
Vorlesung  
Biorobotik
Unitnummer 473001

Modul 47300 Biorobotik 
Prüfungsnummer 47301


Rehabilitationsroboter, Exoskelette und Braitenbergvehikel

w
w
w
.u
ni
-s
tu
ttg
ar
t.d
e

The Human Movement 
Simulation Lab 1



	 Lehrevaluation

• gut: Beispiele, LEGO,  
M3 Seminar,  
fachkundige Dozenten


• schlecht: Folien, 
Muskelphysiologie bekannt, 
Organisation M3 Seminar
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Die Lehrveranstaltung ist außerordentlich gut
organisiert.
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Der inhaltliche Aufbau der Lehrveranstaltung ist für
mich nachvollziehbar.
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Die Ziele der Lehrveranstaltung werden transparent
gemacht.
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Vor und nach den Lehrveranstaltungen wird auf die
Belange der Studierenden eingegangen.
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1. Interesse an der Veranstaltung1. Interesse an der Veranstaltung

Das Thema der Veranstaltung hat mich schon
vor Semesterbeginn interessiert.
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2. Zufriedenheit mit der Lehrveranstaltung2. Zufriedenheit mit der Lehrveranstaltung

Die Lehrveranstaltung ist außerordentlich gut
organisiert.
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Der inhaltliche Aufbau der Lehrveranstaltung ist
für mich nachvollziehbar.
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Die Ziele der Lehrveranstaltung werden
transparent gemacht.
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774 Part D Manipulation and Interfaces

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

a) b) c)

Fig. 33.1 (a) Hardiman; (b) An exoskeleton system designed for paraplegics by Seireg et al. [33.9]; (c) HAL

a) b)

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

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-
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Fig. 33.1 (a) Hardiman; (b) An exoskeleton system designed for paraplegics by Seireg et al. [33.9]; (c) HAL
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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]
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a) b)

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.

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).

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-

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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a) b)

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.

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).

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-

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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griper allows for grasping of heavy objects [33.21]
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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.

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]

Exoskeletons for Human Performance Augmentation 33.3 Intelligent Assist Device 777

End-effector

Controller

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

a) b) c)

Fig. 33.6a–c The end-effector (a) contains a sensor (b) that measures the force that the operator applies to the handle
(c) in the vertical direction

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
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Actuator

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]

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-

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.

33.4 Control Architecture
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+ S fR , (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

Part
D

33.4

5



	 Kontrolle von Exoskeletten der o. Extremität

w
w
w
.u
ni
-s
tu
ttg
ar
t.d
e

Fig. 33.8 The control block diagram of an intelligent assist device
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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:

fR = 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:

p = W − W
g

d
dt

v , (33.3)

where W is the weight of the end-effector and load taken
together as a whole and d

dt 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 f0 in
the computer is subtracted from the measurement of the
human force f . The role of f0 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 − f0) . (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 − f0)+ 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 f0 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 f0 is preferably
set at approximately half of fmax. Substituting for f0 in
(33.5), (33.6) represents the load velocity:

v = GK
(

f − fmax

2

)
+ S( f + P) . (33.6)

p (Load force)
Load

–W s
g S

G

K

f0

S–H

W

υ e

Controller

Actuator

Human
( f ) Operator force

–

Fig. 33.8 The control block diagram of an intelligent assist device

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

vdown = GK
(

fmax

2

)
+ 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:

v = −GK
(

fmax

2

)
+ S( f + P) . (33.8)

Therefore, by the introduction of f0 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
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Exoskeletons for Human Performance Augmentation 33.6 Lower-Extremity Exoskeleton 781

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 34 kg (75 lbs), 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

1

2

3

4

5

6

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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(BLEEX) and pilot Ryan Steger. 1: The load occupies 
the upper portion of the backpack and around the 
power unit; 2: rigid connection of the BLEEX spine to 
the pilot’s vest; 3: 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
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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 a rigid 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
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Fig. 33.11 Simple one-DOF exoskeleton leg interacting
with the pilot leg. The exoskeleton leg has an actuator that
produces a torque T about the pivot point A. The total
equivalent torque associated with all forces and torques
from the pilot on the exoskeleton is represented by d

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 + Sd , (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.
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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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Taking into account this new approach, the goal is
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where G represents the transfer function from the ac-
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(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
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Fig. 33.13 The feedback control loop added to block 
diagram of Fig. 33.12; C is the controller operating 
only on the exoskeleton variables
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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).

