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This paper presents the methodology for user-customized design of
a class of one-of-a-kind assistive devices. This class consists of
passive, articulated mechanical manipulation aids, which are
physically coupled to the user and therefore, must be customized to
the user. Geometric and kinematic measurements of the user are
used to create a virtual model of the user. The design of the
customized product is based on kinematic synthesis and simulation. An integrated virtual environment, with a virtual model of the
user interacting with the product, allows the testing, iterative
re-design, and evaluation of the product. Geometric and kinematic
data acquisition, mechanism design and analysis, CAD/CAM and
visualization modules aid the designer in this process. A headcontrolled feeding aid for quadriplegics is used to illustrate the
approach.

Introduction
We address the design and virtual prototyping issues related to
the customized, one-of-a-kind products that require physical interaction with the human user. Specifically, we focus on a class of
rehabilitation assistive devices called teletheses, which are worn or
attached to the users. This class of passive articulated mechanical
devices, reminiscent of the early mechanical teleoperators, are
powered by the user's functional musculature. The considerable
variability in the physiological performance across individuals
within a population creates the need for designing products that are
specific to an individual (Orpwood, 1990). While many criteria of
general product design are equally applicable here, it is difficult to
apply universal design principles to products that depend on physical contact with humans for their use or operation (Kumar et al.,
1996).
There is often a high level of motivation for disabled people to
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independently perform many of the activities of daily living such
as eating (Reswick, 1990). Actively-controlled general purpose
robot arms have not been very popular among people with disabilities for tasks involving contact with the user for reasons of
reliability, complexity and cost. (Harwin et al., 1995). In contrast,
aids like prosthetic limbs controlled by passive proprioceptive
feedback with the intimate mechanical contact with the user are
found to be more useful (Doubler and Childress, 1984). The
Magpie (Evans, 1991) is an example of such a device. It is a four
degree-of-freedom telethesis which allows the user to manipulate
a feeding utensil controlled by the movements of the leg and the
foot. However, the Magpie cannot be used by quadriplegics who
are completely paralyzed below the neck. Hence, in the case study
presented in this paper the feeding aid is designed to be actuated by
the user's head motions.

Customized Product Design
Mass customization models discretize the variability in the
population into categories and sizes. Products are then designed to
fit statistically "average" people while retaining some flexibility of
customization. For instance, rehabilitation devices are built to
allow the prosthetist to adjust several kinematic parameters on the
manufactured device. This process requires repeated trials and
does not guarantee a perfect fit. Individualized customization models rely on measurements of the user and custom-fitting using
skilled manual labor leading to longer manufacturing times and
higher costs. Current manufacturing methods, including flexible
manufacturing technology that targets the specific needs of low
volume batch production, do not address the unique challenges
underlying the manufacture of individualized one-of-a-kind products in batch sizes of one.
Our approach to individualized product realization emphasizes:
(a) the automated, accurate measurement of each individual user
and extraction of design specifications from these measurements;
(b) customized design to these specifications; (c) simulation, testing and evaluation of the product before and after manufacture; (d)
involving and incorporating feedback from the consumers at all
stages of the design process.
The remainder of the paper describes the engineering technologies that are required to accomplish these objectives using the
example of a feeding device for quadriplegics.

Design Process
The three important stages that are essential for rapid design and
prototyping of customized products are outlined below:
User and Task: Assessment. The primary goal of this stage is
to quantitatively assess the capabilities and the needs of the individual user and build a personalized virtual model of the human
user interacting with the environment. We have automated the
relevant user data acquisition and extraction of the design specifications, permitting a rapid, detailed and accurate assessment. For
example, kinematic motion capture permits us to measure and
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use in quantitative performance analysis of the product through the
different stages of design. In the production of one-of-a-kind
customized products, it is beneficial to be able to create, test and
evaluate virtual prototypes and eliminate the expense of fabrication and evaluation of experimental prototypes.
To create an environment that permits the designer to integrate
heterogeneous data from different sources and simulate the product along with the user, we designed a modular central user
interface with bi-directional flow of parametric data among its
various modules. This modular approach to software development
enables us to develop stand-alone modules or add off-the-shelf
packages into an integrated environment as needed. Bi-directional
parametric data flow permits distributed operation of the individual
modules (operating on different machines/architectures) with minimum cost overhead. Our synthetic human-user models, consisting
of articulated rigid body models that reflect the geometry and the
kinematics of the user, are created using Jack (Badler et al., 1993).
Jack supports the simulation analysis of articulated kinematic
chains like the human figures and the mechanisms of interest. Jack,
augmented with a TCL/TK interface, also plays the role of the
Central User Interface and facilitates the visualization via a 3D
graphical interface and interaction using standard input devices.
The designer can manipulate either the raw geometric and kinematic data or the derived parametric models interactively within
this environment. Additionally, the designer can prescribe desired
trajectories for the simulated human agent and view the execution
of the motions while conforming to kinematic and physiological
constraints.

