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33. Exoskeletons
for Human Performance Augmentation

Homayoon Kazerooni

Although autonomous robotic systems perform
remarkably in structured environments (e.g., fac-
tories), integrated human-robotic systems are
superior to any autonomous robotic systems in un-
structured environments that demand significant
adaptation. The technology associated with exo-
skeleton systems and human power augmentation
can be divided into lower-extremity exoskeletons
and upper-extremity exoskeletons. The reason for
this was twofold; firstly, one could envision a great
many applications for either a stand-alone lower-
or upper-extremity exoskeleton in the immedi-
ate future. Secondly, and more importantly for the
division, is that these exoskeletons are in their
early stages, and further research still needs to
be conducted to ensure that the upper-extremity
exoskeleton and lower-extremity exoskeleton can
function well independently before one can ven-
ture an attempt to integrate them. This chapter
first gives a description of the upper-extremity
exoskeleton efforts and then will proceed with the

33.1 Survey of Exoskeleton Systems

In the early 1960s, the US Defense Department ex-
pressed interest in the development of a man-amplifier,
a powered suit of armor which would augment sol-
diers’ lifting and carrying capabilities. In 1962, the Air
Force had the Cornell Aeronautical Laboratory study
the feasibility of using a master—slave robotic system as
a man-amplifier. In later work, Cornell determined that
an exoskeleton, an external structure in the shape of the
human body which has far fewer degrees of freedom than
a human, could accomplish most desired tasks [33.1].
From 1960 to 1971, General Electric developed and
tested a prototype man-amplifier, a master—slave system
called the Hardiman [33.2-6]. The Hardiman was a set
of overlapping exoskeletons worn by a human operator.
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more detailed description of the lower-extremity
exoskeleton.

The outer exoskeleton (the slave) followed the motions
of the inner exoskeleton (the master), which followed
the motions of the human operator. All these studies
found that duplicating all human motions and using
master—slave systems were not practical. Additionally,
difficulties in human sensing and system complexity
kept it from walking.

Vukobratovic et al. developed a few active orthoses
for paraplegics [33.7]. The systems include hydraulic or
pneumatic actuators for driving the hip and knee joints in
the sagittal plane. These orthoses were coupled with the
wearer via shoe bindings, cuffs, and a corset. The device
was externally powered and controlled via a predeter-
mined periodic motion. Although these early devices
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were limited to predefined motions and had limited suc-
cess, balancing algorithms developed for them are still
used in many bipedal robots [33.8].

Seireg et al. also created an exoskeleton system for
paraplegics where only the hip and knee were pow-
ered by hydraulic actuators in sagittal plane [33.9].
The hydraulic power unit consists of a battery-powered
direct-current (DC) motor, pump, and accumulator.
A bank of servo-valves drives the actuators at the knee
and hip. The device was controlled to follow a set of

joint trajectories without the use of any sensory systems
from its wearer.

The hybrid assisted limb (HAL) was developed at the
University of Tsukuba ([33.13, 14]). This 15 kg battery-
powered suit detects muscle myoelectrical signals on
the skin surface below the hip and above the knee. The
signals are picked up by the sensors and sent to the
computer, which translates the nerve signals into sig-
nals of its own for controlling electric motors at the
hips and knees of the exoskeleton, effectively amplify-

Fig. 33.2 (a) An exoskeleton for patient handling [33.10, 11]; (b) RoboKnee [33.12]



Exoskeletons for Human Performance Augmentation

33.2 Upper-Extremity Exoskeleton

ing muscle strength. In addition to electromyography
(EMG) signals, the device further includes potentiome-
ters for measuring the joint angles, force sensors for
measuring the ground reaction forces and a gyroscope
and accelerometer for measuring the torso angle. Each
leg of HAL powers the flexion/extension motion at the
hip and knee in the sagittal plane through the use of
DC motors integrated with harmonic drives. The ankle
includes passive degrees of freedom.

Yamamoto et al. [33.10,11] have created an exoskel-
eton system for assisting nurses during patient handling.
The lower limbs include pneumatic actuators for the
flexion/extension of the hips and knees in the sagittal
plane. Air pumps are mounted directly onto each actua-
tor to provide pneumatic power. User input is determined
via force sensing resistors coupled to the wearer’s skin.
The measurement from force sensing resistor (FSR)
and other information such as joint angles are used to
determine the required input torques for various joints.

Pratt et al. developed a powered knee brace for
adding power at the knee to assist in squatting [33.12].
The device is powered by a linear series-elastic actua-

33.2 Upper-Extremity Exoskeleton

In the mid-1980s, researchers at Berkeley initiated sev-
eral research projects on upper-extremity exoskeleton
systems, billed as human extenders [33.17-23]. The
main function of an upper-extremity exoskeleton is
human power augmentation for the manipulation of
heavy and bulky objects. Since upper-extremity ex-
oskeletons are mostly used for factory floors, warehouse,
and distribution centers, they are hung from overhead
cranes. As can be seen in later sections, lower-extremity
exoskeletons focus on supporting and carrying heavy
payloads on the operator’s back (like a backpack) during
long-distance locomotion. Upper-extremity exoskele-
tons, which are also known as assist devices or human
power extenders, can simulate forces on a worker’s
arms and torso. These forces differ from, and are usu-
ally much smaller than the forces needed to maneuver
aload. When a worker uses an upper-extremity exoskel-
eton to move a load, the device bears the bulk of the
weight by itself, while transferring to the user as a nat-
ural feedback a scaled-down value of the load’s actual
weight. For example, for every 20 kg of weight from an
object, a worker might support only 2 kg while the de-
vice supports the remaining 18 kg. In this fashion, the
worker can still sense the load’s weight and judge his/her

tor coupling the upper and the lower portions of a knee
brace. The control of this powered knee brace requires
the ground reaction force measured by two load cells.
The system uses a positive-feedback force controller to
create an appropriate force for the actuator.

Kong et al. developed a full lower-limb exoskeleton
system that works with a powered walker [33.15]. The
walker houses the electric actuators, the controller, and
the batteries, reducing the weight of the exoskeleton
system. A transmission system transmits power to the
wearer’s joints from the actuators in the walker. The
exoskeleton is powered at the hips and knees in sagittal
plane. The input to drive the system is a set of pressure
sensor that measure the force applied by the quadriceps
muscle on the knee.

