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Abstract— The evolution of an arm exoskeleton design for
treating shoulder pathology is examined. Tradeoffs between
various kinematics configurations are explored, and a device
with five active degrees of freedom is proposed. Two rapidprototype designs were built and fitted to several subjects to verify
the kinematic design and determine passive link adjustments.
Control modes are developed for exercise therapy and functional
rehabilitation, and a distributed software architecture that incorporates computer safety monitoring is described. Although
intended primarily for therapy, the exoskeleton will also be used
to monitor progress in strength, range of motion, and functional
task performance.

I. I NTRODUCTION
The development of robotic exoskeletons for physical therapy is relatively recent in the field of robotics. Powered
orthotic devices have been in use for over a decade, but the
focus of these mechanisms has been assistive rather than rehabilitative. The primary role of exoskeletons thus far has been
as a haptic device for virtual reality (VR) applications. Prime
examples of these devices include the portable, back-mounted
EXOS Force ArmMaster and the floor-mounted FREFLEX
Exoskeleton [4].
When designing portable exoskeletons, the classic tradeoff
between power and weight always emerges. VR exoskeletons
are almost always motor-driven in order to attain the high
control bandwidths required for simulating contact with virtual
environments. Unfortunately, motors have very low powerto-weight ratios, which tend to limit the force output of
the exoskeleton for physical therapy application. Pneumaticactuators, on the other hand, have high power-to-weight ratios
but poor actuator response, rendering them too bandwidthlimited for functional rehabilitation.
This work builds upon advances in actuator/drive technology to develop a lightweight but powerful exoskeleton that can
be used for exercise therapy and functional rehabilitation. The
article begins with a brief survey of previous arm exoskeletons
in Section II. The kinematic and mechanical designs are
discussed in Section III. The exoskeleton control system and
operational modes are discussed in Section IV. The software
architecture and safety system are addressed in Section V.
Some conclusions are observed in Section VI, and the status
of the exoskeleton development is reviewed.
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II. P REVIOUS W ORK
In order to closely follow the motion of the human arm,
exoskeletons are typically designed with the seven principal
degrees of freedom (DOF) of the human arm: shoulder (3),
elbow (1), and wrist (3). The sequence of rotations shown
in Figure 1 reflects the convention commonly used in the
biomechanics community [18]. The glenohumeral (GH) joint
is modeled as a 3-DOF ball and socket joint defined by a set of
rotating coordinates. The first joint, shoulder flexion/extension,
is defined as the rotation of the shoulder about an axis through
the GH joint and perpendicular to the longitudinal body axis.
The second axis, shoulder abduction/adduction, is the rotation
of the upper arm toward/away from the body about an axis that
is perpendicular to the flexion axis and the longitudinal axis
through the upper arm. The third axis, shoulder medial/lateral
(internal/external) rotation, is the roll about the longitudinal
axis of the upper arm. Note that this GH model is purely
rotational; it does not include translation of the glenohumeral
joint caused by scapulothoracic motion, clavicle rotation, and
other joints in the shoulder [13].

Fig. 1. The seven principal degrees of freedom of the human arm (adapted
from [18]).

524

Alternatively, several bioengineering researchers have favored the “azimuth-elevation-roll” convention commonly used
in scientific practice [23]. In this standard, the first shoulder
rotation, “azimuth,” is the rotation about a vertical axis through
the shoulder. The second rotation, “elevation,” is rotation of
the upper arm about an axis orthogonal to both the azimuth
axis and the longitudinal axis of the upper arm. The third
shoulder axis, “roll,” is the rotation of the upper arm about its
longitudinal axis and is the same as the “shoulder” rotation in
the biomechanics convention.
Several of the arm exoskeleton prototypes that have been
built to-date are listed in Table I. The table lists the number
of joints, power source, mass, upper/forearm lengths, and the
shoulder type. If the exoskeleton is portable, then the mass of
the backpack and exoskeleton are each given. The two lengths
reported are for the upper arm and forearm links. Four different
shoulder types appear based upon the sequence of rotations
in the shoulder. The range of motion and continuous static
torques for several of these devices are listed in Table II and
Table III.
The majority of exoskeletons listed in Table I were developed as haptic devices for virtual reality (VR) applications.
Haptic devices are typically driven by motors to provide the
high control bandwidth required for interaction with virtual
environments and thus have relatively low power output as
seen in Table III. The only exoskeleton that even comes
close to human output capability is the hydraulically-powered
Sarcos Dextrous Arm Master developed as a force-reflecting
master arm for teleoperation applications [11]. While this may
be the most powerful exoskeleton, it is also the heaviest.
TABLE I
A RM EXOSKELETON PROTOTYPES .

