-
load support stance phase and an unloaded swing phase (Bigkeleton controller. The sensitivity transfer functi6nup-
ure 5). With hybrid control, position control is applied to theper case), maps the equivalent interaction torgusto the
legwhenitis in the stance phase and a positive feedback basadskeleton angular velocity The human—-machine interac-
sensitivity amplification controller is applied to the swing legtion torque,d, is a function ofH, the interaction dynamics
At any instant, for any powered joint, only one control methothetween the pilot and the exoskeleton, and the kinematics of
is determining the control signal. the pilot limb and exoskeleton leg (e.g., velocity, position, or a
For the stance leg (i.e., the leg that is on ground), postombination thereof). For stance control, as will be explained
tion control is used to servo BLEEX joint angles to track thén following paragraphs, the connection between the human
human’s joint angles. Since the BLEEX torso weight is carand exoskeleton needs to be complightandé,,, (i.e.,6,)
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period is 25 msec. Figure 9 shows angle tracking of a sinu-
soidal reference signal generated in software for 0.2 Hz, 2 Hz,
and 4 Hz motion. The tracking is good at the low frequencies
that encompass normal human joint activity. The knee joint

__—— Human leg

Actuator—— Compliant angle is defined as zero degrees when the thigh and shank are
connection aligned in the sagittal plane. Relative to the thigh, if the shank
J Gexo is rotating counterclockwise, the knee angle is increasing in
L G the positive direction. The controller used is a proportional

controller. More advanced controllers can be used to achieve
better tracking. However, as the following paragraphs will ex-
plain, the flexible contact between human and BLEEX means
6I?1at perfect tracking is not necessary as long as BLEEX is
supporting the load and the human is not experiencing any
discomfort.

Fig. 6. 1-DOF master-slave schematic with a representati
of the compliant human leg connection to BLEEX.

4.2. Implementation of Position Control

Master-slave position control is implemented for the entire

stance leg, which is a multi-degree of freedom system. Here,
@ the master trajectories are the human joint angles (hip, knee,
L= 0 and ankle) and the slaves are the corresponding BLEEX joint

h e exo angles. A proportional controller is used on each jointto cause
— ® .% T the BLEEX joint angles to track human joint angles.

- The closed loop block diagram for each stance leg joint
@ act @ is shown in Figure 106, is i human joint angle ané,,,,
is BLEEX i joint angle. The actuator dynamics do not ap-
pear in the closed loop block diagram explicitly. The torques
Fig. 7. Block diagram of 1 DOF position control. exerted on BLEEX include equivalent human machine inter-
action torqueT,,,; (corresponding ta@ in Figure 7), actuator
torqueT,.;, and gravity torquel,;. In this control loopg,;
serves as desired value af)d,; as measured value. The goal
are different and this difference is used as the input to Ourcot{)ﬁ;fl\(lavgr_oportlonal controller is to mal.<e the error betwee_n
) joint angles as small as possible. Our controller is
troller. Lower case is used to represent the Laplace operatoEjesigned as:

The goal is to design a controller such that sratan be '
achieved, i.e., BLEEX can track the human’s motion. Notice 1y = Ky i — Oexor) (3)
thatd = HO,; smallg, actually means small. Therefore,

BLEEX can track the human’s motion without the humanvhereu; is the valve voltage for'i joint. Comparing with

feeling an interaction force. The design specification is givehigure 7, human impedand¢ has been omitted in this block

by: diagram. Also, human sensitivityand BLEEX dynamicss
are expressed in term of the BLEEX $tance joint.

SH + GC ’ ~1Vwe O w) (1) BLEEX is a multi-degree freedom system and the exact
s+SH+GC dynamic model is correspondingly complicated. In addition,
the human-BLEEX interface is not a linear spring-damper
system and it is not easy to model. As is done in many

T = K (6, — 0..,). ) complicated nonlinear systems (especially in bipedal robots),
position control is used to reduce the importance of a precise

Toillustrate this scheme, 1 DOF master-slave position cosystem model. The optimu#), is obtained through experi-
trol is implemented on the left knee of BLEEX. To create anentation. A benefit of using this controller is that the compu-
1 DOF environment, BLEEX is put on a custom jig stand station time is greatly reduced because the position control cal-
that it is in jump mode (both feet are off the ground), and altulations for a three DOF stance leg are significantly simpler
the joint valves are closed except the left knee. The humdman the three DOF stance leg inverse dynamics computations
then moves her shank randomly and BLEEX tries to followsed in sensitivity amplification controller.
it. Figure 8 shows the Bode plot of joint angle tracking. The The success of this simple control scheme owes muchto the
data is collected from the BLEEX GUI, where the samplingonsiderations made in the mechanical design. An important

d

m
)

eex o
Oh

The controller is designed as a proportional controller by:
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Fig. 8. Bode plot of experiment results from 1 DOF (knee joint) master-slave control joint angle tracking.
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Fig. 9. Knee joint angle tracking results for master-slave control with a periodic reference signal scaled to match average
walking gait cycle range of motion.