Agrawal et al. have conducted research projects on
statically balanced leg orthoses that allow for less effort
during swing [33.16]. In the passive version, the device
uses springs in order to cancel the gravity force associ-
ated with the device links and the person leg. Through
experiments the authors showed that the device reduced
the required torque by the wearer substantially.

movements accordingly, but the force he/she feels is
much smaller than what he/she would feel without the
device. In another example, suppose the worker uses
the device to maneuver a large, rigid, and bulky ob-
ject, such as an exhaust pipe. The device will convey
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 de-
vice will decrease and filter the forces transferred from
the wrench to the worker’s arm so the worker feels the
low-frequency components of the wrench’s vibratory
forces instead of the high-frequency components that
produce fatigue [33.24]. These assist devices not only
filter out unwanted forces on a worker, but can also be
programmed to follow a particular trajectory regardless
of the exact direction in which the worker attempts to
manipulate the device. For example, suppose an auto-
assembly worker is using an assist device to move a seat
to its final destination inside a car. The assist device can
bring the seat to its final destination, moving it along
a preprogrammed path with a speed that is proportional
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Fig.33.3a,b Two-handed upper-extremity exoskeleton
where artificially built friction forces between the load and
the arms allow for grasping objects [33.25]

to the magnitude of the worker’s force on the device. Al-
though the worker might be paying very little attention to
the final destination of the seat, the device can still bring
the seat to its proper place without the worker’s guid-
ance. The upper-extremity exoskeleton reflects on the
worker’s arm forces that are limited and much smaller
than the forces needed to maneuver loads. With it, auto-
assembly and warehouse workers can maneuver parts
and boxes with greatly improved dexterity and preci-
sion, not to mention a marked decrease in muscle strain.

33.3 Intelligent Assist Device

The intelligent assist devices (IAD) are the simplest
non-anthropomorphic form of the upper-extremity sys-
tems that augments human capabilities [33.30, 31].
Figure 33.5 illustrates an intelligent assist device (IAD).
At the top of the device, a computer-controlled elec-
tric actuator is attached directly to a ceiling, wall, or
an overhead crane and moves a strong wire rope pre-
cisely, and with a controllable speed. Attached to the
wire rope is a sensory end-effector where the opera-
tor hand, the IAD, and the load come into contact. The
end-effector includes a load interface subsystem and an
operator interface subsystem. The load interface sub-
system is designed to interface with a variety of loads
and holding devices. Hooks, suction cups, and grippers
are examples of other connections to the end-effector as
shown in Fig. 33.6. In general, to grab complex objects,
special tooling systems should be made and connected to
the load interface subsystem. The operator interface sub-

Fig.33.4 One-handed upper-extremity exoskeleton where
a griper allows for grasping of heavy objects [33.21]

The upper-extremity exoskeleton will significantly re-
duce the incidence of back injury in the workplace,
which will in turn greatly decrease the annual cost of
treating back injuries.

Upper-extremity exoskeletons were designed based
primarily on compliance control [33.26-29] schemes
that relied on the measurement of interaction force
between the human and the machine. Various experi-
mental systems, including a hydraulic loader designed
for loading aircrafts and an electric power extender built
for two-handed operation, were designed to verify the
theories (Fig. 33.3 and Fig. 33.4).

system includes an ergonomic handle, which contains
a high-performance sensor for measuring the magnitude
of the vertical force exerted on the handle by the operator.
A signal representing the operator force is transmitted
to a computer controller, which controls the actuator of
the IAD. Using the measurement of the operator force
and other calculations, the controller assigns the neces-
sary speed to either raise or lower the wire rope to create
enough mechanical strength to assist the operator in the
lifting task as required. If the operator pushes upwardly
on the handle, the assist device lifts the load; and if the
operator pushes downward on the handle, the assist de-
vice lowers the load. The load moves appropriately so
that only a small preprogrammed proportion of the load
force (weight plus acceleration) is supported by the oper-
ator, and the remaining force is provided by the actuator
of the IAD. All of this happens so quickly that the op-
erator’s lifting efforts and the device’s lifting efforts are
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Fig.33.5 Intelligent assist device: the simplest form of
upper-extremity enhancers for industrial applications. The
IAD can follow a worker’s high-speed maneuvers very
closely during manipulations without impeding the work-
er’s motion.

synchronized perfectly and the load feels substantially
lighter to the operator. With this load-sharing concept,
the operator has the sense that he or she is lifting the load,
but with far less force than would ordinarily be required.
For example, with a 25 kg load force (gravity plus ac-
celeration), the IAD supports 24 kg, while the operator
supports and feels only 1 kg. With the assistance of the

intelligent assist device, a worker can manipulate any
object in the same natural way that he/she would manip-
ulate a lightweight object without any assistance. There
are no push buttons, keyboards, switches, or valves to
control the motion of the intelligent assist device; the
user’s natural movements, in conjunction with the device
computer, controls the motion of the device and its load.

Figure 33.6 shows the end-effector that measures the
operator forces at all times even in the presence of load-
ing and unloading shock forces. This robust end-effector
also includes a dead-man switch, which is installed on
the handle and sends a signal to the controller via a sig-
nal cable. If the dead-man switch on the end-effector is
not depressed, (i.e., if the operator is not holding onto
the handle of the end-effector), the device will be sus-
pended without any motion even if loads are added to or
removed from the end-effector.

The IAD is engineered with variety of embedded
safety features. One of the most important safety charac-
teristics of the IAD is that the wire rope does not become
slack if the end-effector is physically constrained from
moving downward and the end-effector is pushed down-
ward by the operator. Slack in the wire rope can have
far more serious consequences than slowing down the
workers at their jobs; the slack line could wrap around
the operator’s neck or hand, creating serious or even
deadly injuries. The control algorithm in the computer
of the IAD, employing the information from various
sensors, ensures that the wire rope will never become
slack [33.32].

Another form of IAD can be seen in Fig. 33.7 where
a sensory glove measures the force the wearer imposes

Fig. 33.6a-c The end-effector (a) contains a sensor (b) that measures the force that the operator appleskto the handle

(c) in the vertical direction
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on any part of the material handling system or the object
being maneuvered [33.33, 34]. This instrumented glove
is always worn by the operator and therefore remains
with the operator. The instrumented glove generates
a set of signals as a function of the contact force be-
tween the glove and the object being manipulated or the
material handling device itself. A set of signals repre-
senting the contact force is transmitted in the form of
radiofrequency (RF) signals to a device controller so
that a command signal is generated. The command sig-

33.4 Control Architecture

Fig.33.7 An instrumented glove al-
lows an operator to lift and lower
objects naturally while using a hoist,
similar to the way one maneuvers
objects manually without activating
switches or push buttons [33.34]

Transmitter
Y\ electronics

system Stiched or glued

nal is sent to the device actuator to provide the required
assistance to maneuver or lift the load as a function of
the force imposed by the operator, so that the operator
provides only a small portion of the total force needed
to maneuver the device and the object being manipu-
lated by the device. For a person observing the operator
and the IAD, this interaction seems rather magical since
the device responds to the operator’s touch regardless of
whether the operator is pushing on the IAD or on the
object being lifted by the device.