DEVICE
EXOS [4]
Dex [11]
Sensor [21]
GIA [2], [16]
ATHD [8]
MB [22]
FreFlex [10]
pMA [25]
Salford [5]
MULOS [12]
UWash [24]

DOF
#
5
7
7
5
7
7
7
7
9
5
7

Port?
Y/N
Y
N
N
N
Y
Y
N
N
Y
N
N

Power
*
E
H
E
E
E
∅
E
P
∅
E
E

Mass†
(kg)
8.2/1.8
20.9
6
10
?/2.3
?/15
?
2
?/0.75
2
?

Length‡
(cm)
?/?
31.1/25.9
24.0/28.5
30.5/25.0
?/?
28.3/26.5
37.2/29.9
?/?
?/?
?/?
?/?

Type


FAR
FAR
FAR
AFR
BSR
ZLR
AFR
FAR
AFR
ZLR
AFR

∗ E-electric, H-hydraulic, P-pneumatic, ∅-unactuated
† Backpack/Arm (from first GH joint)
‡ Upper Arm (GH to Elbow)/Forearm (Elbow to Wrist)
 FAR (flexion-abduction-rotation), AFR (abduction-flexion-rotation),

ZLR

(azimuth-elevation-roll), BSR (ball&socket-rotation)

A number of unactuated devices have also been built for
gathering anthropomorphic data such as the MB Exoskeleton
developed for the U.S. Air Force and shown in Figure 2
[22]. Although this device is passive, it incorporated a number
of features important for physiotherapy applications such as
good range of motion, adjustable link lengths (±2.5 cm upper

arm, ±2.0 cm forearm), and portability. The project was
discontinued before a powered exoskeleton was built, but firsthand observation provided a lot of valuable information.

Fig. 2. SSL personnel dons the MB Exoskeleton during visit to WrightPatterson Air Force Base. (SSL Photo Archives – used with permission of the
Wright-Patterson Air Force Research Laboratory)

The tradeoff between power-to-weight ratio and control
bandwidth for haptic devices has been addressed by several
researchers [4]. Recent articles suggest a trend toward using
pneumatically powered exoskeletons for physical therapy. Examples of these include the pMA Exoskeleton which utilizes
pneumatic muscle actuators (pMA) [25] and the Skil Mate
wearable elbow/forearm exoskeleton powered by McKibben
artificial muscles [26] and developed for astronaut extravehicular activity (EVA). While these devices have excellent powerto-weight ratios, they have relatively low bandwidth capability
(≈ 0.5Hz), making them poorly suited at present for virtual
reality applications. However, they do show excellent promise
as assistive and resistive training devices.
The Motorized Upper Limb Orthotic System (MULOS) is a
wheelchair-mounted exoskeleton developed for use by persons
with weak upper limbs [12]; thus, it is not intended as an
exercise system for fit adults. In addition, there is no compensation for scapulo-thoracic motion, which is considered key for
shoulder rehabilitation. Nonetheless, MULOS provided some
valuable guidelines for designing the shoulder kinematics as
well as instituting a number of novel safety features, such as
a slip clutch for protection against spastic motions.
The only exoskeleton that has explicitly allowed for scapulothoracic motion is the non-driven Salford ArmMaster developed for tactile VR applications [5], [6]. This exoskeleton
incorporates scapula tilt of up to 60◦ and scapula medial
rotation of up to 45◦ that could generate up to 12 cm of
scapula elevation/depression. MULOS researchers examined
the translation of the GH joint for several assistive tasks and
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deemed that the motion was not critical in their application [3].
The Japanese-designed ATHD has used flex cables to drive the
shoulder rotational degrees of freedom from motors mounted
in a backpack, an approach that could allow for motion of the
GH-joint, but only at the expense of shoulder rotation.

