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ABSTRACT
This paper presents examples of a class
of human-worn manipulation aids for
people with disabilities, and a para-
digm for the cost-effective design and
manufacture of such devices. Also dis-
cussed is a software design environ-
ment that integrates a variety of sup-
port tools to facilitate human-centered
product design.

INTRODUCTION
Although robots and robot systems are
versatile manipulation aids, they appear
to be less acceptable to people with
disabilities than simpler and less flexi-
ble assistive devices, such as prosthetic
limbs [1]. There are many reasons for
the lack of success of general purpose
robotic aids in this community [2].
Such electromechanical systems tend to
be very complex, unreliable and expen-
sive.

Another key obstacle is the difficulty
that the users have in controlling such
complex systems [3]. A user with a
prosthetic limb is in intimate contact
with the limb and therefore has pro-
prioceptive feedback (Doubler and

Childress [4] call this extended
physiological proprioception). In con-
trast, users of robotic systems have
only visual feedback. While haptic in-
terfaces are active areas of research,
there appear to be inherent limitations
with the technology that preclude sim-
ple and cost-effective mechanisms for
force and tactile sensing [5].

The needs of people with physical dis-
abilities may be better served by pas-
sive multi-link articulated manipulation
aids called teletheses, that are worn and
physically controlled by the user. The
Magpie [6] is an example of a telethe-
sis designed to assist with the task of
eating.

The design and development of two
new teletheses are presented in this pa-
per. A head-controlled feeding aid
has been developed that allows a user
to manipulate a feeding utensil (for ex-
ample, a spoon) to pick up food from a
plate and bring it to the mouth without
dropping the food. A head-controlled
painting tool has been developed that
allows a user to move a paintbrush
from a pallet to any point on a canvas.

The design approach discussed here
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emphasizes the use of a virtual
prototyping environment that enables
the testing and evaluation of the prod-
uct before committing to manufacture.

DEVICE DESIGN

The design of a telethesis can be de-
composed into an input subsystem that
is attached to the human user, an ef-
fector subsystem that is used to interact
with the environment, and a coupling
subsystem that transforms the motion
of the user to drive the end effector.

In both candidate designs, independent
motions of the head and neck are cap-
tured by a set of links, cables and pul-
leys that constitute the input subsys-
tem. This motion is transformed and
transmitted to the effector subsystem
that accomplishes the desired task.

Since the product volume for the types
of customized products discussed here
is small, the manufacturing cost must
be kept low. Thus, there exists a need
to automate the process of deriving
product specifications and developing
the detailed design. In addition, there is
always a need to prototype the product
quickly and be able to respond to the
consumers’ needs rapidly.

There are three important processes or
stages for rapid design and prototyping
of customized products [7]:

• Data acquisition: the acquisition of
geometric, kinematic, dynamic and
physiological information about the
customer, for developing the design
specifications and for detailed de-
sign.

• Virtual prototyping: the process of
simulating the user, the product, and
their combined (physical) interac-
tion in software during the product
design, and the quantitative and per-
formance analysis of the product.

• Device design and optimization:
automation of the tools necessary to
permit a designer to take a prelimi-
nary design, convert it into a de-
tailed design, and quickly produce
prototypes for evaluation and pro-
duction.

A virtual prototyping environment has
been developed that allows a designer
to create customized synthetic models
of the human user and virtual proto-
types of the product, and to evaluate
the use of the product by the human
user in the virtual environment.

The virtual prototyping environment
allows a designer to (a) integrate heter-
ogenous data from different sources;
(b) easily design a product; (c) model,
simulate and analyze the designed
product; and (d) manufacture the virtu-
ally tested product. Off-the-shelf pack-
ages are used wherever possible, inte-
grating them seamlessly into the over-
all system. The primary functional
modules include:

1. Data manipulation: Geometric and
kinematic models of the human
body are obtained from 3-D imag-
ing systems and cameras [8]. The
designer can manipulate interac-
tively either the raw data or para-
metric models determined from the
measured data using a graphical in-
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terface.

2. Kinematic and dynamic modeling:
Synthetic models of the human user
consist of articulated rigid body
models that reflect the geometry and
the kinematics of the user. Jack, a
software package for human body
simulation [9], is used to support the
definition, positioning, animation,
kinematic simulation and human
factors performance analysis of
simulated human figures. The C
Application Programming Interface
(API) of Jack enables modeling of
other serial chains, like the mecha-
nisms of interest here. This has been
augmented with a C library, that
contains routines for kinematic and
dynamic analysis, including forward
and inverse kinematics, and forward
and inverse dynamics. Thus the de-
signer can, for example, specify a
desired trajectory for the human
head with a specified load while re-
straining the torso, and examine the
forces and torques that will be re-
quired at the base of the neck to
execute motion.