Kazerooni, Steger, and Huang / Hybrid Control of BLEEX 567

T . slave
hmi
a T master
E»@-» c iCtL | BLEEX " Yexoi — (human)
U =Kpi G ~Oexoi) stance joint
o ()
Fig. 10. Position control block diagram fdt joint.
principle of BLEEX design is that it should not impede the slave

master

wearer’s movement. Applying this principle to position con- _— (human)

trol, it means that if the human wants to move, they should
be able to move to the desired position easily, thus creating (b)
a detectable BLEEX-human desired joint angle difference to
servo. How easily the wearer can move relative to BLEEX
depends on the connection between the human and BLEEX
and the controller tracking.
A 1DOF mechanismis shownin Figure 11 toillustrate how
the contact between the master (human) and slave (BLEEX)
influences the motion of the master. The foot is on ground ardg. 11. 1-DOF mechanism master-slave conceptual repre-
not moving, while the shank is rotating about the ankle. Fgentation with no physical connection between the human
Figure 11(a), there is no constraint between the master aadd machine (a); and with a rigid physical connection (b).
slave. If the master wants to move, he/she simply moves to a
new position. The position controller will cause the slave to
follow the master without impeding the master’'s motion.
However, for the mechanism shown in Figure 11(b) the
master and slave are bound together. If master wants to motiens. In addition, our foot fixture is designed in a way that
it needs to move not only itself, but also the slave. Since thelge human can rotate her toe or heel 15 degrees relative to
are bound together, the joint angle error between the masgrEEX foot. This semi-rigid foot connection is also useful
and slave is zero and the output of the controller is zero. Thug,the toe-off and heel-strike stages of the gait cycle.
position control with a rigid connection between master and Beside the contact issue, another aspect that needs con-
slave impedes the motion of the master. sideration is matching the geometry between the human and
As described earlier, the human and BLEEX are connect®&LEEX. BLEEX is designed to adjust its thigh and shank
in two locations: the torso and foot. Similarly to Figure 11(b)length within a certain range (5-95% percentile U.S. Army
if the human torso is rigidly connected with the BLEEX torsoMale; Zoss and Kazerooni 2005). Even so, the human link
and the human attempts to lean forward, backward, or squahgth and BLEEX link length are not guaranteed to be equal
without moving their foot, then the human will be unablebecause of the discrete steps in the length adjustment mecha-
to generate an angle difference with BLEEX joints and theism. With master—slave control used on the stance leg, when
position controller will impede the human’s motion. Thus, ahe human squats, stands up, or leans back and forth, the length
flexible harness on the torso is necessary. mismatch causes the distance between human and BLEEX
The connection between BLEEX and the human is illugorso to change. The relative position between the human and
trated in Figure 12. The interface is illustrated as multipl8LEEX is not important as long as this position difference
spring-damper structures between BLEEX and the humadioes not cause BLEEX to exert an uncomfortable force on the
In reality, the foot attachment consists of a flexible bindingpuman. When a flexible harness is used, the distance change
and strap mechanism and the torso connection is a complidrettween the human and BLEEX torso in the horizontal direc-
backpack-like harness. There are no mechanical connectidims is not problematic as long as the BLEEX CG is within
to the human on the shank and thigh, however the sprintite area of the BLEEX foot and the harness is not too tight. In
damper structures in Figure 12 are shown as a representatibe vertical direction, to ensure the BLEEX harness is not too
of potential voluntary intermittent contact between the humatight in any particular human posture we need to loosen the
and BLEEX. Relative to BLEEX, the torso connection giveharness so that when the human stands straight, this harness
the human freedom in both the horizontal and vertical direcan be lifted off their shoulders by approximately 3—6 cm.
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(a)

. Elastic
Th1gh attachment
inclinometer

bands
Shank
inclinometer

Fig. 12. lllustration of flexible contact on torso.