A. Kinematics

TABLE II
E XOSKELETON J OINT R ANGES OF M OTION ( DEG ).

JOINT
shoulder
flex/ext
shoulder
abd/add
shoulder
med/lat
elbow
flex/ext
forearm
pro/sup
wrist
flex/ext
wrist
abd/add
† Mean

Man
[18]†
188
/61
134
/48
97
/34
142
/0
85
/90
90
/99
47
/27

Exos
[4]
120

Dex
[4]
180

120

180

100

180

100

105

100

105

−

180

−

100

Fre
[10]
130
/52
28
/18
90
/90
166
/-3
90
/90
38
/39
57
/52

GIA
[2]
55
/36
73
/73
77
/81
89
/15
99
/88
50
/20
80
/80

Sen
[20]
150
/30
50
/0
60
/60
90
/0
90
/90
60
/60
15
/15

HD
[8]
180
/50
180
/0
90
/90
115
/0
90
/90
70
/90
55
/25

Two major issues arose in the design of the exoskeleton:
how to articulate translation of the shoulder joint and where
to place the shoulder singularity. It was clear that designing
a device to fully articulate 11 or more DOFs of the shoulder
complex would not be reasonable [19], so our goal was to
use a single rotary joint as a first order approximation of
shoulder translation. In addition, the singularity or “gimbal
lock” that results from using three single-axis shoulder joints
had to be addressed. The intent was to place the singularity at
an azimuth and elevation that would be least likely to interfere
with rehabilitation tasks.
Since our goal was to capture as much of the scapulothoracic motion as possible using a single rotary joint, we decided
to focus on the largest motion, which is shoulder elevation and
depression. Shoulder elevation can occur either deliberately,
e.g. shoulder shrug, or incidentally during rotation of the
glenohumeral (GH) joint. An example of the latter occurs
during shoulder abduction starting from the arm hanging
straight down by the side of the leg and moving in a circular
arc above the head like in a jumping jack motion.
Figure 3 shows the translation of the GH joint in the frontal
plane and was generated by using video capture data from a
shoulder abduction movement [19]. The vertical displacement
(elevation) of the shoulder was found to be far greater than
the horizontal (protraction) displacement, with a sharp point
in the curve where the adduction angle reaches 90◦ (arm is
horizontal). This point corresponds to the onset of rotation of
the clavicle, which then thrusts the acromio-clavicular (AC)
joint and consequently the GH joint as the shoulder continues
to elevate.

MB
[22]
130
135
260
135
215
90
30

values for dominant arm of 39 males

TABLE III
E XOSKELETON M AXIMUM J OINT T ORQUES (N- M ).

JOINT
shoulder
flex/ext
shoulder
abd/add
shoulder
med/lat
elbow
flex/ext
forearm
sup/pro
wrist
flex/ext
wrist
abd/add
† Mean
‡ Mean

[13]. The inclusion of the elbow implied the addition of a
forearm linkage, so the forearm roll was added as a passive
joint. The following sections will review the development
of the kinematics, construction of the rapid-prototypes, and
selection of the hardware.

