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Introduction 
 
This paper discusses the development of a test-case model of parametrically driven assistive-
universal furniture.  The project aimed to produce a digital representation of furniture 
incorporating geometry that is variable for the purpose of accommodating a range of given users’ 
physical abilities and body types. The authors show how associativity mapping techniques were 
employed to understand and illustrate the inter-relationships between human and artifact 
geometry, and how manufacturing characteristics were substantiated through fabrication of full-
scale iterative variations. The School of Industrial Design led this research initiative in 
collaboration with two other campus research centers (assistive technology and digital 
fabrication). 
 
Background 
 
Traditional research methods help designers establish data points, or targets, for design 
endeavors. By applying market-focused analysis of these data points, designers identify an 
appropriate range of users for whom to develop product designs (customers). Universal design 
(UD) approaches broaden the applicable user range by considering multiple levels of ability 
during the design process. Lastly, assistive design technologies (AT) focus a product’s 
development on an individual’s or a small population’s specific needs, based on ability. Taken 
separately, however, each of the aforementioned approaches fails to adequately address the 
needs of some potential users. Mass customization (MC) approaches, on the other hand, enable 
products to be designed for a very broad range of potential users and at the same time tailored to 
specific individuals or small populations for their specific needs, thereby increasing the number of 
potential adoptees of the product. 
 
New and evolving technologies in the realms of product design and product manufacturing have 
created new markets and novel opportunities for design. User demand for customized consumer 
and industrial goods is growing, as evidenced by the increasing proliferation of user-targeted 
product configurators

1
 and online marketplaces. Personal fabricators (such as those distributed 

by Makerbot Industries) and online manufacturing sites (such as Ponoko.com and 
Shapeways.com) point to the future evolution of manufacturing: where a significant portion of 
goods will move away from production of hundreds of thousands of copies of an artifact and 
towards the production of hundreds of variations of a product (figure 1). This is a valuable arena 
for Industrial Design in both practice and education as industrial designers are uniquely capable 
with the skills necessary to understand user needs and desires and translate them tangible 
goods. 

 

                                                        
1
 A configurator is a software application or online application for designing products exactly matching customers’ individual 

needs ("Configurator Database,"). Common examples are “build your own” sections of many automotive websites. 



 
Figure 1: Multiple variations from a single digital model 

 
Mass customization is a term referring to the practice of tailoring goods and services to meet 
individual customer’s needs while being produced with near mass production efficiency (Tseng & 
Jiao, 2001). Mass customization allows for the personalization of consumer goods at reasonable 
costs by taking advantage of flexible, high-volume manufacturing processes, such as CNC and 
rapid manufacturing (Duray, 2002). The popularity of mass customized products and services are 
growing. The Cyledge Configurator Database, an internet database that tracks online product 
configurators, lists over 700 company websites offering tailored goods ("Configurator Database,"). 
 
Within mass customization strategies also lay competitive advantages for domestic furniture 
production. Companies based in the United States have found it difficult to compete globally due 
to price pressure from overseas manufacturers (except where geo-location is advantageous) 
(Lihra, Buehlmann, & Beauregard, 2008). The costs of goods from overseas production are 
comparatively low and the quality of those goods is increasing. The U.S. can compete, however, 
on innovation. This calls for more innovative and strategic approaches to manufacturing. Adopting 
flexible, additive and adaptable manufacturing processes are one way to achieve a competitive 
foothold in certain markets (Yao & Carlson, 2003). Fabrication technologies are not enough, 
however; also needed is the design talent to exploit them. 
 
This is especially true in the realm of product accessibility. Universal design (UD) principles, when 
applied in the design process, aim to create products that are accessible to greater numbers of 
people of varying abilities. UD is an honorable approach, and in many applications does broaden 
the range of potential users for a given product. In the end, however, true universal adoption is 
impossible as it is very difficult to consider many different levels and types of disability during 
design and many users are still excluded from using a product as a result of their specific abilities.  
 
Assistive design, on the other hand, focuses on enhancing the abilities of specific users. Current 
assistive technology  (AT) aims to develop devices or appurtenances that allow a disabled person 
to complete a specific task.  The effect of a given device on its surroundings, however (e.g., does 
it fit aesthetically, does it support or hinder the lives of non-disabled persons living with the target 
user) is not a primary consideration in the design of the assistive object. The resulting devices, 
while enabling users to perform tasks, have stigmatizing effects on the perception of those users 
and reinforce a self-view of inadequacy. 
 