SNEW = v

d
= S

1+ GC
. (33.10)
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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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pilot moves the exoskeleton through applied forces. 
The lower loop shows how the controller drives the 
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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(θ)θ̈ +C(θ, θ̇)θ̇ + P(θ) = T +d ,

where θ = (θ1θ2 . . . θ7)⊤ and T = (0, T1T2 . . . T6)⊤ .
(33.16)

M is a 7 × 7 inertia matrix and is a function of θ, C(θ, θ̇)
is a 7 × 7 centripetal and Coriolis matrix and is a func-
tion of θ and θ̇, and P is a 7 × 1 vector of gravitational
torques and is a function of θ 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 θ1 (i. e.,
angle between the exoskeleton foot and the ground); d
is the effective 7 × 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−α−1) , where α is

θ4

θ6

θ7
θ2

θ1

θ3

θ5

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

the amplification number

T = P̂ + (1−α1)[M̂(θ)θ̈ + Ĉ(θ, θ̇)θ̇] , (33.17)

Ĉ(θ, θ̇, P̂(θ) and M̂(θ) 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 × 1 actuator torque. Since there is
no actuator between the exoskeleton foot and the ground,
the torque prescribed by the first element of T must be
provided by the pilot. Substituting T from (33.17) into
(33.16) yields,

M(θ)θ̈ +C(θ, θ̇)θ̇ + P(θ)

= P̂(θ)+ (1−α−1)[M̂(θ)θ̈ + Ĉ(θ, θ̇)θ̇]+d .
(33.18)

In the limit when M(θ) = M̂(θ), C(θ, θ̇) = Ĉ(θ, θ̇),
P(θ) = P̂(θ), and α 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
α and the accuracy of the estimates Ĉ(θ, θ̇), P̂(θ), and
M̂(θ). 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(θ)
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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T = P̂ + (1−α1)[M̂(θ)θ̈ + Ĉ(θ, θ̇)θ̇] , (33.17)

Ĉ(θ, θ̇, P̂(θ) and M̂(θ) 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 × 1 actuator torque. Since there is
no actuator between the exoskeleton foot and the ground,
the torque prescribed by the first element of T must be
provided by the pilot. Substituting T from (33.17) into
(33.16) yields,

M(θ)θ̈ +C(θ, θ̇)θ̇ + P(θ)

= P̂(θ)+ (1−α−1)[M̂(θ)θ̈ + Ĉ(θ, θ̇)θ̇]+d .
(33.18)

In the limit when M(θ) = M̂(θ), C(θ, θ̇) = Ĉ(θ, θ̇),
P(θ) = P̂(θ), and α 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
α and the accuracy of the estimates Ĉ(θ, θ̇), P̂(θ), and
M̂(θ). 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(θ)
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
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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

–θ knee

–θ ankle

+θ hip

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
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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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Fig.33.16 Each joint angle is measured as the positive counter-
clockwise 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 Fig.33.17 Three sets of adjusted CGA data of the ankle flexion/extension 
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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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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

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
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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 toe-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
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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

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 (≈ 60 Nm); hence
asymmetric actuators should be biased to provide greater
extension torque. The hip torque is relatively symmetric
(−80 to +60 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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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 toe-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
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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

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 (≈ 60 Nm); hence
asymmetric actuators should be biased to provide greater
extension torque. The hip torque is relatively symmetric
(−80 to +60 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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	 Exoskelette der oberen Extremität

„Call it an exoskeleton or a bionic suit, but for paraplegics, it’s freedom. This 
innovative device, developed by a quadriplegic Israeli scientist, relies on 
sensors that anticipate shifts in the user’s balance and translates them into 
movements like walking and standing. Already available in Europe, the suit had 
its prime-time debut on an episode of Glee and is being reviewed by the FDA 
for use in the U.S.“, TIME Magazine


ReWalk exoskeleton is ranked as world changing among the 25 best 
inventions in 2013. 

http://www.rewalk.com
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Table 53.1 Prevalence and incidence of disability and aging in selected countries [53.6]
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Table 53.1 Prevalence and incidence of disability and aging in selected countries [53.6]

Country Number of people Percentage of population Number of elderly Percentage of population
with disabilities with disabilities people that is elderly

