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Design of a Haptic Arm Exoskeleton for
Training and Rehabilitation
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Abstract—A high-quality haptic interface is typically character-
ized by low apparent inertia and damping, high structural stiffness,
minimal backlash, and absence of mechanical singularities in the
workspace. In addition to these specifications, exoskeleton haptic
interface design involves consideration of space and weight lim-
itations, workspace requirements, and the kinematic constraints
placed on the device by the human arm. These constraints im-
pose conflicting design requirements on the engineer attempting
to design an arm exoskeleton. In this paper, the authors present
a detailed review of the requirements and constraints that are in-
volved in the design of a high-quality haptic arm exoskeleton. In
this context, the design of a five-degree-of-freedom haptic arm ex-
oskeleton for training and rehabilitation in virtual environments is
presented. The device is capable of providing kinesthetic feedback
to the joints of the lower arm and wrist of the operator, and will be
used in future work for robot-assisted rehabilitation and training.
Motivation for such applications is based on findings that show
robot-assisted physical therapy aids in the rehabilitation process
following neurological injuries. As a training tool, the device pro-
vides a means to implement flexible, repeatable, and safe training
methodologies.

Index Terms—Arm exoskeleton, design methodology, force feed-
back, haptic interface, robot aided rehabilitation.

I. INTRODUCTION AND MOTIVATION

APTIC or force-reflecting interfaces are robotic devices
H used to display touch- or force-related sensory informa-
tion from a virtual or remote environment to the user (see, for
example, surveys [1]-[3]). Based on the point of attachment of
the base of the robotic interface, haptic display devices can be
classified as grounded [4] or ungrounded [5]. A grounded haptic
device is affixed to a rigid base, transferring reaction forces to
ground. An ungrounded haptic device is attached only to the op-
erator’s body, exerting reaction forces on the user at the point(s)
of attachment. Typically, ungrounded haptic interfaces are good
at providing feedback such as grasping forces during object
manipulation. Alternatively, grounded devices perform better
when displaying kinesthetic forces to the user, like forces that
arise when simulating static surfaces [1]. The workspace of a
grounded device is limited by the manipulator’s link lengths and
joint limits. Often, in the case of common desktop interfaces like
the PHANToM Desktop by Sensable Technologies (workspace:
6.4-in wide x 4.8-in high x 4.8-in deep) or the Impulse Engine
2000 by Immersion Corporation (workspace: 6 in X 6 in), the
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workspace is limited when compared to that of the human arm
as determined from the joint ranges of motion for the shoul-
der, elbow, and wrist. An ungrounded or wearable interface, in
comparison, permits greater human movement during haptic in-
teractions. However, the increased workspace for an ungrounded
device is achieved at the expense of design simplicity.

The ability to interact mechanically with virtual objects
through incorporation of haptic feedback allows users to manip-
ulate objects in the simulated or remote environment with ease
when compared to a purely visual display. Added advantages
of haptic simulators include increased repeatability, scalability,
safety, and control over environmental conditions. It is also pos-
sible to simulate additional physical forces and fields, which
may or may not be part of a natural environment, to convey
information to the user. This makes a haptic display suitable
for a variety of applications like remote operation in hazardous
environments, simulators for surgical training [6]-[8], and reha-
bilitation research [9]—[12]. Physical therapy utilizing the resis-
tance offered to a user’s motion during haptic interaction can be
used for rehabilitation of impaired arm movements in patients.
Furthermore, research has shown that augmented feedback pre-
sented in virtual environments accelerates the learning of motor
tasks [11]. For these reasons, the authors have developed an arm
exoskeleton that can be utilized for such training and rehabili-
tation applications.

A force-feedback exoskeleton is a haptic device worn by the
user. Arm exoskeletons can simulate large forces at the hand or
arm, like the weight of an object that is held. This is achieved by
providing feedback to the various joints of the arm—the shoul-
der, elbow, and wrist. Although worn by the user, the device
itself may be grounded, in which case it restricts user mobility.
In the mid 1960s and early 1970s, a group of researchers at
Cornell University and later at General Electric developed some
of the earliest master-slave teleoperation systems, the Handy-
man and Hardiman [13]. The Hardiman was an anthropomor-
phic exoskeleton placed inside a larger slave robot, and was
used to amplify human power output. Input commands from the
user were obtained from both the arms and legs. These early ex-
oskeleton haptic devices were hampered by limitations in actu-
ation, computation, and control systems technology. The reader
is encouraged to review [1] for an exhaustive discussion of the
early stages of exoskeleton and haptic interface development.