Human
[9]† [1]‡
115
/110
134
/94
−

Exos
[4]
6.4

Dex
[4]
97

Fre
[10]
34

GIA
[16]
20

pMA
[25]
30

6.4

97

34

20

27

2.3

50

17

10

6

72.5
/42.1
9.1
/7.3
19.8
/10.2
20.8
/17.8

1.6

50

17

10

6

0.4

50

5.6

2

5

−

5.5

2.8

−

4

−

5.5

2.8

−

4

values for male shoulder, dominant arm
values for male elbow/wrist, dominant arm

III. M ECHANICAL D ESIGN
A driving goal for the Maryland-Georgetown-Army (MGA)
Exoskeleton was to use the lowest number of DOFs possible
to allow for full exercise therapy of the shoulder complex.
Considering the design from a biomechanical perspective, it
was determined that five powered degrees of freedom would
be required. Based on first hand experience of several physical
therapists, allowing for incidental or deliberate motion of the
scapulothoracic joint would be critical to achieving our goals
so a scapula joint was included in the design. Three joints
would be required for glenohumural shoulder rotation. An
elbow joint was needed since several flexion/extension muscles
(triceps and biceps brachii) are articulated through the shoulder

Fig. 3. Displacement of shoulder in frontal plane during a 180◦ shoulder
abduction using data taken from [19] (curve fit is 2nd order polynomial).

If a circular curve could be fit to data similar to Figure 3, an
axis of rotation could be identified for placement of a scapulothoracic joint. Since the axis of this joint is perpendicular to
the frontal plane, it could be mounted anywhere along a line
normal to the back. Therefore, the motor can be conveniently
mounted on a backpack strapped to the subject’s torso and
can yield the desired elevation and depression of the shoulder
joint.
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Shoulder singularities were the second major issue to be
confronted. The GH joint is usually modeled kinematically
as a ball and socket joint. However, attempting to implement
the same type of joint in the exoskeleton would pose severe
design challenges as well as introduce interference between the
human joint and robotic joint. Instead, the ball and socket joint
is replaced by three serially connected pin joints. Although
the pin joints create three DOFs around a single point, they
do not exactly replicate the kinematics of a ball and socket
joint. Most importantly, the series of pin joints create two
singularities, 180◦ apart from one another. These singularities
can be moved, but cannot be eliminated.
Design of the elbow joint is considerably more straightforward because it can be approximated as a single pin joint. The
actuator corresponding to this joint will incorporate a torquelimiting slip clutch, which decouples the actuator from the
frame of the robotic arm if a predetermined torque value is
exceeded. This device will help protect the user from injury
by allowing free movement in the elbow if a spasm occurs in
that joint.
The forearm roll will be the terminal joint on this prototype.
It will be equipped with an encoder to measure the joint angle,
but will not be driven. A mounting bracket for a hand grip
will be rigidly attached to the forearm link through a six-axis
force/torque sensor. Thus the wrist abduction and flexion joints
will be fixed in the first hardware prototype.

shown previously in Figure 5. A strap secures a rotational joint
on this linkage to the arm so that the joint moves with the arm.
Modifications to the design of the first prototype began before
the elbow linkage was constructed.

Fig. 4.

CAD schematic of Prototype I.

B. Rapid-Prototyped Models
Two rapid-prototyped (RPT) models of the MGA Exoskeleton were built. The first prototype was used mainly to evaluate
the kinematics and to decide what passive link adjustments
would be required. The second prototype reflected kinematics
changes following a design review and closely matched the
final design. The prototypes were attached to the back of a
neopreme Uni-Vest T M weight vest for portability, and a set
of passive adjustments between the scapula and shoulder joints
allowed for a customized fit.
1) Prototype I: A 3D model of the first prototype is shown
in Figure 4. An adjustable linkage connects the scapulothoracic joint to the first shoulder pin joint which is oriented
horizontally as seen in Figure 5. This segment has two
angular adjustments accounting for curvature in the back, and a
prismatic adjustment accounting for varying distance between
the scalupo-thoracic joint and the GH joint.
The second joint axis was mounted orthogonally to the
first, and the third joint axis was mounted orthogonally to
the second. When the three GH joint axes become coplanar,
the shoulder becomes singular. For an orthogonal triad, this
singularity occurs when the first and third joint axes align
producing a singularity along the direction of the first joint
axis. The direction of this singularity can be changed using
the second angular adjustment in the first linkage. Since
this passive adjustment is oriented vertically, the singularity
remains in the transverse plane.
The third GH joint axis is the shoulder internal/external
rotation. A “C”-shaped linkage fits over the upper arm as

Fig. 5.