France 5 146 000 8.3 12 151 000 19.6
USA 52 591 000 20.0 35 000 000 12.4
Great Britain 4 453 000 7.3 12 200 000 29.5
The Netherlands 1 432 000 9.5 2 118 808 13.4
Spain 3 528 220 8.9 6 936 000 17.6
Japan 5 136 000 4.3 44 982 000 35.7
Korea 3 195 000 7.1 16 300 000 36.0

In the industrialized countries (e.g., Japan, US, Canada,
and Europe), the incidence of disability varies between
8% and 20%, with differences likely due primarily to
varying definitions of disability and reporting conven-
tions (Table 53.1). Age is a risk factor for disability, and
lower birth rates and life-extending health care are the
dominant factors contributing to the aging of the pop-
ulation and a concomitant rise in disability. In China,
the population control policies of the 1970s have created
a lack of working-age adults to support the economy. The
disproportionate incidence of disability in the elderly
population makes it clear that developers of rehabili-
tation robotics will also be faced with users who, as
a demographic group, generally have lower levels of
sensory and motor capability, and may have impaired
cognition as well. The urgency of making advances in
this field is increasing in line with these demographic
changes.

53.1.3 Short History of the Field
of Rehabilitation Robotics

The history of rehabilitation robotics is almost as old as
that of robotics itself, although emanating from very dif-
ferent sources. Several books, chapters, and papers have
been written on the history of rehabilitation robotics in
more detail than this section [53.1, 7, 8], and numerous
papers in the proceedings of the Institute of Electrical
and Electronics Engineers (IEEE) International Con-
ference on Rehabilitation Robotics also provide more
grounding for historical perspective. The chronology
below pays particular attention to early work and to
projects with notable clinical and/or commercial impact.

Early robotics, starting in the late 1950s, focused
on large manipulators to replace workers in factories
for dirty, dangerous, and undesirable tasks. The earliest
rehabilitation robots came from the field of prosthet-
ics and orthotics (P&O). The Case Western University
arm (1960s) and the Rancho Los Amigos Golden Arm

(early 1970s) (reviewed in [53.7]) were both adaptations
of replacement mechanical arms meant as powered or-
thoses [53.1]. The user drove the Golden Arm with a set
of tongue-operated switches, joint-by-joint, an arduous
means of endpoint control. In the mid 1970s, the De-
partment of Veterans Affairs began funding a group at
the Applied Physics Lab under the guidance of Seamone
and Schmeisser to computerize an orthosis mounted on
a workstation to do activities of daily living (ADL) tasks
such as feeding a person and turning pages [53.9]. For
the first time, a rehabilitation robot had a command-type
interface, not just a joint-by-joint motion controller.

The 1970s also saw the French Spartacus system be-
ing developed, guided by the vision of Jean Vertut, for
use by people with high-level spinal cord injury as well
as children with cerebral palsy [53.10]. This system did
not emerge from the P&O field but was developed by
the French Atomic Energy Commission (CEA), which
used large telemanipulators for nuclear fuel rod han-
dling. One of these was adapted so that people with
movement impairment could control it using a joystick
for pick-and-place tasks. A decade later, one of the re-
searchers on the Spartacus project, Hok Kwee, began the
MANUS project, a dedicated effort to develop the first
wheelchair-mounted manipulator designed expressly as
a rehabilitation robot, not adapted from a design from
another field.

However, in between, several other major programs
were begun. In 1978, at Stanford University, and then
with decades-long funding from the US Department of
Veterans Affairs, Larry Leifer started the vocational as-
sistant robot program, culminating in several clinically
tested versions of the desktop vocational assistant robot
(DeVAR) [53.3,11,12], a mobile version, the mobile vo-
cational assistant robot (MoVAR) [53.13], and finally the
professional vocational assistant robot (ProVAR), which
had the advanced ability for the user to program tasks in
an easy-to-use browser-type environment [53.14]. This
step was made since, although DeVAR made it briefly

Part
F

53.1

12



	 Rehabilitationsroboter für Armtherapie
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Fig. 53.1a–e Arm-therapy robotic systems that have undergone extensive clinical testing; (a) MIT-MANUS, developed by Hogan, 
Krebs, and colleagues at the Massachusetts Institute of Technology (USA); (b) MIME, developed at the Department of Veterans 
Affairs in Palo Alto in collaboration with Stanford University (USA); (c) GENTLE/s developed in the EU, (d) ARM-Guide, developed at 
the Rehabilitation Institute of Chicago and the University of California, Irvine (USA), and (e) Bi-Manu-Track, developed by Reha-Stim 
(Germany)