In recent years, improvements in sensing and actuation tech-
nologies, control systems, and computing resources have led
to development of many successful haptic interfaces. Although
there have been a large number of high-performance hand
controllers, research in design of exoskeletons for other parts of
the body is still in an early phase. The first modern exoskeleton
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arm/glove was designed and developed at ARTS laboratory
for the replication of sensations of contacts and collisions [4].
The ARTS arm, also known as the PERCRO exoskeleton,
is a 7-DOF ungrounded device, attached to the operator’s
shoulder and torso. The operator holds onto the device with
his/her palm. Hence, the device can only exert forces at the
palm of the user. It uses dc motors with a cable transmission
system for actuation. A 9-DOF under-actuated exoskeleton arm
developed at the Korea Institute of Science and Technology
(KIST) by Lee et al. addressed the workspace issues associated
with the PERCRO exoskeleton. Their device allows for full
reproduction of the human arm’s workspace when operating the
exoskeleton [14]. A revised exoskeleton device from the same
group employs electrical brakes in place of pneumatic actuators
for improved bandwidth [15]. An alternate arm exoskeleton
developed at KIST addresses the limited wearability issues of
previous designs by using parallel mechanisms and pneumatic
actuators [16]. The wearable Salford arm addresses some of the
issues and limitations of earlier designs [5]. For example, nearly
90% of the human arm’s workspace can be replicated with their
device. Pneumatic muscle actuators (pMAs) were selected to
power the robot due to their high power-to-weight ratio. A draw-
back of this choice is the highly nonlinear behavior and slow
response of the pMAs, presenting additional control challenges.

Several human power amplifier systems, related to ex-
oskeleton haptic devices, have been presented in the litera-
ture [17]-[19]. Human amplifier systems provide force feed-
back to the operator through a direct coupling between the
amplification device and the operator. While there are some
overlapping design considerations between human amplifica-
tion systems and exoskeletons, there are also unique consid-
erations for each. For example, with power-assisted systems,
the operator directly receives feedback from a natural environ-
ment, and the device allows the user to achieve greater power
output than can be achieved by a human alone. Conversely, a
haptic exoskeleton must provide force feedback and simulta-
neously allow interactions with simulated environments. Many
environment-rendering methods impose design constraints for
these haptic exoskeletons that will be discussed throughout this
paper.

Force control of arm exoskeletons is traditionally imple-
mented under the assumption of pseudostatic operation (see, for
example, [4]). In this approach, the robot Jacobian can be used to
compute required actuator torques for some desired force at the
end-effector. Recently, Rosen et al. presented some interesting
results with the use of myosignals, command signals sent to the
human muscles by the brain, in predicting human arm motion
during operation of a single-DOF arm exoskeleton [20]. They
showed that the prediction of operator motion can be used to
improve upon the force control and overall quality of the haptic
device.

Many prior exoskeleton interfaces attempt to optimize one
or more of the following characteristics of the haptic system,
namely power-to-weight ratio [5], [14], [16], workspace [14],
wearability [16] or stability, and control bandwidth [4], [21],
[22]. Individual designs, however, achieve these optimizations
at the expense of other useful features, usually workspace [4],

Fig. 1. User operating the exoskeleton.

[16], [21] or control bandwidth [5], [14], [16]. In this paper, the
authors present work that combines the useful results from prior
research toward the design of a high-quality haptic interface
with a workspace comparable to that of human arm workspace.
This is achieved at the expense of added weight and decreased
mobility due to device grounding. Fig. 1 shows a subject oper-
ating the proposed exoskeleton.

II. BACKGROUND

Haptic feedback aids an operator to reliably complete a re-
mote or virtual task. Primary requirements for such a system
are the ability to convey commands to the remote or virtual
plant and to reflect relevant sensory information, specifically
forces in the remote or virtual environment, back to the oper-
ator. In essence, the dynamics of the device must not interfere
with the interaction between the operator and environment. An
ideal haptic interface behaves as a rigid body, through which the
user interacts with the environment, over the complete range of
frequencies of forces in the virtual environment.

In practice, however, performance is limited by physical fac-
tors, such as actuator and sensor quality, device stiffness, fric-
tion, device workspace, force isotropy across the workspace,
backlash, and computational speed. Force isotropy, which refers
to the equality of force exertion capability of the device in
all directions, is important to ensure consistent device perfor-
mance across the workspace. The desired size and shape of the
workspace itself is typically dependent on the target applica-
tion, and serves as an important factor in determining the over-
all device size and mechanism. Increased workspace is only
achieved at the expense of a larger and heavier device, since
the force output requirements scale with the workspace size.
Also of consideration in the design of haptic arm exoskele-
tons is the biomechanics of the human arm. The arm imposes a
force/position constraint on the device, thus affecting the system
behavior and performance. These design factors are discussed
in detail in Sections II-A-II-C.