for Upper-Extremity Exoskeleton Augmentation

The linear system theory is employed here to model
the dynamic behavior of the elements of an IAD. This
allows us to disclose the system properties in their
simplest and most commonly used form. The more
general approach (nonlinear and multivariable mod-
els for upper-extremity assist devices) are presented
in [33.19,20], and [33.21], where they have been ap-
plied to the devices shown in Figs. 33.3 and 33.4.
The block diagram of Fig.33.8 shows the basic con-
trol technique. As discussed earlier, the force-sensing
element in the end-effector delivers a signal to the
controller, which is used to control the actuator. If e
is the input command to the actuator, then the lin-
ear velocity of the end-effector v can be represented

by:
v=Ge+Sfr, (33.1)

where G is the actuator transfer function relating the
input command to the actuator to the end-effector ve-
locity; S is the actuator sensitivity transfer function
relating the wire rope tensile force fr to the end-
effector velocity, v. A positive value for v represents
a downward speed for the load. Also note that, since
the load is connected to the end-effector, both termi-
nologies load velocity and end-effector velocity refer to
v as derived by (33.1). If a closed-loop velocity con-
troller is designed for the actuator such that S is small,
the actuator has only a small response to the line tensile
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force. A high-gain controller in the closed-loop veloc-
ity system results in a small S and consequently a small
change in velocity v in response to the line tensile force.
Also note that non-back-drivable speed reducers (usu-
ally high transmission ratios) produce a small S for the

system.
The rope tensile force fr can be represented by:
R=f+p, (33.2)

where f is the operator-applied force on the end-
effector; the force p imposed by the load and the
end-effector is referred to herein as the load force on
the line. Positive values for f and p represent down-
ward forces. Note that p is the force imposed on the line
and is equal to the weight and inertia force of the load
and end-effector taken together:

W d
p=W—-———v, (33.3)
g dt

where W is the weight of the end-effector and load taken
together as a whole and %v is the acceleration of the
end-effector and load. If the load does not have any ac-
celeration or deceleration, then p is exactly equal to
the weight of the end-effector and load W. The oper-
ator force f is measured and passed to the controller
delivering the output signal e. A positive number fj in
the computer is subtracted from the measurement of the
human force f. The role of fj is explained later. If the
transfer function of the controller is represented by K,
then the output of the controller e is:

e=K(f— fo). (33.4)

Substituting for fr and e from (33.2) and (33.4) into
(33.1) results in the following equation for the end-
effector velocity v:

v=GK(f—fo)+S(f+p). (33.5)

Measuring an upward human force on the end-
effector or on the load is only possible when the line
is under tension from the weight of the end-effector. If
the end-effector is light, then the full range of human
upward forces may be neglected by the sensor in the in-
strumented glove. To overcome this problem, a positive
number fj is introduced into (33.4). As (33.5) shows, the
absence of f and p will cause the end-effector to move
upwardly. Suppose the maximum downward force im-
posed by the operator is fmax. Then fp is preferably
set at approximately half of fiax. Substituting for fj in
(33.5), (33.6) represents the load velocity:

U:GK(f—fn;x

)+S(f+P). (33.6)
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Fig.33.8 The control block diagram of an intelligent assist device

If the operator pushes downward such that f = fiax,
then the maximum downward velocity of the load is:

Vdown = GK <%>+S(f+P). (33.7)

If the operator does not push at all, then the maximum
upward velocity of the end-effector or the load is:

2

Therefore, by the introduction of fp in (33.4), one need
not be concerned about the measurement of the upward
human force. If S = 0, the upward and downward maxi-
mum speeds are identical in magnitude. However, in the
presence of nonzero S, for a given load and under equal
conditions, the magnitude of the maximum upward
speed is smaller than the magnitude of the maximum
downward speed. This is very natural and intuitive for
the operator. Going back to (33.5), it can be observed that
the more force an operator imposes on the load or on the
line, the larger the velocity of the load and end-effector
will be. Using the measurement of the operator force, the
controller assigns the proper pulley speed to create suffi-
cient mechanical strength, in order to assist the operator
in the lifting task. In this way, the end-effector follows
the human arm motions naturally. Equation (33.5) sug-
gests that, when the operator increases or decreases the
downward force on an object, a corresponding increase
or decrease occurs in the downward speed of the object.
Alternatively, an increase or decrease in the object’s
weight causes a decrease or increase, respectively, in the

v=—GK<fmax>+S(f+P). (33.8)

Controller
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upward object speed for a given operator force on the
object. As Fig.33.8 indicates, K may not be arbitrar-
ily large. Rather, the choice of K must guarantee the
closed-loop stability of the system. The human force f
is a function of the human arm impedance H, whereas

the load force is a function of load dynamics, i.e., the
weight and inertial forces generated by the load. One
can find many methods to design the controller transfer
function K. Reference [33.19] describes the conditions
for the closed-loop stability of such systems.

33.5 Applications of Intelligent Assist Device

The IAD was designed with one vision in mind: min-
imizing the risk of injuries associated with repeated
maneuvers, and maximizing the throughput while main-
taining robustness and user-friendliness. The [AD has
been evaluated extensively for three applications: ware-
housing and distribution centers, auto-assembly plants,
and delivery services. A study on warehousing maneu-
vers at distribution centers demonstrated that palletizing,
depalletizing, loading and unloading trucks, and plac-
ing boxes on and off of conveyor belts are the most
common maneuvers. Initial studies of the distribution
centers demonstrated that objects to be maneuvered
in warehouses and distribution centers are mostly
boxes weighing less than 27 kg that require workers
to maneuver them rapidly (sometimes up to 15 boxes
a minute). The use of the IADs in warehouses would
have a considerable impact on reducing injuries to
the worker population because of the large number
of warehouse workers. Figure 33.6 shows the use of
the IAD in a distribution center during a depalletizing
operation.

Studies of auto-assembly maneuvers revealed that
the installation of batteries, gas tanks, bumpers, instru-
ment panels, exhaust pipes, and prop shafts are important
maneuvers that would benefit from IADs (Fig.33.9).
Various load interface subsystems must be employed
for connection to various auto parts.

Postal services across the world use sacks and trays
to hold letters, magazines, and small boxes. These sacks
and trays, which are manually handled by mail handlers,
are usually fully filled with magazine bundles, envelopes
and parcels, and can weigh up to 32 kg. In general, at all
distribution centers, several factors contribute to the cre-

33.6 Lower-Extremity Exoskeleton

The first field-operational lower-extremity exoskeleton
(commonly referred to as BLEEX) is comprised of
two powered anthropomorphic legs, a power unit, and

Fig.33.9a,b The use of IADs for mail and package deliv-
ery service (a) and automobile industries (b)

ation of awkward and uncomfortable handling situations
for mail handlers:

® the heavy weight of the sacks and letter trays and
letter tubs

® the lack of handles, eyelets or any other helpful
operator interface on the sacks and parcels

e the unpredictable shape, size, and weight of the sacks
and letter trays and letter tubs at a work station

Intelligent assist devices greatly reduce the risk of
back injuries when used by workers performing repeti-
tive maneuvers. This reduction in injury, in turn, will
greatly reduce the national cost of treating back in-
juries. See [33.35] and [33.36] for end-effectors that
are deigned for grasping postal sacks.

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 ability to carry significant loads
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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 as-
cending and descending slopes, while also offering the
ability to step over and under obstructions while carry-
ing equipment and supplies. Because the pilot can carry
significant loads for extended periods of time without
reducing his/her agility, physical effectiveness increases
significantly with the aid of this class of lower-extremity
exoskeletons. In order to address issues of field robust-
ness and reliability, BLEEX is designed such that, in
the case of power loss (e.g., from fuel exhaustion), the
exoskeleton legs can be easily removed and the re-
mainder of the device can be carried like a standard
backpack.