Rehabilitation and Health Care Robotics 53.2 Physical Therapy and Training Robots 1229

the vertebrae at which the spinal cord is injured, since
nerves branch out to the head, arms, legs, and bladder
and bowel at different vertebrae. About 50% of spinal
cord injuries are incomplete, meaning that some sensa-
tion or motor function is preserved below the level of the
injury. Spinal cord injuries are commonly bilateral and
thus are often more functionally devastating in compar-
ison to strokes, which at least leave a person with one
side of their body that is relatively normal (which we
will refer to as the less impaired side). Individuals ex-
perience especially severe disability if the lesion is high
enough to involve the arms as well as the legs.

53.2.3 Robotic Therapy
for the Upper Extremity

The following sections describe the best-known clini-
cally tested upper-limb therapy robot systems that have
been developed since the 1980s (Fig. 53.1).

a) b)

c) d) e)

Fig. 53.1a–e Arm-therapy robotic systems that have undergone extensive clinical testing; (a) MIT-MANUS, developed
by Hogan, Krebs, and colleagues at the Massachusetts Institute of Technology (USA); (b) MIME, developed at the
Department of Veterans Affairs in Palo Alto in collaboration with Stanford University (USA); (c) GENTLE/s developed
in the EU, (d) ARM-Guide, developed at the Rehabilitation Institute of Chicago and the University of California, Irvine
(USA), and (e) Bi-Manu-Track, developed by Reha-Stim (Germany)

MIT-MANUS
The first robotic therapy device to undergo extensive
clinical testing, and now to achieve some commercial
success, is the MIT-MANUS, sold as the InMotion2
by Interactive Motion, Inc. [53.33]. MIT-MANUS is
a planar two-joint arm that makes use of the selective
compliant assembly robot arm (SCARA) configura-
tion, allowing two large, mechanically grounded motors
to drive a lightweight linkage. The patient sits across
from the device, with the weaker hand attached to the
end-effecter, and the arm supported on a table with a low-
friction support. By virtue of the use of the SCARA
configuration, the MIT-MANUS is perhaps the simplest
possible mechanical design that allows planar move-
ments while also allowing a large range of forces to
be applied to the arm without requiring force feedback
control.

MIT-MANUS assists the patient in moving the arm
across the tabletop as the patient plays simple video
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Fig. 53.2a–c Gait-training robotic systems currently in use in clinics; (a) the gait trainer GT-I, developed by Hesse’s group and commercialized by 
Reha-Stim (Germany); (b) the Lokoma t ⃝ r , developed by Colombo and colleagues and commercialized by Hocoma AG (Switzerland), and (c) 
AutoAmbulatorTM, developed by the HealthSouth Corporation (USA)

1232 Part F Field and Service Robotics

53.2.4 Robotic Therapy for Walking

Background
Scientific evidence that gait training improves recovery
of mobility after neurologic injury started to accumu-
late in the 1980s through studies with cats. Cats with
SCI can be trained to step with their hind limbs on
a treadmill with partial support of the body weight
and assistance of leg movements [53.68, 69]. Follow-
ing the animal studies, various laboratories developed
a rehabilitation approach in which the patient steps on
a treadmill with the body weight partially supported by
an overhead harness and assistance from up to three
therapists [53.70–73]. Depending on the patient’s im-
pairment level, from one to three therapists are needed
for body-weight supported treadmill training (BWSTT),
with one therapist assisting in stabilizing and moving
the pelvis, while two additional therapists sit next to
the treadmill and assist the patient’s legs in swing and
stance. This type of training is based on the principle
of generating normative, locomotor-like sensory input
that promotes functional reorganization and recovery
of the injured neural circuitry [53.74]. In the 1990s,
several independent studies indicated that BWSTT im-
proves stepping in people with SCI or hemiplegia after
stroke [53.70–72].