A. Biomechanics of Human Arm

A haptic arm exoskeleton places kinematic constraints on
the human arm. The human arm has seven DOF: Abduc-
tion/adduction and flexion/extension of the shoulder; rotation
of the upper arm; flexion/extension of the elbow; rotation of
the forearm; and radial/ulnar deviation and flexion/extension
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TABLE I
COMPARISON OF WORKSPACE AND TORQUE LIMITS OF HUMAN ARM AND EXOSKELETON JOINTS

Human Human Joint Peak Torque

Strength' Limits P P Capability P y
Elbow Flexion: 146° Flexion: 120° Flexion: 90°

R . 72.5 Nm 6 Nm 5.46 Nm

Flexion/Extension Extension: 0° Extension: 0° Extension: 0°
Forearm Supination: 86° Supination: 90° Supination: 90°
Supination/Pronation 9.1 Nm Pronation: 71° > Nm Pronation: 90° >-08 Nm Pronation: 90°
Wrist 19.8 Nm Palmar Flexion: 73° 4 Nm Palmar Flexion: 60° | ~ 0.4 Nm @ Palmar Flexion: 60°
Palmar/Dorsal Flexion ) Dorsiflexion: 71° Dorsiflexion: 60° a=30%3=9° Dorsiflexion: > 60°
Wrist 20.8 Nm Adduction: 33° 4 Nm Adduction: 30° ~ 0.4 Nm @ Adduction: 30°
Abduction/Adduction ) Abduction: 19° Abduction: 30° o =21°;8=—11° | Abduction: > 30°

of the wrist. It is desirable that the haptic exoskeleton does
not compromise with the natural arm motion and workspace of
the operator. The device should also have torque capabilities to
match and enhance human abilities. Table I shows the workspace
and torque capabilities of the human arm for reference.

B. Performance-Related Design Parameters

A high-quality haptic interface is characterized by stability
robustness and transparency. The stability bandwidth refers to
the range of frequencies of forces that can be reflected to the
operator with the device, while ensuring stable system behav-
ior. Research has shown that stability of a haptic simulation is
related to the simulation rate, virtual wall stiffness, and device
viscosity [23]. Transparency is a measure of the degree of dis-
tortion between the force at the human-robot interface and the
desired contact force as commanded through the virtual environ-
ment. Transparency can be degraded by such things as backlash,
inertia, or friction in the haptic device, sensor resolution, and
computational delay [24]. Often with haptic interfaces, the qual-
ity of the device is characterized by the maximum virtual wall
stiffness that can be stably displayed.

C. Control-Related Design Parameters

A haptic system applies trajectory-dependent forces to the
operator’s body. This is typically implemented in one of two
modes—the impedance control mode and the admittance con-
trol mode. Impedance control techniques measure position at the
human—-machine interface and in turn adjust the commanded
force at the human—machine interface depending on the vir-
tual environment model to be displayed. It is desirable that an
impedance-controlled haptic device allows free movement in
response to the operator’s motion commands, so that when the
human is moving in free space (not in contact with any virtual
objects), there is no resistance to motion. This requirement trans-
lates to aneed for backdrivability in impendence-controlled hap-
tic devices. In this control mode, it is also desirable for the device
to have minimal inertia to facilitate maneuvering. Furthermore,
low inertia and friction improve interface performance by re-
ducing the forces required to compensate for device dynamics.
Alternatively, admittance control methods rely on measurement
of forces at the human—machine interface and controlled robot
motion based on the virtual environment model. An admittance-
controlled haptic device should prevent movement of the robot

in response to operator-generated forces to allow for consistent
force measurement and motion control.

It is apparent that haptic exoskeleton design involves various
tradeoffs, which limit the achievable performance of the device
since, in all instances, stability must be maintained. To sum-
marize these tradeoffs, mechanism design choices may limit
or affect human motion abilities; sensor and actuator selection
is directly related to device weight, force output range, sys-
tem stability, and cost; and actuator placement and inclusion of
transmissions affects the apparent inertia of the device. All of
these design decisions are greatly influenced by the intended
application for the device.

III. METHODS

The MAHI exoskeleton, named for the Mechatronics and
Haptic Interfaces Lab at Rice University, has been designed pri-
marily for training and rehabilitation in virtual environments.
These applications typically require the use of virtual force fields
for guidance [25] or active assistance [26], [27]. The exoskele-
ton device must therefore allow natural human arm movements,
with minimal reduction in workspace of the human arm. Be-
cause the device is to be worn, special care must be taken to
ensure safety of the wearer. Furthermore, mobility of the inter-
face is not normally a requirement for such a system. Hence, the
device can be grounded to support excessive weight, and gravity
compensation can be implemented through the controller. Ad-
ditionally, the low accelerations and velocities associated with
human movements ensure that the inertia of the device plays a
small role in its operation [4], [28]. Therefore, when designing
the MAHI exoskeleton, the kinematic design of the robot has
been given prime consideration.