BLEEX was first unveiled in 2004, at UC Berke-
ley’s Human Engineering and Robotics Laboratory. In
this initial model, BLEEX offered a carrying capacity
of 34kg (751bs), with weight in excess of that al-
lowance being supported by the pilot. BLEEX’s unique
design offers an ergonomic, highly maneuverable, me-
chanically robust, lightweight, and durable outfit to

Fig.33.10 Berkeley lower-extremity exoskeleton (BLEEX)
and pilot Ryan Steger. 1: The load occupies the upper por-
tion of the backpack and around the power unit; 2: rigid
connection of the BLEEX spine to the pilot’s vest; 3: the
power unit and central computer occupies the lower portion
of the backpack; 4: semirigid vest connecting BLEEX to the
pilot; 5: one of the hydraulic actuators; 6: rigid connection
of the BLEEX feet to the pilot’s boots

surpass typical human limitations. BLEEX has nu-
merous potential applications; it can provide soldiers,
disaster relief workers, wildfire fighters, and other emer-
gency 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. Unlike un-
realistic fantasy-type concepts fueled by movie-makers
and science-fiction writers, the lower-extremity exoskel-
eton conceived at Berkeley is a practical, intelligent,
load-carrying robotic device. It is our vision that BLEEX
will provide a versatile and realizable transport platform
for mission-critical equipment.

The effectiveness of the lower-extremity exoskeleton
stems from the combined benefit of the human intellect
provided by the pilot and the strength advantage of-
fered by the exoskeleton; in other words, the human
provides an intelligent control system for the exoskel-
eton while the exoskeleton actuators provide most of
the strength necessary for walking. The control algo-
rithm ensures that the exoskeleton moves in concert
with the pilot with minimal interaction force between
the two. The control scheme needs no direct measure-
ments from the pilot or the human—machine interface
(e.g., no force sensors between the two); instead, the
controller estimates, based on measurements from the
exoskeleton only, how to move so that the pilot feels
very little force. This control scheme, which has never
before been applied to any robotic system, is an effective
method of generating locomotion when the contact loca-
tion between the pilot and the exoskeleton is unknown
and unpredictable (i.e., the exoskeleton and the pilot
are in contact in variety of places). This control method
differs from compliance control methods [33.27,28] em-
ployed for upper-extremity exoskeletons [33.17,21] and
haptic systems [33.18, 19] because it requires no force
sensor between the wearer and the exoskeleton.

The basic principle for the control of an exoskel-
eton rests on the notion that the exoskeleton needs to
shadow the wearer’s voluntary and involuntary move-
ments quickly, and without delay. This requires a high
level of sensitivity in response to all forces and torques
on the exoskeleton, particularly the forces imposed by
the pilot. Addressing this need involves a direct conflict
with control science’s goal of minimizing system sen-
sitivity in the design of a closed-loop feedback system.
If fitted with a low sensitivity, the exoskeleton would
not move in concert with its wearer. One should realize,
however, that maximizing system sensitivity to external
forces and torques leads to a loss of robustness in the
system.
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Taking into account this new approach, the goal is
to develop a controller for the exoskeleton with high
sensitivity. One is faced with two realistic concerns;
the first was that an exoskeleton with high sensitivity
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 exoskeleton would move just as it would
in response to forces from its pilot. Although the fact that
it does not stabilize its behavior on its own in response
to other forces may sound like a serious problem, if it
did (e.g., using a gyro) the pilot would receive motion
from the exoskeleton unexpectedly and would have to
struggle with it to avoid unwanted movement. The key to

stabilizing the exoskeleton and preventing it from falling
in response to external forces depends on the pilot’s
ability to move quickly (e.g., step back or sideways) to
create a stable situation for himself and the exoskeleton.
For this, a very wide control bandwidth is needed so that
the exoskeleton can respond to both pilot’s voluntary
and involuntary movements (i. e., reflexes).

The second concern is that systems with high sen-
sitivity to external forces and torques are not robust to
variations and therefore the precision of the system per-
formance will be proportional to the precision of the
exoskeleton dynamic model. Various experimental sys-
tems in Berkeley have proved the overall effectiveness of
the control method in shadowing the pilot’s movement.

33.7 The Control Scheme of an Exoskeleton

The control of the exoskeleton is motivated here through
the simple one-degree-of-freedom (1-DOF) example
shown in Fig.33.11. This figure schematically depicts
a human leg attached or interacting with a 1-DOF exo-
skeleton leg in a swing configuration (no interaction with
the ground). For simplicity, the exoskeleton leg is shown
as arigid link pivoting about a joint and powered by a sin-
gle actuator. The exoskeleton leg in this example has an
actuator that produces a torque about pivot point A.
Although the pilot is securely attached to the exo-
skeleton 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 con-
tact forces (and sometimes contact torques) vary and are

Actuator

Fig.33.11 Simple one-DOF exoskeleton leg interacting
with the pilot leg. The exoskeleton leg has an actuator that
produces a torque 7T 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

therefore considered unknown values in this analysis. In
fact, one of the primary objectives in designing BLEEX
was to ensure a pilot’s unrestricted interaction with the
exoskeleton. The equivalent torque on the exoskeleton
leg, resulting from the pilot’s applied forces and torques,
is represented by d.

In the absence of gravity, (33.9) and the block dia-
gram of Fig.33.12 represent the dynamic behavior of
the exoskeleton leg regardless of any kind of internal
feedback the actuator may have

v=Gr+58d, (33.9)

where G represents the transfer function from the ac-
tuator input r to the exoskeleton angular velocity v
(the actuator dynamics are included in G). In the case
where multiple actuators produce controlled 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 the discussion here. Also bear in mind the omission
of the Laplace operator in all equations for the sake of
compactness.

Fig.33.12 The exoskeleton’s angular velocity is shown as
a function of the input to the actuators and the torques
imposed by the pilot on the exoskeleton
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The exoskeleton velocity, as shown by (33.9), is
affected by forces and torques from its pilot. The sensi-
tivity transfer function, S, represents how the equivalent
human torque affects the exoskeleton angular velocity;
S maps the equivalent pilot torque d onto the exoskel-
eton velocity v. If the actuator already has some sort of
primary stabilizing controller, the magnitude of S will
be small and the exoskeleton will only have a small re-
sponse to the imposed forces and torques from the pilot
or any other source. For example, a high-gain velocity
controller in the actuator results in small S, and con-
sequently a small exoskeleton response to forces and
torques. Also, non-back-drivable actuators (e.g., large
transmission ratios or servo-valves with overlapping
spools) result in a small S, which leads to a correspond-
ingly small response to pilot forces and torques.

Note that d (the 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 exoskeleton legs. These
dynamics change from person to person, and within
a person as a function of time and posture. It is as-
sumed that d is only from the pilot and does not include
any other external forces and torques.

The objective is to increase exoskeleton sensitivity
to pilot forces and torques through feedback but without
measuring d. Measuring d to create such systems devel-
ops several hard, but ultimately solvable, problems in
the control of a lower-extremity exoskeleton. Some of
those problems are briefly described below.