mwm^ rii»0.
«woDoir"

cwuaoijiE

Fig. 1

Integrated design environment

model the three-dimensional motion of the limbs that would interact with the assistive device. We use a non-invasive system of
calibrated cameras to capture image sequences of head motion and
extract motion profiles as well as ranges of motion (Kakadiaris and
Metaxas, 1996). High resolution surface geometry information
about the relevant body parts is obtained by "zippering" the
multiple-pass scan data acquired from a three-dimensional range
measurement system (Pito and Bajcsy, 1995). Using this data
products like helmets, rigid head bands, or chin cups with straps
can be customized to ensure form fit to the user (Kumar et al.,
1996). Other relevant information, such as the user's ability to
move in different directions or constraints imposed by the environment (for example, the user's wheelchair) can also be used to
further customize the virtual environment.
Virtual Prototyping
Virtual prototyping refers to the functional simulation of the
user, the product, and their (physical) interaction in software for

The components are designed parametrically in a CAD/CAM
package (Pro/Engineer, 1998) which also offers interfaces to other
graphics, finite element analysis and manufacturing packages. Detailed designs of components for mechanisms are instantiated from
a library of templates and exported to the central interface. Interactive modifications to the parameters of the design made in the
central interface are propagated back to the original CAD model
via a scripting interface. The mechanism design module, implemented in MATLAB, supports the dimensional synthesis, optimization and analysis of mechanisms and is used to create feasible
design alternatives (Krovi et al., 1997; Krovi, 1998) for selection
by the designer.

Device Design and Optimization
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Design selection and optimization
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We have developed and automated the tools that permit a
designer to take a preliminary design, convert it into a detailed
design, and quickly produce prototypes for evaluation and eventually for production. The general design problem for customized
teletheses is transformed into one of first selecting the types of
mechanisms and transmissions and then determining the parameters that best achieve the desired output motion from the given
input motion. The input subsystem captures the input motions, i.e.,
the three independent rotations of the head. These motions are then
used to guide a three (or fewer) degree of freedom effector subsystem along a prescribed path (the spoon from the plate to the
user's mouth).
The designer, aided by the unified design environment, selects a
suitable configuration, the various input and effector subsystems,
and the couplings between the joints of the two subsystems. The
mechanism optimization then permits the parametric refinement of
the design to yield an optimal mechanism to meet the design
specifications. The prototype of a feeding mechanism, optimized
and customized to a specific user, (Krovi et al., 1997) is shown in
Fig. 3.
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Concluding Remarks
Virtual prototyping enables the designer to evaluate the interactions of the personalized user model with a model of the designed product and redesign until the desired performance is
achieved. Virtual prototypes additionally facilitate the involvement
SEPTEMBER 1999, Vol. 121 / 457
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Fig. 3

Photographs of the prototype manufactured at the University of
Pennsylvania

of therapists, physicians and consumers in the design and evaluation of these assistive devices. This is critical since the designer
may not be familiar with all the needs, constraints, and preferences
of a disabled individual (Reswick, 1990). The ability to redesign of
the product in response to this feedback at a very early stage can
ensure the success of the product and minimize the expense of
multiple intermediary physical prototypes.
In this paper, we presented a framework for the rapid individually customized design of one-of-a-kind products and outlined the
issues that arise at the different phases. Although our focus in this
paper was on assistive devices, the basic ideas in this paper are
applicable to a variety of customized, human-worn products such
as wrist braces, eyeglasses, keyboards, joysticks, sports equipment
etc. Further, our virtual prototyping environment provides insight
on how to design similar environments for other products.
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