To prevent the loose harness from impeding the human, the ¢/
BLEEX controller must be tuned to respond quickly enough inclinometer

in order for the human to not overtake the slack in the harness

during rapid maneuvers.

The sensors used to measure joint angles are encoderdHign 13. MicroStrain FAS-G inclinometers used to measure
BLEEX and inclinometers on the human limbs and torso. Ajoint angles of human on shank and thigh (a), and foot (b)
encoder is used on each BLEEX joint to directly measure joirfftonnection cables to BLEEX computer not shown).
angles in the sagittal plane. BLEEX has two encoders on the
ankles, two on the knees, and two on the hips. The human
wears inclinometers to measure link angle relative to gravity.

In total, seven inclinometers are used with two inclinometers o ) N )

on the feet, two on the shanks, two on the thighs, and one on !N Our initial testing, position control was applied to all
the torso. Human joint angles are obtained by subtracting tHints for the entire walking gait cycle (no sensitivity amplifi-
angles between the corresponding proximal and distal link&tion control). Itwas|mmed|_atelyapparen.tthatthetechmque
on the human body. Inclinometers were chosen to meas(¥@S notsuccessful forthe swing leg of the single support phase
human angles because they are easy to attach to the hurfRhialking (one foot on the ground). With position control,
and they do not require precise relative alignment between tl{éhe human does not move their torso the master-slave con-
human’s limbs. troller keeps the BLEEX torso still. In this case, the human

The Microstrain FAS-G gyro enhanced inclinometer watPrso and BLEEX torso can be thought of as rigidly bound
selected because of its high resolution (0.1 deg), range g@€ther. The small freedom of movement remaining in the
motion (360 deg) and angular velocity range (300 deg/s guman toe and heel _attachmer_1t mechanlsm is insufficient to
5.24 rad/s). A custom signal amplification board was added @/0W the human to lift and swing their leg naturally. Thus,
fit the signal to our data acquisition system. The inclinometd¥ith the master-slave controller servoing these angle differ-
and signal amplifying board were repackaged in a custoffCes, the overall motion of the human and BLEEX was also
case. The mounting positions of inclinometers and encodefgnatural and consequently uncomfortable for the human. For
are illustrated in Figure 13. Elastic straps are used to fastiHS reason we decided to combine master-slave control with
the inclinometers on the human legs. Since the human fd&€ sensitivity amplification controller.
can move relative to the BLEEX foot and tracking, this small
movt_—zmgnt is crucial in the toe-off and heel-strike stages, $03. Swing Phase: Sensitivity Amplification
that inclinometers on the human feet are necessary. The foot
inclinometer case is specifically made. It is bolted into th&he sensitivity amplification controller presented in Kaze-
sole of the human shoe and oriented with its sensing axisrisoni et al. (2005) needs no direct measurements from the
parallel to the ankle flexion axis. pilot or the human-machine interface (e.g., no force sensors
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between the two). Instead, the controller estimates, based on
measurements (accelerometers and encoders) from the ex- s d _H
oskeleton only, how to move so that the pilot feels very little
force. This has been shown to be an effective method of gener-
ating locomotion when the contact location between the pilot >
and the exoskeleton is unknown and unpredictable (i.e., the
exoskeleton and the pilot are in contact in variety of places). r
The basic principle for the control of BLEEX requires a high G C
level of sensitivity in response to the forces and torques im-
posed by the pilot. Fig. 14. This block diagram shows how the exoskeleton
The control of the exoskeleton is motivated below by conmoves. The upper feedback loop shows how the human
sidering a planar 1 DOF exoskeleton system—a human leg toves the exoskeleton through applied forces. The lower
tached or interacting wita 1 DOF exoskeleton leg in a swingfeedback loop shows how the controller drives the exoskele-
configuration (no interaction with the ground). For simplicityfon independent of the human feedback loop.
the exoskeleton leg is considered to be a rigid link pivoting
about a revolute joint and powered by a single actuator.
Figure 14 shows the control block diagram, whéreep-

resents the transfer function from the actuator inpuio the |\ 100 o is the exoskeleton maneuvering bandwidth and

exoskeleton angular velocity, (actuator dynamics are in- g s the closed-loop sensitivity transfer function from hu-

cluded inG). In the case where multiple actuators producg, 5, torqued, at the input to the exoskeleton motian,at
controlled torques on the systemjs the vector of torques output as follows:

imposed on the exoskeleton by the actuators. The sensitiv-

ity transfer function S, represents how the equivalent human s v S
torque affects the exoskeleton angular velocitynaps the NEV T4 T 1-GC
equivalent pilot torqued, onto the exoskeleton velocity,