1. Depending on the architecture and the design of the
exoskeleton, 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 locations. These locations
are not known in advance. For example, we have
found that some pilots are interested in having braces
connecting an exoskeleton 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 may result in a system suitable
for a laboratory setting but not robust enough to be
deployed in the field.

2. If the exoskeleton design is such that the forces
and torques applied by the pilot on the exoskeleton
are limited to a specified location (e.g., the pilot
foot), the sensor that measures the pilot forces and
torques will also inadvertently measure other forces
and torques that are not intended for locomotion.
This is a major difference between measuring forces

from, for example, the human hands, and measur-
ing forces from the human lower limbs. Using our
hands, we are able to impose controlled forces and
torques on upper extremity exoskeletons and haptic
systems with very few uncertainties. However, our
lower limbs have other primary and nonvoluntary
functions like load support that take priority over
locomotion.

3. One option which was experimented with was the
installation of sensing devices for forces on the bot-
tom of the pilot’s boots, where they are connected to
the exoskeleton. Since the force on the bottom of the
pilot’s boot travels from heel to toe during normal
walking, several sensors are required to measure the
pilot force. Ideally, one would have a matrix of force
sensors between the pilot and exoskeleton feet to
measure the pilot forces at all locations and at all di-
rections, though in practice, only a few sensors could
be accommodated: at the toe, ball, midfoot, and the
heel. Still, this option leads to thick and bulky soles.

4. The bottoms of the human boots experience cyclic
forces and torques during normal walking that lead
to fatigue and eventual sensor failure if the sensor is
not designed and isolated properly.

For the above reasons and our experience in the
design of various lower-extremity exoskeletons, it be-
came evident that the existing state of technology in
force sensing could not provide robust and repeatable
measurement of the human lower limb force on the
exoskeleton. Our goal then shifted to developing an exo-
skeleton with a large sensitivity to forces and torques
from the operator using measurements only from the
exoskeleton (i.e., no sensors on the pilot or the exo-
skeleton interface with the pilot). Creating a feedback
loop from the exoskeleton variables only, as shown
in Fig.33.13 the new closed-loop sensitivity transfer
function is presented in (33.10).

S
SNEW = ? (33.10)

d_1+GC’

éﬁ
1=

Fig.33.13 The feedback control loop added to block dia-
gram of Fig.33.12; C is the controller operating only on
the exoskeleton variables
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Observation of (33.10) reveals that Sygw < S, and there-
fore any negative feedback from the exoskeleton leads
to an even smaller sensitivity transfer function. With re-
spect to (33.10), our goal is to design a controller for
a given S and G such that the closed-loop response from
d to v (the new sensitivity function as given by (33.10)) is
greater than the open-loop sensitivity transfer function
(i.e., S) within some bounded frequency range. This
design specification is given by inequality (33.11)

ISNew | > 1S, Yo € (0, wp) , (33.11)
or alternatively
[1+GCl <1 VYowe(0,w), (33.12)

where o is the exoskeleton maneuvering bandwidth.
In classical and modern control theory, every ef-
fort is made to minimize the sensitivity function of
a system to external forces and torques. But for exo-
skeleton control, one requires a totally opposite goal:
to maximize the sensitivity of the closed-loop system to

forces and torques. In classical servo problems, negative

feedback loops with large gains generally lead to small
sensitivity within a bandwidth, which means that they
reject forces and torques (usually called disturbances).
However, the above analysis states that the exoskeleton
controller needs a large sensitivity to forces and torques.
To achieve a large sensitivity function, it is suggested
that one uses the inverse of the exoskeleton dynamics as
a positive feedback controller so that the loop gain for
the exoskeleton approaches unity (slightly less than 1).
Assuming positive feedback, (33.10) can be written as

v S

SNEW = — = .
NEW= 1T 1-GC

(33.13)

If C is chosen to be C =0.9G™!, then the new sen-
sitivity transfer function is Sxgw = 10S (ten times the
force amplification). In general we recommend the use
of positive feedback with a controller chosen as:

Cl—a He!, (33.14)
where « is the amplification number greater than unity
(for the above example, o =10 led to the choice
of C=0.9G"). Equation (33.14) simply states that
a positive-feedback controller needs to be chosen as
the inverse dynamics of the system dynamics scaled
down by (1 —a~ ') . Note that (33.14) prescribes the
controller in the absence of unmodeled high-frequency
exoskeleton dynamics. In practice, C also includes
a unity-gain low-pass filter to attenuate the unmodeled
high-frequency exoskeleton dynamics.

The 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 (33.13), 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,
to understand the dynamics of the exoskeleton quite
well, as the controller is heavily model based. One can
see this problem as a tradeoff: the design approach de-
scribed above requires no sensor (e.g., force or EMG) in
the interface between the pilot and the exoskeleton; one
can push and pull against the exoskeleton in any direc-
tion and at any location without measuring any variables
on the interface. However, the control method requires
a very good model of the system. At this time, the experi-
ments with the exoskeleton have shown that this control
scheme — which does not stabilize the exoskeleton —
forces the system to follow wide-bandwidth human ma-
neuvers while carrying heavy loads. We have come to
believe, to rephrase Friedrich Nietzsche, that that which
does not stabilize, will only make us stronger. Refer-
ence [33.37] describes a system identification method
for BLEEX.

How does the pilot dynamic behavior affect the exo-
skeleton behavior? In our control scheme, there is no
need to include the internal components of the pilot limb
model; the detailed dynamics of nerve conduction, mus-
cle contraction, and central nervous system processing
are implicitly accounted for in constructing the dynamic
model of the pilot limbs. The pilot force on the exoskel-
eton, d, is a function of both the pilot dynamics, H, and
the kinematics of the pilot limb (e.g., velocity, position
or a combination thereof). In general, H is determined
primarily by the physical properties of the human dy-
namics. Here it is assumed H is a nonlinear operator
representing the pilot impedance as a function of the
pilot kinematics

d=—H(®). (33.15)

The specific form of H is not known other than that it
results in the human muscle force on the exoskeleton.
Figure 33.14 represents the closed-loop system behavior
when pilot dynamics is added to the block diagram of
Fig.33.13. Examining Fig.33.14 reveals that (33.13),
representing the new exoskeleton sensitivity function, is
not affected by the feedback loop containing H.

Figure 33.14 shows an important characteristic of
exoskeleton control. One can observe two feedback
loops in the system. The upper feedback loop represents
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Fig.33.14 Block diagram showing how an exoskeleton
moves. The upper loop shows how the pilot moves the
exoskeleton through applied forces. The lower loop shows
how the controller drives the exoskeleton

how forces and torques from the pilot affect the exoskel-
eton. The lower loop shows how the controlled feedback
loop affects the exoskeleton. While the lower feedback
loop is positive (potentially destabilizing), the upper
feedback loop stabilizes the overall system of pilot and
exoskeleton taken as a whole. See [33.38] for detailed
stability analysis where it can be seen that, unlike con-
trol methods utilized in the control of upper-extremity
exoskeletons [33.19], the human dynamics in the control
method described here has little potential to destabilize
the system. Even though the feedback loop containing
C is positive, the feedback loop containing H stabilizes
the overall system of pilot and exoskeleton.