Side view of Prototype I with elbow and shoulder at 90◦ flexion.

2) Prototype II: A schematic of the second prototype is
shown in Figure 6. Significant kinematic changes were implemented from the first prototype to move the singularity out of
the transverse plane into a less intrusive location. As in the first
prototype, an adjustable linkage connects the scapulothoracic
joint to the first GH joint axis as seen in Figure 7. However, an
additional passive rotation axis in the transverse plane is used
to rotate the first shoulder axis (and thus singularity) about
30◦ from a normal to the plane containing the scapula axis
and the GH joint.
Keeping the first axis away from the normal allows the
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arm to rest straight down against the side without being
in a singular configuration. This alignment of the shoulder
singularity with the azimuth axis in the MB Exoskeleton
was very problematic during our examination (see Figure 2).
Realignment of the azimuth axis was also employed in the
MULOS design, although the tilt was 30◦ from vertical in the
sagittal rather than frontal plane.
The second GH joint axis is oriented 90◦ from the first and
is located to the side and slightly beneath the shoulder, as
shown in Figure 7. The third GH joint is perpendicular to the
second, but makes a 135◦ -angle with the first when the arm is
in the rest position. The reason for making this angle 135◦ and
not 90◦ is to allow the arm to abduct further before the first
and third GH joints interfere with each other. Although the
elbow linkage was not built for the prototype, the attachment
to the upper arm can be seen at the base of Figure 7.

Fig. 7. Prototype II is shown at 90◦ shoulder flexion while mounted to a
weight vest.

Each joint (except for the forearm) is driven by a Kollmorgen brushless DC motor and harmonic drive transmission
from HD Systems. Harmonic drives were chosen because
of their compactness, low backlash, and backdrivability. The
elbow is equipped with a slip clutch manufactured by Mayr
Power Transmission and has an adjustable torque range of
20−50 N-m. It also features a synchronous mechanism, which
restricts the device from recoupling in all but one position, thus
preserving the orientation between the input and the output.

Fig. 6.

CAD schematic of Prototype II.

C. Hardware
The objective of the mechanical design was to achieve at
least half human strength and 90% of the human range of
motion in each joint given previously in Tables II and III.
The realized stall torque and range of motion for the active
joints are given in Table IV and meet these specifications. A
drawing of the final exoskeleton design is shown in Figure 8.
TABLE IV
J OINT CHARACTERISTICS FOR MGA E XOSKELETON .
Joint
Scapula
GHR 1
GHR 2
GHR 3
Elbow

Gear
Ratio
160 : 1
160 : 1
160 : 1
160 : 1
160 : 1

Stall Torque
(N-m)
92
92
92
92
64

Range
(deg)
+30/ − 30
+180/ − 45
+90/ − 65
+210/ − 30
+142/0

Fig. 8.

IDEAS-CAD rendering of final exoskeleton design.