Table I shows the desired design specifications for the ex-
oskeleton in terms of the range of motion and torque display
capability. The workspace specifications closely match the av-
erage range of motion of human joints. The torque capabilities
lag far behind human abilities due to the limitations in the cur-
rent actuator technology and some practical restrictions on the
size of actuators, which can be used in an arm exoskeleton. The
torques achieved by Tsagarakis et al. [5] have been used as target
specifications for design. Tsagarakis et al. employ pMAs with a
tendon-based transmission for their exoskeleton design. This al-
lows their exoskeleton to achieve high torque output and a larger
workspace compared to prior arm exoskeleton systems. The dis-
advantage of using pneumatic actuation is the low bandwidth
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Fig. 2. Exoskeleton mechanism: A 3-RPS platform is used as the wrist of the
robot. Joints R1, Ro, and R3 and By, B2, and Bj are located at vertices of
equilateral triangles.

of the actuators and the requirement of delicate control due to
their nonlinear behavior. Because the MAHI exoskeleton uses
electric actuators, with lower power-to-volume and power-to-
weight ratios than pneumatic actuators, the authors feel that
the torque requirements of Tsagarakis serve as a challenging
benchmark.

Research has shown that fairly low stiffness and force val-
ues are sufficient for object detection [29], [30]. Therefore, if
a haptic exoskeleton is designed for teaching arm movements
using virtual force fields, a low force output interface would
suffice. In this case, as the authors intend for the device to be
used as a general purpose training tool for arm movements,
it is required that the device be able to simulate high-quality
virtual surfaces. As a result, emphasis is placed on the de-
sign of a high-performance interface, which encompasses the
human arm workspace. In addition, for rehabilitation appli-
cations, the ability to control feedback to individual human
arm joints is desirable and has been addressed through this
design.

IV. RESULTS

A. Basic Mechanism Design

The basic kinematic structure of the 5-DOF MAHI exoskele-
ton is depicted in Fig. 2. The exoskeleton is comprised of a
revolute joint at the elbow, a revolute joint for forearm rotation,
and a 3-revolute-prismatic-spherical (RPS) serial-in-parallel
Wrist.

The 3-RPS platform, mentioned by Lee and Shah [31], con-
sists of a base plate, three extensible links [y, l2, and I3, and
a moving platform, as shown in Fig. 3. The moving platform
houses the end-effector that is affixed to the operator during
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Fig. 3.

3-RPS platform (adapted from [31]).

operation. The moving platform is connected to the three exten-
sible links by means of spherical joints spaced at 120° along the
circumference of a circle of radius 7. The other end of the links
connects to the base platform via revolute (pin) joints, which
are also spaced 120° along a circle of radius R. The axes of
rotation of the revolute joints are oriented along the tangents to
the circle of radius R. Linear actuators placed along the link are
used to change the link length, thereby moving the top platform.
It should be noted that the platform has limited movement trans-
verse to the vertical axis through the base and no singularities
for 6, € (0,7) [31].

The choice of a parallel mechanism for the design of the
exoskeleton wrist over a serial mechanism was motivated pri-
marily by the compactness of the parallel mechanism. Further-
more, use of a parallel mechanism allows for higher torque
output, stiffness, and decreased inertia compared to a similar
serial mechanism.

During operation, the robot is worn so that the axis elbow
joint of the robot aligns with the operator’s elbow joint, and the
top plate of the wrist of the robot aligns with the wrist joint of
the operator. This configuration aids in preserving natural arm
movements by aligning the robot’s kinematic structure with
that of the human arm. Velcro strapping and an ergonomic palm
splint are used to maintain this alignment. The mapping between
the robot configuration and arm position is further simplified by
the use of the 3-RPS kinematic structure for the robot. The
equivalence between the human wrist joint angles and the xyz
Euler angle representation for the orientation of the platform is
shown in Section IV-E.

B. MAHI Exoskeleton Kinematics

For the purpose of analysis, the coordinate axes are fixed to
various joints of the exoskeleton, as shown in Fig. 2. Frames
{1} and {2} are fixed to the ground and elbow joints, respec-
tively, whereas frames {3} and {4} are fixed to the plates of the
platform.
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The transformation matrices between frames {1} and {2} and
{2} and {3} are given by

rcosfly —sinfy 0 07
im _ | sinfs cosfy 0 O
=1 0 10 M
L O 0 0 1.
rcosfls —sinfls 0 07
o | sinfs  cosfs 0 I
Ts=1"9 0 10 )
L O 0 0 1.

where 64 and 05 are the angles of rotation of the elbow and
forearm joints and (0,,0)7 is the location of the center of the
base plate of the platform in {2}.

Now, given the transformation matrix between frames {3}
and {4}, the position and orientation of the wrist platform can
be computed, which provides the position and orientation of the
human wrist. Section IV-C presents in detail the kinematics of
the wrist. The elbow and forearm joints of the robot and human
being coincident, the measurement of position of operator’s
elbow and forearm from robot coordinates and vice versa is
trivial as shown in Section I'V-A.