The pilot force on the exoskeletod, is a function of both ) 2 o
b classical and modern control theorgaximize the sensitivity

the pilot dynamicsH, and the kinematics of the pilot lim f the closed | ¢ d In classical
(e.g., velocity, position, or a combination thereof). In genera?, the clo 0op system to forces an torque; N classica
ervo problems, negative feedback loops with large gains re-

H is determined primarily by the physical properties of th§€"™" IRSAR. . .
human dynamicspHere 3\/,9 i’l;\ssuﬂgeii a noF:lIinpear opera- sultin small sensitivity within a bandwidth, which means that

tor representing the pilot impedance as a function of the pilg?ey reject forces and torques (usually called disturbances).

kinematics as shown in (4). Many other more detailed modeIl-éowever, our design goal states that the exoskeleton controller

of H also exist (Wilkie 1950; Winters and Stark 1985), bupeeds a "’?‘rge sensitivity to_fp rces anq torques. .
are not necessary for this discussion. To achieve a large sensitivity function, we use the inverse

of the exoskeleton dynamics as a positive feedback controller

d=—H() (4) so that the loop gain for the exoskeleton approaches unity
(slightly less than 1). In general, the use of positive feedback
In Figure 14,H represents human dynamics. Note thaith a controller is chosen as:

for the swing leg because the human and the exoskeleton are

tightly connected (since BLEEX torso is controlled by posi- C=Q1-ahHG™ (8)

tion control), human joint velocities are exactly the same as i L i

exoskeleton joint velocities. In contrast, for stance controYYhere“ is the amplification numlber greater than unlt.y.. )

as shown in Figure 7H represents interaction dynamics and If @ = 10, thenC = 0.9G™, and the new sensitivity

the connection between the human and exoskeleton is Coﬁgnsfer function isSyey = 10S (ten times the force ampli-

pliant (i.e., the torso connection is flexiblé). andé,., (i.e., fication). Equation (8) simply states that a positive feedback

6,) are different and this difference is used as the input to tHEPNtroller needs to be chosen as the nverse dynamics of the
controller. system dynamics scaled down k¥ — o). Note that (8)

Positive feedback control is used to achieve our goal @fescribes the controller in thg absence gf unmpdeled high-
sensitivity amplification: reql_Jency_exoskeIeton_ dynamics. In practi€elso mcludes_
a unity gain low pass filter to attenuate the unmodeled high-
ISvewl > |S| Vo € (0, wp) (5) frequency exoskeleton dynamics that may not be captured in
the model G~*.
or alternatively The above simple solution comes with an expensive price:
robustness to parameter variations. In order to get the above
I1+GCl <1 VYo e (0,w) (6)  method working, one needs to know the dynamics of the sys-

(7)

Exoskeleton control requires a totally opposite goal from
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tem well. When this method is used for all phases of the walk- C(0,6), P(9)and M(0) are the estimates of the Coriolis
ing gait cycle, the machine CG, and mass must be known vemyatrix, gravity vector, and the inertia matrix respectively for
well. Obtaining a good model of each BLEEX link is not hard9) based on our model of the system. Substituihfrom
since, as the designer, we can control their dimension afitd) into (9) yields

construction. However, obtaining a good model of torso is

nontrivial because the torso includes a variable payload. In M(©)0 +C(0,0)0 + P(©O) = P(©0)
addition, this method is computationally very expensive. In PN
the single stance phase, the controller must calculate the full +(1-a™) [M(9)9 + C(, 9)9] +d.  (11)

inverse dynamicsfa 7 DOF serial chain of links every time R . o
through the control loop. Even on a fast modern micropro- In the limit whenM©) = M(©), C(0,0) = C(0,0),
cessor, this can consume the bulk of the f@omputation P(¢) = P(0), ande is sufficiently larged will approach
window corresponding to our 2 KHz control update rate (Kimzero, meaning the pilot can swing the leg as if BLEEX did
Anwar, and Kazerooni 2004). As was shown earlier, the hybrigot exist.
method allows us to circumvent much of this computation.