Power and communication is routed through an umbilical
using a Galil 6-Axis Motion Control card mounted in the PC
and Advanced Motion Control PWM power modules. Motor
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position is determined using an 1800-line optical incremental
encoder manufactured by Numerik Jena. Single-turn, 12-bit
optical absolute encoders manufactured by Gurley Precision
Instruments are mounted at the output of the transmission to
determine absolution position on start up and to monitor the
incremental encoders.
A Model 50M31A force/torque sensor manufactured by
JR3, Inc. is used to measure forces and torques on the handle.
The sensor has a rating of 25 lb (111 N) in the radial direction
and 50 lb (222 N) along the axial direction. The unit is a very
compact 50 mm × 31 mm and has a mass of 0.15 kg. The
sensor has integrated sensor electronics, and the six-channel
digital output is read by a PCI card at 8 KHz. A single-axis
torque sensor manufactured by Omega Engineering, Inc. is
attached to the output side of the scapula transmission. The
sensor is capable of measuring torque levels up to 113 N-m.
Two single-axis compression load cells made by Sensotec, Inc.
are attached to mounting plates on either side of the elbow to
measure axial load at the elbow. Each sensor is capable of
measuring forces up to 25 lb (111 N).
IV. C ONTROL S YSTEM
The exoskeleton operates in two modes: Virtual Reality
(VR) Mode and Physical Therapy (PT) Mode. In VR Mode,
the forces exerted at the hand are controlled by interaction with
a virtual environment generated by a computer. In PT Mode,
the arm is allowed to rotate about an arbitrary axis through
the shoulder using a preset resistance profile. In either mode,
the scapula joint moves independently to “accommodate” the
patient using sensed torque from the local torque cell. The
control of the arm joints and scapula joint are described in
more detail below.

Fig. 9. Definition of shoulder-elbow-wrist (SEW) roll angle and location of
gripper force/torque sensor and elbow axial load cells.

velocity for the wrist, ṗw . In addition, a pair of compression
load cells mounted along the elbow axis are used to determine
the torque, τφ , exerted about the shoulder-wrist axis, pw . The
SEW torque is then integrated to produce a desired SEW roll
velocity φ̇d that is proportional to the torque about the pw
axis. The desired wrist and SEW velocities are then converted
to desired angular velocities at the joints using the inverse
Jacobian, Jwφ , and the resultant desired joint angles, θ̇d , are
then tracked using a proportional-derivative (PD) control law.

A. Virtual Reality Mode
In Virtual Reality (VR) Mode, computer-generated environments are used to simulate daily living tasks for functionallybased rehabilitation. The patient views the simulated task
and representation of their arm through a head mounted
display while the exoskeleton provides haptic feedback to the
patient. A force sensor located at the hand gripper senses the
forces being exerted by the patient’s “contact” with the virtual
environment and relays them to the controller which moves
the exoskeleton in response to the interaction.
Because the exoskeleton is kinematically redundant, specification of the wrist position is not enough to specify the three
shoulder rotations and elbow pitch. This self-motion manifests
itself as the ability of the elbow to “orbit” about the shoulderwrist axis pw shown in Figure 9 while the position of the
wrist and shoulder are held fixed [14]. The angle formed by
the shoulder-elbow-wrist (SEW) plane with a reference vector
v is referred to as the “SEW angle.”
The admittance controller shown in Figure 10 is used to
convert the sensed contact forces at the hand and elbow into
desired movements of the exoskeleton [7], [15]. Signals from
the force-torque sensor at the hand are relayed to an admittance
model of the virtual environment, which then outputs a desired

Fig. 10.

Admittance controller used in VR Mode.

B. Physical Therapy Mode
In Physical Therapy (PT) Mode, the exoskeleton becomes
a programmable resistance trainer that allows the patient to
exercise about an arbitrary shoulder rotation axis. For rotator
cuff injuries, for example, therapists often prescribe exercises
involving lateral/medial rotation of the shoulder. Since there is
no single joint corresponding to shoulder rotation, the exercise
involves all three shoulder axes of the exoskeleton. Thus, the
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controller needs to yield a prescribed resistance profile about
the desired axis while preventing rotations about the other
shoulder axes.
Since the torques about the shoulder axes cannot be measured directly, an impedance controller is used to realize the
desired resistance profile [17]. The shoulder joint velocities
are relayed to a Jacobian, JGH , as shown in Figure 11, which
then computes the Cartesian velocities about the glenohumeral
(GH) joint, ωGHd . These velocities are then multiplied by the
desired resistance profile, which outputs the desired torques
about the GH axes, τGHd . These torques are then converted
into exoskeleton joint torques using the Jacobian. A feedforward model of the exoskeleton runs in parallel to calculate
gravity and other feedforward compensation torques. Since
only the GH angles are specified, the elbow pitch is left
unconstrained and can be moved however the patient desires.