Gait training is particularly labor-intensive and
strenuous for therapists, so it is an important target for

a) c)b)

Fig. 53.2a–c Gait-training robotic systems currently in use in clinics; (a) the gait trainer GT-I, developed by Hesse’s
group and commercialized by Reha-Stim (Germany); (b) the Lokomat r⃝, developed by Colombo and colleagues and
commercialized by Hocoma AG (Switzerland), and (c) AutoAmbulatorTM, developed by the HealthSouth Corporation
(USA)

automation. The efforts of roboticists have been espe-
cially focused on BWSTT rather than overground gait
training because BWSTT is done on a stationary setup
in a well-defined manner and thus can be more easily
automated than overground gait training. Randomized,
controlled clinical trials have shown that BWSTT is
comparable in effectiveness to conventional physical
therapy for various gait-impairing diseases [53.75–80].
These trials support the efforts towards automation of
BWSTT, as the working conditions of physical thera-
pists will improve if the robots do much of the physical
work, which in the case of BWSTT actually leads to
occasional back injuries to therapists. Usually, only
one therapist is needed in robot-assisted training, for
the tasks of helping the patient into and out of the
robot and monitoring the therapy. In the case of SCI
patients, a small randomized, controlled trial [53.76]
reported that robotic-assisted BWSTT with a first-
generation robot required significantly less labor than
both conventional overground training and therapist-
assisted BWSTT, with no significant difference found
in effectiveness.

Gait-Training Robots in Current Clinical Use
Three gait-training robot systems are already in use
for therapy in several clinics worldwide: the gait
trainer GT-I [53.81], the Lokomat r⃝ [53.82], and the
AutoAmbulatorTM [53.83] (Fig. 53.2).
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Herr H, Blaya J, Pratt G. Active ankle foot orthosis. US 8,551,029

US. Patent 0a. 8, 2013 Sheet 1 017 US 8,551,029 B1 
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Fotos: Ryan Davis / Flickr
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Dr. Oubbati, Kybernetik (Neuroinformatik, Uni-Ulm)          Braitenberg Vehikel SoSe12

die "Vehikel" von Braitenberg sind Beispiele für 
kybernetische Modelle, die mit relativ einfacher 
Struktur Details im Verhalten von Phänomenen 
widerspiegeln. environment
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Dr. Oubbati, Kybernetik (Neuroinformatik, Uni-Ulm)          Braitenberg Vehikel SoSe12

Was ist Kybernetik?

agent

environment

Kybernetik ermöglicht, die Rückkopplung
in unterschiedlichen Systemen mit 
denselben mathematischen Methoden zu 
untersuchen.
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Dr. Oubbati, Kybernetik (Neuroinformatik, Uni-Ulm)          Braitenberg Vehikel SoSe12

Was ist Kybernetik?

Die Vorgehensweise der Kybernetik ist 
zuerst eine Modellierung des Phänomens. 

Das Model soll, unter starker Vereinfachung, 
das Verhalten des Phänomens abbilden.

agent

environment

l

22



	 Was ist Kybernetik?

w
w
w
.u
ni
-s
tu
ttg
ar
t.d
e

Dr. Oubbati, Kybernetik (Neuroinformatik, Uni-Ulm)          Braitenberg Vehikel SoSe12

die "Vehikel" von Braitenberg sind Beispiele für 
kybernetische Modelle, die mit relativ einfacher 
Struktur Details im Verhalten von Phänomenen 
widerspiegeln. environment
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Dr. Oubbati, Kybernetik (Neuroinformatik, Uni-Ulm)          Braitenberg Vehikel SoSe12

Prof. Valentino Braitenberg war ein 
Hirnforscher, Kybernetiker und 
Schriftsteller. Er war am Max-Planck 
Institut für biologische Kybernetik in 
Tübingen. 

Er war Bekannt insbesondere durch sein Buch:

Vehicles – Experiments in Synthetic Psychologie, 
1984 MIT Press

(1926 - 2011) 
Valentino Braitenberg

Braitenberg Vehikel
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Dr. Oubbati, Kybernetik (Neuroinformatik, Uni-Ulm)          Braitenberg Vehikel SoSe12

• Braitenberg Vehikel integrieren Sensoren, die 
direkt an die Aktoren (z.B. Motoren) gekoppelt
sind. 

• Die Sensoren melden externe Stimuli an die 
Motoren, die damit bestimmte Reaktionen 
(Wesen) auslösen.

Braitenberg Vehikel

Prinzip 
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