There exists a design opportunity to address the gaps between universal and assistive design 
approaches. When approaching a problem through the lens of AT, it is important to analyze a 
user’s needs and design for that set of abilities that characterizes the user.  It is more difficult to 
design for a range of abilities, while still keeping the specific AT client in mind.  Only through a 
rigorous methodology, supported by appropriate computational tools, will such a design process 



be possible (design for one AND everybody else). Digital parametric modeling, where product 
designs are encoded with knowledge and rules in a digital space, enables a hybrid assistive-
universal (A-U) design approach. 
 
How can parametric design enhance A-U design? 
 
The emerging idea behind parametric design is that the design and production instructions (CNC-
code, for example) for an object can be tied mathematically to external variables such as the size 
of a sheet of plywood, the shear capacity of a given fastener, or, in our domain, the height and 
ability of a person. Relationships between physiological body measurements, for example, ranges 
of motion and upper body strength can be tied parametrically to dimensional and structural 
characteristics of external environments that assist a disabled user in tasks such as moving from 
chair to chair, eating, reclining, etc. Applied in our context, flexible parametric modeling 
diminishes the need for furniture manufacturers to develop expertise in A-U design as knowledge 
is embedded in the digital model. This allows the furniture to a have a visual style appropriate to 
the intended context (the home) as visual design rules (proportion, style) are also embedded 
within the digital model. This prevents A-U furniture from being perceived as ‘stigmatizing’ due to 
rough integration of A-U standards by non-knowledgeable manufacturers or by design of 
institutional furniture lacking an appropriate sense of style.  
 
In addition to dimensional information, the relationships between the population of individuals and 
the A-U furniture can be described in terms of features.  The term “feature” is an abstraction that 
implies the need or lack-of-need for a given aspect of the furniture.  In feature-based design, a 
requirements analysis is completed to determine whether a certain given feature or set of 
features is needed.  For example, if the table is required to have handholds, or the chair is 
required to swivel, the necessity for these features can be determined from an analysis of the 
population using the furniture.  If the feature is present, then additional parametric equations are 
deployed to describe the features location, geometry and connectivity. 
 
Put another way, parametric modeling allows for decoupling of certain knowledge from domain 
experts. This domain knowledge is embedded within the digital model that can then be 
manipulated in predictable ways by end users or agents acting on their behalf, which leads to a 
mass customization distribution model. In this way, the product as delivered by the design team is 
the digital representation, rather than a physical artifact. The physical artifact is consequence of a 
customer interacting with the parameterized system. This system of design and distribution raises 
salient questions of design ownership and brand consistency, but are beyond the scope of this 
paper. 
 
These digital capabilities have the potential to address the gap between UD and AT. The authors 
posit that through application of a mass customization approach, implemented via flexible 
parametric modeling, it is possible to increase the desirability of assistive furniture to a broader 
market. 
 
Methodology 
 
The aim of this project is to generate understanding of the complexity involved in creating digital 
models in the A-U space, create a set of ‘best practices’ for parametric modeling and to build a 
case study for entry into larger grant work. A dining room chair in the craftsman style was 
adopted as the case study. The test case was done through the implementation of digital 
prototypes utilizing existing parametric CAD systems. Our primary tools for design, visualization 
and production of the project included 3D parametric modeling software (SolidWorks) and a 3-
axis flat bed CNC router. The Center for Assistive Technolgy and Environmental Access (CATEA) 
was consulted to assist with UD and AT domain knowledge. 
 
Understanding 
 



The first task was to gather information, set the scope of the project and identify parameters. 
Given the limited time and budget of the project, it was necessary to establish limits on the range 
of abilities to be considered. For this case, the design team considered a range of users who 
were: 

1. Fully ambulatory (able to move and get around on their own), 
2. In a wheelchair with the ability to self transfer, and 
3. In a wheelchair with the ability to self transfer with the aid of a transfer board. 

 
From here the transfer needs of wheelchair users were identified through expert interviews and 
literature. These were broken down into needs, affordances, features and attributes: 
 

Table 1: 

Needs Affordances Features Attributes 

Stability Structurally robust to prevent 
chair from moving during 
transfer 

Structure comprised of: 
legs, stretchers, seat 
pan 

Strong, robust 
construction 

Pull selves over, 
or support selves. 