To illustrate the sensitivity amplification scheme, experig Transitioning Between Controllers
mental results frm a 1 DOF sensitivity amplification con-
troller running on the BLEEX hardware are shown in Figin the sensitivity amplification controller method proposed in
ure 15. The experiment is run on the left hip of BLEEXour previous publications, the walking gait cycle is divided
BLEEX is put on jig so that it is in jump mode (both feetinto three phases: single support, double support, and dou-
are off the ground) and all joint valves are turned off excefile support with one redundancy. The dynamic model is built
the left hip to simulag a 1 DOF system. Figure 15 shows theyased on these three phases (Rose and Gamble 1994; Kaze-
bode plot of hip joint torque tracking as the human moves th@oni et al. 2005). However, in hybrid control, the BLEEX
BLEEX leg through an angle range similar to the walking gaifnodel is based on each individual leg, instead of the status
cycle. The reference torque for the controller is calculated ugf both legs. Each leg state is decided independently and the
ing the sensitivity amplification method. From the bode plogorresponding control is implemented.
we can see the tracking is acceptable in the low frequency There are four possibilities for the state of each leg:
range. With the sensitivity amplification controller and grav-  Stance: the leg is standing on ground
ity compensation, the human expends little effort to move the  Swing: the leg is off the ground

BLEEX leg. Heel-strike: the leg is stepping down to ground

Toe-off: the leg is lifting off the ground
4.4. Implementation of the Sensitivity Amplification To decide which state each leg is in, two sets of digital
Controller pressure activated footswitches are used to provide informa-

In hvbrid ol it trol i d for the st | tion about the foot status of each leg. The BLEEX footswitch
n dy nd con rc;, DSSI '?(n control 1S use l.f.or ne stance ”e igure 17(a)) is located between the BLEEX footand ground.
and a positive feedback sensitivity amplification contro hen the BLEEX foot is on ground, the BLEEX footswitch

is used for the swing leg. In contrf':\st with the 'torso, Wherl'?s on. The human footswitch (Figure 17 (b)) is located inside
the unknown and frequently changing payload is located, tl?ﬁ

i . . . e human boot similar to a shoe insole to detect whether the
swing leg is easier to model accurately. The BLEEX swing le

; deled 3 DOF serial link hanism in th it uman is attempting to lift their foot. If the human wants to
IS modeled a a serial link mechanism In the sagitiafiq yhe foot, their heel is able to lift up a little inside the boot

pla}ne shown in Figure 16. The dynamics of BLEEX can bgind this causes the human footswitch to turn off, signaling the
written in the general form as:

controller.
M@ +C®H,0)6+P@O) =T+d 9) The controller records the foot switch status and keeps
track of both the current sample value and the previous sam-
whered = [0, 6, 6;]" andT =[T, T, T3]". ple value. The leg status is decided according to these pre-

M is a 3x 3 inertia matrix and is a function 6. C(9,6)  vious and current footswitch signals. If the previous BLEEX
is a centripetal and Coriolis matrix and is a functionrcdnd  footswitch or human footswitch were off, and currently the
0. P is a 3x 1 vector of gravitational torques and is a functiorBLEEX footswitch and human footswitch are on, then that
of 6 only. T is the 3x 1 actuator torque vectat.is the effec- leg is in the heel-strike mode. If previously both the human
tive 3 x 1 torque vector imposed by the pilot on BLEEX atfootswitch and BLEEX footswitch were on and currently hu-
various locations. According to (8), we choose the controllenan footswitch or BLEEX footswitch is off (i.e., the human
to be the inverse of the BLEEX swing leg dynamics scaled byants to lift up), then that leg is in toe-off mode. If previ-
(1— ™), wherex is the sensitivity amplification gain. ously the BLEEX and human footswitch were on and cur-

T = PO+ (1 _ a,l) [1\31(6)5 +C® 9-)9-] (10) rently BLEEX and human footswitch are on, then the leg i_s in
’ stance mode. If previously the BLEEX or human footswitch
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Torque tracking Bode plot from Tdes to Tact
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Fig. 15. Bode plot of experimental results from 1 DOF (hip joint) sensitivity amplification controller joint torque tracking.