The above discussion motivated the design philoso-
phy using a 1-DOF system. An exoskeleton, as shown
is a system with many degrees of freedom and therefore
implementation of the controller needs further attention.
Below we extend the above control technique to the sin-
gle support phase only. Refer to [33.38] and [33.39] for
more details associated with multivariable control.

In the single support phase, the exoskeleton system is
modeled as the seven-DOF serial link mechanism in the
sagittal plane shown in Fig. 33.15. The inverse dynamics
of the exoskeleton can be written in the general form as:

M@B+CO,N0+PO)=T+d,

where 8 = (6165...07) and T = (0, ' T> ... Ts) " .

(33.16)

M is a7 x7 inertia matrix and is a function of 8, C(0, é)
is a 7x7 centripetal and Coriolis matrix and is a func-
tion of @ and &, and P is a 7x 1 vector of gravitational
torques and is a function of 0 only. T is the 7% 1 actua-
tor torque vector with its first element set to zero since
there is no actuator associated with joint angle 0; (i.e.,
angle between the exoskeleton foot and the ground); d
is the effective 7x 1 torque vector imposed by the pi-
lot on the exoskeleton at various locations. According
to (33.14), we choose the controller to be the exoskel-
eton inverse dynamics scaled by (1 —a~!) , where « is

Fig.33.15 Sagittal plane representation of the exoskeleton
in the single stance phase. The forso includes the combined
exoskeleton torso mechanism, payload, control computer,
and power source

the amplification number
T=P+(1—a" ) [M©OWY+C@O,0)0, (33.17)

(:‘(9, 0, 13(9) and M (0) are the estimates of the Coriolis
matrix, gravity vector, and the inertia matrix, respec-
tively, for the system shown in Fig.33.15. Note that
(33.17) results in a 7 x 1 actuator torque. Since there is
no actuator between the exoskeleton foot and the ground,
the torque prescribed by the first element of 7" must be
provided by the pilot. Substituting 7 from (33.17) into
(33.16) yields,

M(0)0 +C(6, 0)0 + P©O)

= PO)+ (1 —a MO +CO, )0 +d .
(33.18)

In the limit when M(0) = M(9),C(®6,0) = C(®,0),
PO) = f’(@), and « are sufficiently large, d will ap-
proach zero, meaning the pilot can walk as if the
exoskeleton did not exist. However, it can be seen from
(33.18) that the force felt by the pilot is a function of
« and the accuracy of the estimates (:‘(9, o), 13(9), and
M().In general, the more accurately the system is mod-
eled, the less the human force, d, will be. In the presence
of variations in abduction—adduction angles, only P(6)
in (33.16) and (33.17) needs to be modified.

Exoskeleton systems use multivariable nonlinear al-
gorithm to robustly control their behavior. Since all
computations required to implement the control are
conducted on a single computer, one needs a control
platform to minimize the number of signal wires in
the system. See [33.40] and [33.41] for a novel control
platform.
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33.8 Highlights of the Lower-Extremity Design

In designing an exoskeleton, several factors had to be
considered: Firstly, the exoskeleton needed to exist in the
same workspace of the pilot without interfering with his
motion. Secondly, it had to be decided whether the exo-
skeleton should be anthropomorphic (i. e., kinematically

-/~ _0 ankle

Fig.33.16 Each joint angle is measured as the positive
counterclockwise displacement of the distal link from the
proximal link (zero in standing position) with the person
oriented as shown. In the position shown, the hip angle
is positive whereas both the knee and ankle angles are
negative. Torque is measured as positive acting counter-
clockwise on the distal link

Angle (deg)
15

HS Stance TO Swing
0 0.2 0.4 0.6 0.8 1
Time (s)
Fig.33.17 Three sets of adjusted CGA data of the ankle
flexion/extension angle. The minimum angle (extension) is
~ —20° and occurs just after toe-off. The maximum angle
(flexion) is ~ +15° and occurs in late stance phase

matching), or non-anthropomorphic (i. e., kinematically
matching the operator only at the connection points
between human and machine). Berkeley ultimately se-
lected the anthropomorphic architecture because of its
transparency to the pilot. It is also concluded that an exo-
skeleton that kinematically matches the wearer’s legs
gains the most psychological acceptance by the user and
is therefore safer to wear. Consequently, the exoskeleton
was designed to have the same degrees of freedom as
the pilot: three degrees at the ankle and the hip, and one
degree at the knee. This architecture also allowed the ap-
propriately scaled clinical human walking data to be em-
ployed for the design of the exoskeleton components, in-
cluding the workspace, actuators, and the power source.

A study of clinical gait analysis (CGA) data provides
evidence that humans expend the most power through
the sagittal plane joints of the ankle, knee, and hip while
walking, squatting, climbing stairs, and most other com-
mon maneuvers. For this reason, the sagittal-plane joints
of the first prototype exoskeleton are powered. However,
to save energy, the nonsagittal degrees of freedom at the
ankle and hip remain unpowered. This compels the pilot
to provide the force to maneuver the exoskeleton abduc-
tion and rotation, where the required operational forces
are smaller. To reduce the burden on the human opera-
tor further, the unactuated degrees of freedom are spring
loaded to a neutral standing position.

Human joint angles and torques for a typical walking
cycle were obtained in the form of independently col-
lected CGA data. CGA angle data is typically collected
via human video motion capture. CGA torque data is
calculated by estimating limb masses and inertias and
applying dynamic equations to the motion data. Given
the variations in individual gait and measuring methods,
three independent sources of CGA data [33.42-44] were
utilized for the analysis and design of BLEEX. This data
was modified to yield estimates of exoskeleton actuation
requirements. The modifications included: (1) scaling
the joint torques to a 75 kg person (the projected weight
of the exoskeleton and its payload not including its pi-
lot); (2) scaling the data to represent the walking speed of
one cycle per second (or about 1.3 m/s); and (3) adding
the pelvic tilt angle (or lower back angle depending on
data available) to the hip angle to yield a single hip angle
between the torso and the thigh, as shown in Fig. 33.16.
This accounts for the reduced degrees of freedom of the
exoskeleton. The following sections describe the use of
CGA data and its implication for the exoskeleton design.
The sign conventions used are shown in Fig. 33.16.
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Torque (Nm)
20 HS Stance TO Swing

-100
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Time (s)
Fig.33.18 Three sets of adjusted CGA data of the ankle
flexion/extension torque. Peak negative torque (extension
of the foot) is very large (= —120 Nm) and occurs in late
stance phase. The ankle torque during swing is quite small

Figure 33.17 shows the CGA ankle angle data for
a 75 kg human walking on flat ground at approximately
1.3 m/s versus time. Although Fig. 33.17 shows a small
range of motion while walking (approximately —20° to
+15°), greater ranges of motion are required for other
movements. An average person can flex their ankles
anywhere from —38° to +35°. The exoskeleton ankle
was chosen to have a maximum flexibility of £45° to
compensate for the lack of several smaller degrees of
freedom in the exoskeleton foot. Through all plots, TO
stands for foe-off and HS stands for heel-strike.