C. Kinematics of the Wrist Mechanism

As shown in Fig. 3, the base coordinate frame {3} is attached
to the center of the base platform with the z3-axis pointing
vertically upward and z3-axis toward the first revolute joint R;.
Frame {4} is attached to the moving platform with the z4-axis
being normal to the platform and the x4-axis pointing toward
the first spherical joint B;. Using Grashoff’s criterion it can be
shown that the system has three DOF. Furthermore, due to the
constraint imposed by the revolute joints, the rotation of the
platform about z4-axis is not possible. Hence, the platform has
only two DOF in orientation and one in translation. The length
of individual links are denoted by /;. The coordinates of the
revolute joints relative to {3} are

R SR R
Ri=|0| Ry=|¥R| Rz=|LR
0 0 0
3
and the coordinates of the spherical joints in {4} are
r S S
‘Bi=|0| 'By= || ‘By=|LBr|. ¥
0 0 0

The homogeneous transformation matrix 4Ty, which repre-
sents {4} in terms of the base frame {3}, is

3T4:[n o a p. 5)

where p, = (., Yc,2.)! denotes the position of the origin
of frame {4} in the base frame. The direction cosines of the
unit vectors x,y, and z in the base frame are represented by
n = (Tll,ng,ng)T7 O = (01,02703)T, and a = (al,ag,ag)T.
For subsequent analysis, all coordinates and lengths have been
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normalized using the base radius 2. The following are defined:

r lq‘
P=R TR
then
T Ye Zc
Xo=% v=b oz -2

1) Forward Kinematics: The forward kinematics for the
platform involves solving simultaneous equations for the po-
sition and orientation of the movable platform in terms of the
given link lengths. The fact that the manipulator is essentially a
structure for fixed lengths has been used to derive these equa-
tions. If 0; is the angle between link R; B;, then coordinates of
the spherical joints with respect to the base frame are

COS(%) (1 - L; cos ;)
3B, = sin(%) (1—L;cost;) |-
Li sm(GZ)
i=1,...,3. (6

The distance between any two spherical joints y/37 can be used
to implicitly relate §; to L;. This leads to three constraint equa-
tions given by (7)—(9)

Lf + L% —3— 3p2 + L1 Lo cos 6y cos b

— 2L1L5sinf; sinfy — 3L1 cos 64

—3L5cosf0y =0 (7
L% + L% -3 - 3,02 + L3 Ly cos 63 cos 0o

— 2L3L5sin 3 sin Ay — 3L3 cos O3

—3Lycos0y =0 (8)
L% + L§ —3—3p%>+ LiLscosf; cosbs

— 2L L3 sin 6y sinf3 — 3L cos 01

— 3L cosfs3 = 0. )

Multiple solutions of 1, 65, and 03 for a given set of link lengths
are possible. A further mathematical constraint 0° < 6; < 180°
ensures uniqueness. In other words, the position z,. for the plat-
form must always be positive, i.e., the moving platform should
always move on one side of the base platform, a physical con-
straint. With this constraint, (7)—(9) can be solved numerically
for 6;. As the spherical joints are placed at the vertices of an
equilateral triangle, the Cartesian position of the origin of the
moving frame {4}, which is the centroid of the triangle, C' can
be computed as

3
P.=[X. Y. ZC]:éZB’C (10)

Using (4), the Cartesian position of the spherical joints can

be expressed as
‘Bi| 4, [*B;
{ 1 } ="T; [ 1 ] . 11
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Equations (11) and (6) can be solved to determine the vectors
n, o, and a, and hence the orientation of the platform. The com-
ponents of n are determined by equating the Cartesian position
of spherical joint B; from the above-mentioned equations

1—Licosb — X, Y.
ny = Nng = ——
P P
Ll sin01 — Zc
ng—=———.
p

Similarly, equating Bs from (6) and (11), the vector o is

B V3 = /3Ly cos by — 3Y,
a V3p
2L5sinfy + Ly sinf, — 327,

V3p '

As the unit vectors n, 0, and a are orthogonal, a is determined
as

01 ="n2 02

03 =

a1 = N203 — N30 a2 =— N301 —MN103 A3 = N102 — N201.

Once the transformation matrix T is known, the orientation
of the platform in terms of zyz-Euler angles, «, 3, and ~y, can
be determined using

B =sin"'(n3) o= Atan?2(—o3/cos(f),as/ cos(3))
v = Atan2(—nay/ cos(3),n1/ cos(f)).

It should be noted that if 5 = +90°, o and v become indeter-
minate. In addition, the top plate of the platform cannot rotate
about z4, and hence, v = 0 in general.

2) Inverse Kinematics: As the moving platform has three
DOF, its position can be defined in terms of the first two zyz-
Euler angles, a and /3, and one Cartesian coordinate, Z.. As the
links Ry By, R2Bs, and R3 B3 are constrained by the revolute
joints to move in the planes y = 0,y = —/3x, and y = /3,
respectively, using (11) we have

ng2p + Y. =0; X(::L-
np — 02

Now, v = 0, as the top plate of the platform cannot rotate
about z4. Hence, X, Y., and y can easily be solved. The orien-
tation and position of the top plate can then be used to compute
the transformation matrix T and determine the Cartesian po-
sitions B; using (11). The actuator position is then trivial to
calculate as the length of link R; B;.