Fig. 11.

control station and its user interface. This interface allows
the clinician to monitor the robotic system performance, enter
patient rehabilitation parameters, and store patient history.
The control station communicates over the Internet with the
robot control computer, which is responsible for control of the
robotic arm and overall patient safety. The arm controllers running on the robot control computer produce either a position
or torque command, which is sent to the motor controller. A
force-torque sensor attached to the gripper senses the forces
and torques exerted by the patient, which are relayed to the
robot control computer via a digital acquisition board.
The robot control computer runs the TimeSys Linux realtime operating system, in order to guarantee meeting its safety
deadlines. As the operator computer is not involved in safety
decisions, it will run a standard desktop operating system
(in which the ability to respond to events within a certain
time frame is not guaranteed). The arm controller algorithms
operate in Cartesian space, utilize force/torque sensor data,
and operate at 200 Hz. The PD controller, when required by
a particular arm controller, runs at 1000 Hz.

Impedance Controller used in PT Mode.

C. Scapula Joint Control
The scapula joint is controlled independently from the arm
joints using the admittance controller shown in Figure 12. A
torque cell at the output of the transmission directly measures
the torque being exerted by the scapula joint, τξ . However,
because the applied torque must balance the sum of the
gravitational torque and the torque applied by the subject,
a gravitational model is used to subtract out the component
due to the gravity load. The estimated human torque is then
integrated to produce a desired scapula joint velocity, ξ˙d ,
which is then tracked by a PD controller.
Fig. 13.

Fig. 12.

Accommodation controller used for scapula joint.

V. S OFTWARE A RCHITECTURE
The architecture of the control system is shown in Figure 13.
The health worker interacts with the system through the

Software control architecture.

All safety decisions are carried out within the robot control
computer and occur autonomously. This setup allows for very
high speed reaction by the computer safety system in the event
of a component failure, communication error, or the patient
attempting something they should not. The embedded robot
system is designed to be a ‘fail-safe’ system, and is, as much
as practical, safe in and of itself. The actual ‘safe state’ entered
will be one of: a) the arm holding its current position and not
exerting any force on the patient, or b) a complete power-down
of the arm. At any time, either the clinician or the patient are
able to manually safe the system by hitting a button or key.
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The robot control computer is responsible for enforcing
patient-related force, position, and range-of-motion limits;
guaranteeing that the heartbeat transmitted by every computer
is valid; verifying that all the local electronics are functioning
and correctly providing data; and ensuring that the operator
computer is functioning. These checks occur at either 200
or 1000 Hz, depending on whether they are associated with
the arm or PD controller. Also, the robot control computer is
protected by watchdog timers that will safe the system in the
event of incorrect operation.
The reaction time of the software safety system determines
how much affect a failure can have on the patient, in terms of
how much additional force can be applied or how far the arm
can move, before the system safes. This effect depends on the
reaction time of the robot control computer and the rate of the
particular safety check. As software checks are executed at
either 200 or 1000 Hz, the reaction time will be a maximum
of 5 ms, and a minimum of 1 ms.
VI. C ONCLUSION
This paper began with a survey of exoskeletons built todate and has explored the design tradeoffs between various
kinematic designs and actuator technologies. Only one exoskeleton was found that incorporated scapulothoracic motion,
but it was not powered. A single rotary joint perpendicular to
the back was chosen to accommodate shoulder elevation and
depression. The glenohumeral joint is based on an orthogonal
axis triad with the first axis tilted at 30◦ away from the azimuth
axis to accommodate the singularity. Two rapid-prototyped
versions of the exoskeleton were built prior to final design.
Mechanical fabrication is complete, and the exoskeleton is
now undergoing electronics integration and testing. Although
the prototype mass is only about 12 kg, it will initially be
wall-mounted due to the weight of the external components.
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