Figure 33.18 shows the adjusted CGA data of the
ankle flexion/extension torque. The ankle torque is al-
most entirely negative, making unidirectional actuators
an ideal actuation choice. This asymmetry also implies
a preferred mounting orientation for asymmetric ac-
tuators (one sided hydraulic cylinders). Conversely, if
symmetric bidirectional actuators are considered, spring
loading would allow the use of low-torque-producing ac-
tuators. Although the ankle torque is large during stance,
it is negligible during swing. This suggests a system
that disengages the ankle actuators from the exoskeleton
during swing to save power.

The instantaneous ankle mechanical power (shown
in Fig.33.19) is calculated by multiplying the joint
angular velocity (derived from Fig.33.17) and the in-
stantaneous joint torque (Fig. 33.18). The ankle absorbs
energy during the first half of the stance phase and re-
leases energy just before toe off. The average ankle

Power (W)
300

250
200
150
100
50
——

O L\a=

50

TO Swing
0 0.2 0.4 0.6 0.8 1
Time (s)
Fig.33.19 Three sets of adjusted CGA data of the ankle
flexion/extension instantaneous mechanical power. The av-
erage ankle power is positive, indicating that the ankle does
positive work and requires actuation

—-100

power is positive, indicating that power production is
required at the ankle.

Similar analyses were carried out for the knee and
the hip [33.45] and [33.46]. The required knee torque
has both positive and negative components, indicating
the need for a bidirectional actuator. The highest peak
torque is extension in early stance (=~ 60Nm); hence
asymmetric actuators should be biased to provide greater
extension torque. The hip torque is relatively symmetric
(—80 to 460 Nm); hence a bidirectional hip actuator is
required. Negative extension torque is required in early
stance as the hip supports the load on the stance leg.

Hip torque is positive in late stance and early swing
as the hip propels the leg forward during swing. In late
swing, the torque goes negative as the hip decelerates
the leg prior to heel strike.

CGA data, which provided torque and speed infor-
mation at each joint of a 75 kg person, was also used to
size the exoskeleton power source. The information sug-
gested that a typical person uses about 0.25 HP (185 W)
to walk at an average speed of 3 mph. This figure, which
represents the average product of speed and torque, is
an expression of the purely mechanical power exhib-
ited at the legs during walking. Since it is assumed that
the exoskeleton is similar to a human in terms of ge-
ometry and weight, one of the key design objectives
turned out to be designing a power unit and actua-
tion system to deliver about 0.25 HP at the exoskeleton
joints.
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Table 33.1 BLEEX joint ranges of motion

Human walking
maximum (degrees)
14.1

20.6

not available

Ankle flexion
Ankle extension
Ankle abduction

Ankle adduction not available

Knee flexion 73.5
Hip flexion 322
Hip extension 22.5
Hip abduction 7.9
Hip adduction 6.4
Total rotation external 13.2
Total rotation internal 1.6

The BLEEX kinematics are close to human leg
kinematics, so the BLEEX joint ranges of motion are
determined by examining human joint ranges of mo-
tion. At the very least, the BLEEX joint range of motion
should be equal to the human range of motion during
walking (shown in column 1 in Table 33.1), which can
be found by examining CGA data [33.42-44]. Safety
dictates that the BLEEX range of motion should not be
more than the operator’s range of motion (shown in col-
umn 3 of Table 33.1). For each degree of freedom, the
second column of Table 33.1 lists the BLEEX range of
motion which is in general larger than the human range
of motion during walking and less than the maximum
range of human motion.

The most maneuverable exoskeleton should ideally
have ranges of motion slightly less than the human’s
maximum range of motion. However, BLEEX uses lin-
ear actuators, so some of the joint ranges of motion are
reduced to prevent the actuators’ axes of motion from
passing through the joint center. If this had not been pre-
vented, the joint could reach a configuration where the
actuator would be unable to produce a torque about its
joint. Additionally, all the joint ranges of motion were
tested and revised during prototype testing. For example,
mockup testing determined that the BLEEX ankle flex-
ion/extension range of motion needs to be greater than
the human ankle range of motion to accommodate the
human foot’s smaller degrees of freedom not modeled
in the BLEEX foot.

It is natural to design a 3-DOF exoskeleton hip
joint such that all three axes of rotation pass through
the human ball-and-socket hip joint. However, through
the design of several mockups and experiments, we
learned that these designs have limited ranges of motion
and result in singularities at some human hip postures.

BLEEX Average military
maximum (degrees) male maximum (degrees)
45 35
45 38
20 23
20 24
121 159
121 125
10 not available
16 53
16 31
35 73
35 66

Therefore the rotation joint was moved so it does not
align with the human’s hip joint. Initially the rotation
joint was placed directly above each exoskeleton leg
(labeled ‘alternate rotation’ in Fig. 33.20). This worked
well for the lightweight plastic mockup, but created
problems in the full-scale prototype because the high
mass of the torso and payload created a large moment
about the unactuated rotation joint. Therefore, the cur-
rent hip rotation joint for both legs was chosen to be
a single axis of rotation directly behind the person and
under the torso (labeled ‘current rotation” in Fig. 33.20).
The current rotation joint is typically spring loaded to-
wards its illustrated position using sheets of spring steel.

Like the human’s ankle, the BLEEX ankle has three
DOFs. The flexion/extension axis coincides with the
human ankle joint. For design simplification, the abduc-
tion/adduction and rotation axes on the BLEEX ankle
do not pass through the human’s leg and form a plane
outside of the human’s foot (Fig.33.21). To take load

extension
Adjustment

Abduction/ : bracket

adduction

Fig.33.20 The exoskeleton hip degrees of freedom (back
view). Only the rotation axis does not pass through the
human hip ball and socket joint. The adjustment bracket is
replaceable to accommodate various sized operators
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Flexible toe

Human
foot

Flexion/
extension

Abduction/
adduction

BLEEX foot

Rotation Spring steel plates

Fig. 33.21 The exoskeleton ankle degrees of freedom. Only
the flexion/extension axis passes through the human’s ankle
joint. Abduction/adduction and rotation axes are not pow-
ered, but are equipped with appropriate impedances

off of the human’s ankle, the BLEEX ankle abduc-
tion/adduction joint is sprung towards vertical, but the
rotation joint is completely free. Additionally, the front
of the exoskeleton foot, under the operator’s toes, is
compliant to allow the exoskeleton foot to flex with
the human’s foot. Since the human and exoskeleton leg
kinematics are not exactly the same (merely similar), the
human and exoskeleton are only rigidly connected at the
extremities (feet and torso).

The BLEEX foot is a critical component due to its
variety of functions.

® [t measures the location of the foot’s center of pres-
sure and therefore identifies the foot’s configuration
on the ground. This information is necessary for
BLEEX control.

® [t measures the human’s load distribution (how much
of the human’s weight is on each leg), which is also
used in BLEEX control.