D. Kinematic Design of the Wrist

The 3-RPS platform used as the wrist platform involves sev-
eral design parameters, which affect the workspace of the device.
These parameters are the ratio of the radii of the top and base
platforms p, the link travel, the maximum link length, and the
height of the platform. The parameters were calculated using
the sequential quadratic programming algorithm, to optimize
the wrist workspace for £60° in pitch (rotation about y,) and
+30° in yaw (rotation about x4). The algorithm is implemented
through the fminimax function as a part of the MATLAB opti-
mization toolbox.
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3

Fig. 4. Simplified kinematic model of the human arm (other axes have not
been shown for clarity). Axes 0 through 3 represent elbow rotation, forearm
rotation, elbow adduction/abduction, and elbow flexion/extension, respectively.

The wrist platform dimensions were determined via design
optimization, with p and platform height as the variables to be
selected. A weighted sum of the maximum link length and link
travel was chosen as the cost function to be minimized, and is

given as
f(x) = L12nax + (Lmax — Lmin)2

where L.« and L,;, are the maximum and minimum link
lengths over the entire workspace of interest. It should be noted
that the height of the platform is maintained constant during op-
eration of the exoskeleton, as only the two DOF of orientation of
the top plate are utilized. The sizes of the human wrist and elbow
provide constraints on the diameter of the top and base plates
of the platform. In addition, the base of the platform can collide
with the ground links at the upper arm during elbow flexion, thus
limiting the workspace. Therefore, it is desirable that the height
of the platform and the travel of the links be kept to minimum,
so that the base is as close to the human wrist as possible.

(12)

E. Measurement of Human Wrist Joint Angles

A simplified kinematic model of the human lower arm and
the wrist is shown in Fig. 4. Note that axes x4 of the platform
(see Fig. 3) and 22 of the human wrist joint coincide when the
exoskeleton is worn by an operator. Similarly, axes y, of the plat-
form and z3 of the arm coincide for any rotation « of the top plate
of the platform about x4, or of the human wrist about 25 (Fig. 4).
Furthermore, {3} of the platform has a fixed orientation with re-
spect to {1} of the human arm. Hence, a rotation of the top plate
of the platform about x4-axis (Fig. 3) followed by another rota-
tion about y4-axis (Fig. 3), is equivalent to a transformation from
{3} to {1} of the arm. This implies that with the top plate of the
platform centered at the operator’s wrist joint, the measurement
of the orientation of the top plate with respect to the base of the
platform in terms of xyz-Euler angles corresponds to measure-
ment of the flexion/extension and abduction/adduction of the
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TABLE II
SENSOR AND ACTUATOR SPECIFICATIONS
. Peak Output Peak Stall Sensor
Axis Force/Torque Force/Torque Resolution Remarks
Elbow Actuator : Kollmorgen U9D-E
Flexion/Extension 5:459 Nm 0.487 Nm 0.175° Encoder : US Digital E3-2048-500-H
Forearm Actuator : Applimotion 165-A-18
Supination/Pronation 3.08 Nm 1.694 Nm 0.002° Encoder : MicroE Systems Mercury 1500
. Actuator : Copley Controls TB1102
Linear Axes 95N 39N tum Encoder : Renishaw RGH24
human wrist joint. Therefore, xyz-Euler angle representation
of {4} relative to {3} is used for the orientation of the platform
for subsequent analysis. The Euler angle of rotation o about
x4-axis corresponds to abduction/adduction of the wrist
while the rotation angle [ about y,-axis corresponds to
flexion/extension.
F. Sensing and Actuation
1) Sensor Selection: Sensor resolution affects the range of
frequencies of forces that can be displayed by the haptic inter-
face [24]. Consider, for example, the simulation of a thin virtual
wall. If the sensor resolution or the computational speed is not
Fig. 5. Exploded view of exoskeleton assembly.

high enough, then there exists a possibility that the human can
pass his/her arm through the wall without feeling the force. Fur-
thermore, during simulation of stiff virtual surfaces, reduction
in sensor resolution increases the delay in sensing the human’s
actions in the virtual environment, and this delay can decrease
system stability. With these considerations, high resolution op-
tical encoders were selected for the device.

2) Actuator Selection: The actuators for a haptic device de-
termine the range of magnitude and frequencies of forces that
can be displayed with the interface. To reproduce real-life envi-
ronments, it is desirable that the device be able to display forces
in a large range of magnitudes as well as frequencies. In general,
the use of high-power actuators is accompanied with an increase
in weight, thereby increasing the inertia of the device. Thus, high
power-to-weight ratio and high bandwidth are desirable qualities
for actuators used in a haptic interface. The bandwidth refers to
the dynamic response of the actuator; a low-bandwidth actuator
fails to display high-frequency forces to the operator, reducing
system transparency in such situations. This gains importance
in that human kinesthetic/preprioceptic sensing bandwidth is
20-30 Hz and tactile sensing bandwidth is 0—400 Hz [28].