(b)

Fig. 17. (a) BLEEX footswitches (between BLEEX and

Fig. 16. Sagittal plane representation of BLEEX in the singlground) placed in sole mold before being cast in urethane; (b)
stance phase (the human pilot is not shown). Human footswitch shoe insole (between BLEEX and human).

were off and currently the BLEEX or human footswitch aréXPeriment value,. Currently this is implemented with a
off, then the leg is in the swing mode. profile function. The transition of the gain is finishedAn

sec. and the current experimental valueAafis 1 second.
) - This profile function was determined to be most comfortable
5.1. Heel-strike Transition for the human through experimentation.

When stepping down, each joint controller on the leg changes

from sensitivity amplification based force control to position; 5 Toeoff Transition

control. To prevent the control signal (valve voltage) from

undergoing a sudden change, each joint position control gaivthen lifting off ground, each joint controller on the leg
K gradually changes from a small valug,, to the optimum changes from position control to force control. Again, to
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prevent the control signal from undergoing a sudden changiynamics. An additional problem encountered while testing
the implemented actuator torqein (9) is set toT,,,. (i.e., hybrid control was that the pilot needed to use a handrail to
the actual actuator torques at the beginning of transition), anthintain lateral (side-to-side) balance. Once one leg was in
gradually changed to the calculated validrom (10). As a swing, the whole pilot and BLEEX tended to fall toward the
cost of the smooth transition, the required torque for forcewing leg in the lateral plane. This was due in large part to
control is not completely applied and the human needs the fact that abduction and adduction joints at the hip were
provide extra energy to compensate. Currently this is alsmt powered. Because the harness was loosened to improve
implemented with a profile function. The transition of the imthe performance of the master-slave control mode, the pilot
plemented actuator torque is finished inAr sec. and the was unable to apply enough torque compensate for the lack
current experimental value @t is 0.4 seconds. of powered hip abduction and adduction. The pilot was able
In both heel-strike and stance mode, the same position cdo-provide a small balancing torque through the semi-rigid
trol algorithm is implemented; only the proportional gakh, foot connection, but this was insufficient to provide lateral
changes. Similarly, in both toe-off mode and swing mode, thetability. Zoss and Kazerooni (2005) demonstrated that pow-
same force control is implemented. Only the applied actuatering the abduction-adduction joints at the hips eliminates the
torque,T, changes. For faster walking, the fixed minimuriateral control problem when walking with the sensitivity am-
transition periodAt, will not cause instability but the human plification controller and we conclude that it would also assist
will need to provide more energy to achieve the desired motion lateral balance for the hybrid control case.
and speed. Compared with load relief, the extra human energyThe Berkeley Lower Extremity Exoskeleton (BLEEX) is
expenditure was small and considered worthwhile by test suhet a typical servo-mechanism. It requires large sensitivity
jects. Future work includes adding adaptation algorithms to pilot forces, which invalidates certain assumptions of the
adjust the twaAt values in response to the walking speed anstandard control design methodologies. One version of the
testing different frequency-domain filtering approaches. controller, which we call a sensitivity amplification controller,
uses the inverse dynamics of the exoskeleton as a positive
: . feedback so that the loop gain for the exoskeleton approaches
6. Safety Considerations unity (slightly less than 1; Kazerooni et al. 2005). The trade off
Because the human is in close contact with the exoskeletdgithat this approach requires an accurate model of the system.
safety is avery importantissue. For the hybrid control schem@s an alternative approach, hybrid control is presented. In
the inclinometers attached to the human are particularly vutybrid control, master-slave control is used for the stance leg
nerable. If they were to fail or come loose from the humaand a sensitivity amplification controller is used for the swing
they could falsely report desired human joint angles that, i¢g. In this way, it is not necessary to have a good dynamic
the controller were to track, would result in injury or discomimodel of the torso, which is hard to accurately obtain given
fort. To prevent this, if an inclinometer reading error occurdghat the payload can change. Laboratory walking experiments
the controller tracking erraf,; — 6,.,; is software limited to have been used to demonstrate the feasibility of this method.
be less than 15 degrees. In addition, if the controller cannbiowever, further development is still necessary to improve
achieve desired tracking performance within a set time wilhe inclinometer fastening method, resolve safety issues, and
dow, the system is shut down. These measures help to ensi@golve balance issues.
the controller output will not cause BLEEX to overwhelm the
human. Another example of the type of safety CO”S,'derat'o'F?eferences
that have been added for the hybrid control scheme is to not al-
low both legs to be in swing simultaneously, which for hybrictAmundsen, K., Raade, J., Harding, N., and Kazerooni, H.
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