3. Computer aided design: The me-
chanical design is accomplished
using Pro/Engineer (Parametric
Technologies Corporation), which
was chosen for its parametric part
and assembly modeling capabilities
and because of the interfaces of-
fered to a variety of other graphics,
finite element analysis and manu-
facturing packages. The
Pro/Develop module of
Pro/Engineer offers a powerful

scripting interface which enables
the designer to make parametric
changes in the Jack environment
interactively, which are then used to
update the original CAD model
automatically [10].

4. Mechanism design: The mechanism
design module supports the dimen-
sional synthesis, optimization and
analysis of mechanisms. The opti-
mization engine runs on Matlab, a
commercially available package for
numerical, matrix-based calcula-
tions.

Figure 1. A rendered solid model
of the head controlled feeding aid
created in Pro/Engineer.

5. Visualization and Interaction: The
front end visualization is also han-
dled with the help of Jack. The de-
signer can interact with and provide
input specifications to the system
using a variety of input techniques.
It is possible to see the simulated
human execute motions while con-
forming to kinematic and physio-
logical constraints.
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Figure 2.  The design of the painting
tool (candidate design no. 2) in the
virtual prototyping environment.

INTERACTIVE SIMULATION

The kinematics and dynamics of the
system are modeled and represented in
a modular fashion. The kinematics of
the input subsystem, the effector sub-
system and the coupling subsystem are
coded independently. Further, the head-
neck kinematics, specific to the cus-
tomer, is modeled in Jack. All models
are coded in C or C++.

Once the configuration design is com-
pleted, the designer “attaches” the
product to the synthetic model of the
user. This is done by defining position
and orientation constraints between the
product and the human model in Jack.
Since the interface to Jack allows the
designer to manipulate the human
model, it is easy to move the head/neck
in any direction and visualize the
movement of the articulated mecha-
nism.

As shown in Figure 3, the subsystems
are first completely prototyped in the
virtual world. This facilitates testing

and analysis by the designer, and
evaluation by the customer and possi-
bly a therapist. In the next stage, the
input subsystem is prototyped while the
effector subsystem remains in the vir-
tual world. The coupling subsystem is
simulated by the use of sensors on the
input subsystem and suitable electron-
ics that allow the virtual models by the
sensory information. This facilitates a
second round of evaluation, both by the
designer and the customer (and the
therapist). This evaluation accompa-
nied possibly by redesign ensures that
the final prototype meets task and user
specifications.

DISCUSSION

Consumer involvement

We consulted potential consumers and
other people with disabilities during
both the conceptual and detailed design
phases of the feeding aid. Virtual pro-
totypes not only facilitated the evalua-
tion of the product by consumers but
also facilitate the involvement of thera-
pists and physicians. For example, sev-
eral choices of the head-mounted con-
trol linkage were discarded because of
aesthetic considerations. The redesign
of the product in response to this feed-
back at a very early stage can ensure
the success of the product and possibly
avoid building multiple physical pro-
totypes and incurring the resulting ex-
penses.

Manufacture and Testing

A prototype of the feeding aid is shown
in Figure 4. Figure 5 shows the proto-
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types of the input subsystem for the
painting tool. In the prototypes, all
links are made out of slender composite
tubing. The tubes are attached via alu-
minum inserts to housings for bushings
and pulleys. The manufacture merely
involves cutting tubes to specifications
and mounting appropriately sized pul-
leys. All other components are stan-
dard.

The two teletheses shown here will be
undergoing further consumer evalua-
tion. In addition, the virtual prototyping
software design environment is being
developed into a commercially viable
system.

CONCLUSION
Justification for the further develop-
ment of human worn manipulation de-
vices for people with physical disabili-
ties has been provided. A virtual
prototyping software design environ-
ment has been described that provides a
range of integrated tools for the design,
prototyping, and evaluation of this
class of device. A description of two
telethesis systems that have been de-
veloped using the virtual prototyping
design environment.

It is expected that further investigation
of this design approach and the ulti-
mate commercialization of the design
software will lead not only to the
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Figure 3.  The three phases of detailed design and prototyping for customized as-
sistive devices.
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emergence of further concepts for hu-
man worn assistive devices, but will
also contribute to improvements in the
design possibilities for assistive tech-
nology in general.

Figure 4.  A preliminary prototype of
a head-controlled, passive, feeding
mechanism.
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Figure 5.  Prototype of a design for
the painting device input subsystem.
The user is shown operating the in-
put subsystem physical prototype
and interacting with the virtual pro-
totype of the end effector subsystem
on a Silicon Graphics workstation.
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