No single actuator technology provides the benefit of both
high power-to-weight ratio and high bandwidth. Pneumatic ac-
tuators are inexpensive and provide the benefit of high power-
to-weight ratio. However, pneumatic actuators have a low band-
width, which limits their utility as actuators for haptic interfaces.
Tsagarakis et al. used pMAs for their exoskeleton [5]. However,
these actuators have highly nonlinear dynamics in addition to
low bandwidth, making them unsuitable for application in haptic
devices. Hence, electrical actuation was chosen for the MAHI
exoskeleton. Electrical actuators have a lower power-to-weight
ratio than pneumatic actuators but have very high bandwidth.
This increases the weight of the device but allows for better force
reflection through the interface. Table II lists the specifications
for the sensors and actuators used for the exoskeleton.

3) Transmission and Actuator Placement: A transmission
can be used to increase the torques or forces delivered by the
device, but at the expense of speed of operation. The bandwidth
of human motor output, which represents the ability of the hand
and fingers to exert forces, is 10-15 Hz [28], thus making the
use of a transmission in haptic interfaces advantageous. Fur-
thermore, use of a transmission allows the actuators themselves
to be placed closer to the base of the robot, reducing rotational
inertia.

Use of transmissions, however, is associated with tradeoffs
like backlash, nonlinear dynamics, and complex cable routing.
For example, gears introduce backlash into the system, whereas
cable and belt drives introduce nonlinearities. Additionally, in
arm exoskeleton design, use of cable or belt drives involves
complex routing to ensure hindrance-free arm operation.
Bergamasco et al. used a cable drive to power their exoskeleton
and reported the routing of cables to be a major part of the
design process [4]. The parallel wrist mechanism used in our
design can further magnify this problem. For these reasons,
a direct drive mechanism was selected. This simplifies device
design and ensures optimal transparency and performance.
The drawbacks include a reduction in the magnitude of forces
that can be displayed through the device. As a result, the
current design of the exoskeleton cannot compensate for
gravitational effects throughout the workspace of the device.
Another drawback of direct-drive actuation is increased inertia.
Frameless electrical actuators were selected to keep the increase
in inertia to a minimum.

G. Assembly of the Exoskeleton

An exploded view of the robot assembly is shown in Fig. 5.
The device uses frameless electrical motors for forearm and
wrist joints and is made almost entirely of aluminum. Due to the
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Fig. 6. Platform link mechanism: Link A carries the linear actuator block and
rotates about pin P; Link B acts as the prismatic link of the wrist platform. Links
A and B are mechanically coupled for synchronous rotation and B can translate
with respect to both A and P.

use of frameless actuators, the amount of material required for
construction was tremendously reduced. Aluminum has been
used for construction over lightweight polymers like carbon
fiber for several reasons.

1) Aluminum has much higher stiffness than polymers.

2) Polymers like carbon fiber are typically stronger under

axial loading than transverse.

3) Being metallic, aluminum components are conducive to

the performance of frameless motors.

Design of the wrist platform required extra considerations due
to the use of electric actuation. Unlike variable length pneumatic
actuators, the electric actuators used have a fixed total length.
Therefore, the revolute joint was replaced with a cylindrical joint
with the same axis of rotation (see Fig. 6). Both links A and B can
rotate about the axis of rotation through pin P, whereas link B can
also slide over pin P, thus making the cylindrical joint. Bearings
have been used in the slots to reduce friction and backlash.

The range of motion of the spherical joint at the movable plate
of the platform limits the workspace of platform. Equations de-
veloped by Lee and Shah were used to compute the range of
rotations required from the spherical joint to meet our workspace
criteria [31]. It was found that commercially available spherical
joints do not suffice to meet the workspace requirements. Hence,
the spherical joint was replaced with a 4-DOF spherical joint be-
tween the top plate of the platform and the corresponding linear
joint links. This joint consisted of a universal joint attached at
either end to the link and the moving platform via rotary joints.
This adds redundancy to the system and permits larger rotations.
For the purpose of kinematic analysis, the redundancy does not
affect any of the geometric relations or equations.

H. Safety and Comfort

During the design process, precedence was given to compact-
ness of the design and robot kinematics. A direct drive mecha-
nism was used to avoid backlash and nonlinearities associated
with transmissions. As a result, the MAHI exoskeleton weighs

more than 4 kg. Therefore, the device was grounded to the wall
to reduce discomfort to the user.

The workspace of the exoskeleton is greater than the
workspace of the human arm for some joints (see Table I).
In such circumstances, hardware stops in conjunction with soft-
ware limits have been used to ensure user safety. Emergency
stop switches are also provided.

V. DISCUSSION

This paper presents the mechanical design of a haptic arm
exoskeleton that uniquely balances design tradeoffs inherent
in haptic exoskeleton device design. The proposed mechanism
allows for a compact robot design, centered around the human
arm. Table I shows the torque and workspace capabilities of the
exoskeleton.