Foot attachment

Pressure tube

Pressure
sensor

Stiff heel

Accelerometers

N Rubber sole
Foot switches

Fig.33.22 BLEEX foot design (exploded view)

Knee connection
Ankle manifold

Ankle valve
Length adjustment

Accelerometers
Ankle actuator

Force sensor

Ankle connection
Universal joint

Fig.33.23 BLEEX shank design

e [Ittransfers BLEEX’s weight to the ground, so it must
have structural integrity and exhibit long life in the
presence of periodic environmental forces.

® [tisone of two places where the human and exoskel-
eton are rigidly connected, so it must be comfortable
for the operator.

As shown in Fig.33.21, the main structure of the
foot has a stiff heel to transfer the load to the ground and
a flexible toe for comfort. The operator’s boot rigidly
attaches to the top of the exoskeleton foot via a quick-
release binding. Along the bottom of the foot, switches
detect which parts of the foot are in contact with the
ground. For ruggedness, these switches are molded into
a custom rubber sole. Also illustrated in Fig.33.21 is
the load distribution sensor, a rubber pressure tube filled
with hydraulic oil and sandwiched between the human’s

. p Knee and hip
ip connection manifold
Length adjustment
—— Knee valve

Hip valve

Knee actuator

Hip actuator
Accelerometer

_— Force sensor

Knee connection o Universal joint

Fig.33.24 BLEEX thigh design
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foot and the main exoskeleton foot structure. Only the
weight of the human (not the exoskeleton) is transferred
onto the pressure tube and measured by the sensor. This
sensor is used by the control algorithm to detect how
much weight the human places on their left leg versus
their right leg.

The main function of the BLEEX shank and thigh
are for structural support and to connect the flex-
ion/extension joints together (Figs. 33.23 and 33.24).
Both the shank and thigh are designed to adjust to fit
90% of the population; they consist of two pieces that
slide within each other and then lock at the desired
length. To minimize the hydraulic routing, manifolds
were designed to route the fluid between the valves, ac-
tuators, supply, and return lines. These manifolds mount
directly to the cylinders to reduce the hydraulic distance
between the valves and actuator, maximizing the actua-

tor’s performance. The actuator, manifold, and valve for
the ankle mount to the shank, while the actuators, man-
ifold, and valves for the knee and hip are on the thigh.
One manifold, mounted on the knee actuator, routes the
hydraulic fluid for the knee and hip actuators.

Shown in Fig.33.26, the BLEEX torso connects
to the hip structure (shown in Fig.33.20). The power
supply [33.47-49], controlling computer, and payload
mount to the rear side of the torso. An inclinometer
mounted to the torso gives the absolute angle reference
for the control algorithm. A custom harness (Fig. 33.27)
mounts to the front of the torso to hold the exoskel-
eton to the operator. Besides the feet, the harness is the
only other location where the user and exoskeleton are
rigidly connected. Figure 33.26 also illustrates the actua-
tor, valve, and manifold for the hip abduction/adduction
joint.

33.9 Field-Ready Exoskeleton Systems

This section describes two field-ready exoskeletons de-
veloped by members of Berkeley Bionics in conjunction
with researchers from the University of California.

33.9.1 The ExoHiker Exoskeleton

The ExoHiker exoskeleton (shown in Fig.33.25) was
the first exoskeleton created by the team of Berkeley
Bionics and the University of California, and was the
first human exoskeleton in the world capable of rig-
orous customer evaluations as a load-carrying device.
It was designed for carrying heavy backpacks for long
missions with small changes in altitude. It weighs only
14.5 kg including a power unit and onboard computer.
Its payload capacity is 90kg while the wearer feels
negligible load. The noise from this device is imper-
ceptible. A production version of such an exoskeleton
would be capable of traveling 68 km with 0.5 kg of bat-
teries (lithium polymer) at an average speed 4.0 km/h
while carrying a 68 kg backpack. When supplemented
with a small solar panel, its mission time could be
unlimited. The ExoHiker is adjustable to fit individ-
uals ranging in height from approximately 1.65m to
1.91m tall. All control adjustments can be accessed
by the user through a simple handheld liquid-crystal
display (LCD) controller equipped with a graphical
user interface menu system. This exoskeleton has been
evaluated by the Special Operations Research Support

Element on trails in the Rocky Mountains, and in the
laboratory environment of the Natick Soldier Systems
Center.

Fig.33.25 The ExoHiker™field-ready exoskeleton is suit-
able for small slopes and can carry a load of 90 kg (courtesy
of Berkeley Bionics, Jan 2005)
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33.9 Field-Ready Exoskeleton Systems

Fig.33.28 The ExoClimber™field-ready exoskeleton is
suitable for rapid ascent of stairs and steep slopes (courtesy
of Berkeley Bionics, Oct 2005)

33.9.2 The ExoClimber Exoskeleton

This exoskeleton (shown in Fig.33.28) is designed to
allow rapid ascent of stairs and steep slopes while
providing the same long term load carrying capability
of ExoHiker. It weighs 23 kg including power source
and onboard computer while its payload capacity is
90kg. This exoskeleton is as loud as an office printer.
Its battery requirements are the same as ExoHiker in
all situations except ascending steep slopes. During
a steep ascent, the ExoClimber is capable of ascend-
ing 300m per 0.5kg of battery added to the system
(while carrying a 68 kg backpack). This exoskeleton
has been evaluated by the Special Operations Research
Support Element on trails in the Rocky Mountains,
and in the laboratory environment of the Natick Sol-
dier Systems Center. The evaluation included hiking
on snow with and without snow shoes. The result-
ing report was extremely favorable, and during one
experiment the distance an operator could walk with
a 45kg pack was increased by 900% using the Exo-
Climber.
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Hip abduction
actuator

Hip abduction
valve

Hip abduction
manifold

RIOMs ] SIOM

Fig. 33.27 The pilot vests in Fig. 33.10 are designed to dis-
tribute the BLEEX—pilot force uniformly on the pilot’s
upper body

The recent exoskeleton system from Berkeley Bion-
ics now has two independent characteristics: (1) it
increases its wearer’s maximal load carrying capac-
ity (68kg to 90kg), and (2) it decreases its wearer’s
metabolic cost. During some preliminary evaluations in
late 2006 and early 2007, the oxygen consumption of
the users walking at a speed of 3.2 km/h, was decreased
by 5%—12% when using the latest exoskeleton without
a payload. When the users carried a load, the effect was
more pronounced. The oxygen consumption of these
users carrying a load of 37kg at a speed of 3.2km/h
was decreased by about 15% when using this exoskel-
eton. This is the very first exoskeleton in the world that
has demonstrated a decrease in oxygen consumption of
the user.
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33.10 Conclusion and Further Reading

Exoskeleton technology is in its infancy. Although the
exoskeleton systems in this analysis are generally con-
sidered robotics system worn by humans to carry loads,
the reader should be aware that the field of medi-
cal orthotics also offers a wealth of knowledge and
awareness associated with systems collaborating with
patients either as rehabilitation devices or assist de-

References

vices. For examples of such systems, we invite the
readers to see references [33.50, 51] associated with
pneumatic ankle orthoses for rehabilitation. At this time,
the most limiting issue in exoskeleton technology is the
power supply and actuators. Without a viable power
supply, exoskeleton systems will be limited to indoor
applications.
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