It can be seen that the exoskeleton design meets the desired
workspace specifications for all joints except the elbow joint.
The device is capable of 90° of elbow extension, which is ap-
proximately 30° less than the design specification. The range of
motion achievable with the exoskeleton during elbow flexion is
limited because the base of the wrist platform collides with the
ground links at the upper arm at the extents of elbow flexion.
It should be noted that the achievable elbow workspace is suf-
ficient for many common tasks. The human forearm and wrist
capabilities are listed in Table I. As can be seen, the exoskeleton
does not compromise the operator’s forearm rotation or abduc-
tion/adduction of the wrist. Almost 90% of wrist the workspace
can be reproduced in flexion/extension. Furthermore, the 3-RPS
platform allows for compact design, centered on the human
arm, which increases wearability and maximizes the achiev-
able workspace of the exoskeleton. An increase in the wrist
workspace can be achieved by reduction of p, the ratio of radii
of top and base plates of the platform, or increase in the height
of the platform. Reduction in p by decreasing the radius of top
plate is limited by the size of the operator’s wrist, whereas, both
reduction in p through increase in the radius of the base plate or
increase in the height of the platform would further compromise
elbow workspace.

In terms of torque reproduction capabilities, the peak torque
output of the exoskeleton meets the design requirements for
the elbow joint and for the rotation of the human forearm. The
specifications for torque feedback to the wrist, however, could
not be met owing to actuator limitations and the use of direct
drive actuation. Direct drive actuation has been used to simplify
design and reduce backlash and slip, which helps to verify the
function of the kinematic design. However, this prevents gravity
compensation when the device is in operation, as the continu-
ous torque output capabilities of the actuators are much less than
their corresponding peak torque output limits. This is a conse-
quence of the fact that peak current ratings of electrical motors
are lower than the continuous current ratings.

One important feature of the exoskeleton design is the align-
ment of the axes of the rotation of human joints with the con-
trolled DOF of the exoskeleton. The problem of measurement
of arm position is thus reduced to the solution of the exoskele-
ton kinematics, with no further transformations required as was
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Fig. 7. Manipulability of the wrist mechanism: «, abduction/adduction; /3,
flexion/extension.

for some prior designs, for example [14], [15]. In addition, this
makes it possible to actuate the robot to provide feedback to a
specific human joint, for example, to constrain the forearm ro-
tation during wrist rehabilitation, without affecting other joints.
This is a distinct advantage over some of the other exoskele-
tons presented in literature, for example [4], [14], [15], [22], for
which only the endpoint force can be regulated. This is partic-
ularly relevant for rehabilitation purposes, where the therapist
might desire to focus the therapy toward a particular joint. Fig. 7
shows the manipulability of the wrist platform measured as the
absolute determinant of the inverse Jacobian [32]. Manipulabil-
ity of arobot is a quantitative measure that captures the ease with
which the device can arbitrarily change position and orientation
from a given posture. For the MAHI exoskeleton, the manipu-
lability measure is greatest in the center of the workspace, with
the wrist at 0° of abduction/adduction («) and flexion/extension
(8). Manipulability, as expected, is low at the extents of each
joint range of motion, although more so for flexion/extension.
For the tasks of rehabilitation and training, it is expected that
most useful interactions via the haptic device will take place
away from the joint limits, and so manipulability should not
limit device performance.

In addition to the aforementioned advantages due to the pro-
posed 3-RPS mechanism, the device has minimal backlash, low
friction, high backdrivability, high structural stiffness, and a
singularity-free workspace. These features characterize a high-
quality haptic interface. The absence of singularities in the
workspace means that the forward and inverse kinematics of
the robot can be solved uniquely at each point, thus making the
measurement of arm position and force feedback easier. The use
of electric actuators and high-resolution encoders also ensures
desirable performance of the haptic interface.

VI. CONCLUSION AND FUTURE WORK

This paper presents the first iteration of the design of a haptic
arm exoskeleton for rehabilitation and training. The workspace
of the robot encompasses almost 90% of the total human forearm
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workspace, except for the limitation in the flexion of the elbow
joint. There exist no singularities in the workspace of the robot.
The arm-centered design results in a compact interface that
does not compromise natural arm movements. The alignment
of human and robot axes permits easy measurement of human
arm joint angles along with increased control over independent
feedback to individual human arm joints. The device allows a
trainer or therapist to provide customized feedback to individual
joints. In addition, the system provides both mechanical as well
as software safety features to provide a safe training environment
for the user. The major limitation of the device is its torque
output capability, which can be improved upon with the use of
a transmission or counterbalanced links.

Future work related to the design of the MAHI exoskele-
ton will focus on design refinement and control. Specifically, a
force controller capable of providing independent human arm
joint force feedback will be implemented. Gravity compensa-
tion coupled with a capstan drive transmission for the elbow
joint will be incorporated for improved device performance.
The wrist platform will be analyzed and redesigned to achieve
better torque characteristics. Finally, the exoskeleton interface
will be used as a test bed for shared control as a means of training
in haptic virtual environments [33].
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