Grippable areas around seat 
pan 

Seat pan, arm rails Seat pan with 
grippable 
overhangs 

Position chair for 
transfer 

Adjustability to move toward a 
table or re-orient 

Seat pan, legs, 
stretchers, arm rails 

Grippable 
features 

Remain upright in 
chair 

Support for user once in chair Back legs, uprights, 
backrest (stiles, 
uprights) 

Elevated surfaces 
(arm rests) and 
robust structure 

Various transfer 
styles 

Approachable from front or 
sides of chair 

Seat pan, arm rails, 
arm stiles 

Moveable and 
positionable 

Accommodate 
transfer board 

High-friction surface Seat pan  

 
 
A clear understanding of chair taxonomy and anatomy was required for building parametric 
relationships. Further, the relationships between user characteristics and chair anatomy were key 
to developing a robust parametric model. When building the chair model, both internal and 
external relationships were analyzed and articulated. Internal relationships are those between 
chair components that define certain dimensional characteristics. For example, a seat rail must 
be long enough to adequately provide support structure to the seat pan. In other words, the 
dimensional nature of the seat rail (length) is driven by the size (length + width) of the seat pan. 
External relationships are ones that are driven by factors outside of the chair itself – the user. A 
user’s seated height (measured as the ‘popliteal height’) directly influences the height of the seat 
pan from the floor and their seat width directly influences the width of the seat pan. The charts 
below map out the characteristics of users (external influences), their relationships to the artifact 
and direct consideration of internal and external relationships (figures 2, 3). 
 
Various maps were generated to explicitly visualize the identified inter-relationships, both within 
the chair itself (internal), and between the critical aspects of the human body (external) and the 
user’s ability. These associativity maps helped to establish starting points for generating digital 
geometry and establishing parametric hierarchies within the model and to provide informed 
blueprints for evolution and refinement of the model as the project progressed. 



 
Figure 2: Internal associativity 

 



 

 

Figure 3: Associativty maps analyzing external relationships 

 
Implementation 
 
The gathered needs and anthropometric data was translated into a CAD model. The chair was 
modeled on a hierarchical framework, utilizing assembly in-context modeling with individual 
components as separate parts. Layout sketches were first created and formed the underlying 
geometric rule set onto which individual chair components would be built, and served to define 
overall dimensional and geometric parameters of the chair. The use of layout sketches provides a 
single point of influence for resulting component geometry. The major anthropometric drivers for 
the chair sizing were identified as: popliteal height, buttock popliteal length, hip breadth, and 
elbow rest height (figure 4) (Oyewole, Haight, & Freivalds, 2010).  
 

 
 

Figure 4: Anthropometric measurements for chair design (Oyewole, et al., 2010) 

 
A representation of the human figure was constructed to drive the chair geometry layouts. This 
ensured the main chair geometry parameters were driven by human factors (figure 5). Layout 
sketch entities served as references for feature definition of component parts (extrusions, cuts, 
etc.). Early CAD models did not make extensive use of controlling layout sketches and led to 
problems with circular references within the chair CAD model, causing re-build failure. 
 
 



 
Figure 5: Layout sketches: human, side, front, top 

 
Extensive use of geometric relationships was implemented in the layout sketches. Wherever 
possible, relations such as geometric (equal, proportional, perpendicular) and/or equation driven 
were established to define rules of behavior for related entities. Construction of these relations 
helped to ensure predictability of model performance when design parameters were adjusted 
downstream. Predictability of digital models is a central characteristic of parametric design, 
allowing for robust variation of end artifacts and for robust evolution of design prototypes. 
 
Sketch-based relations became the framework for integrating anthropometric data. Variations in 
user ability were accommodated via multiple configurations within the parametric model. A 
standard, armless configuration accommodated most able-bodied users and some wheelchair 
users; a configuration with fixed arms accommodated all able-bodied users and some wheelchair 
users; and a configuration with movable arms accommodated wheelchair users that use a 
transfer board or those that needed additional assistance with transfers. 
 
Physical prototypes were then fabricated from the CAD data using a 3-axis CNC machine center. 
The prototypes were evaluated for construction rationale, structural integrity, design intent, and 
style interpretation. Insights from the prototypes were fed back into the parametric CAD model 
and the model was evolved accordingly. The parametric nature of the model construction allowed 
for fairly quick and predictable updates to the CAD data. This also afforded the research team the 
ability to test and validate model changes against design intent before further physical prototypes 
were constructed. 
 
Chair Resolution 
 
In the final configuration, a knowledge-rich digital model of a dining room chair was produced. 
The CAD model employed a hierarchal construction rationale, where individual chair components 
were modeled and defined in the context of the overall chair assembly driven by parameterized 
layout sketches, and in turn controlled by human factors data. The encapsulation of both 
construction knowledge and human ability affordance allowed for fabrication of multiple variations 
of the chair’s digital design, with the intent of meeting users’ needs based on anthropometry 
and/or ability. 
 

 



 
 

Figure 6: Configurations - default, with arms, with sliding arms 

 
 
Discussion 
 
This paper introduced a case study for the application of parametric design to industrial design 
issues: the gap that exists between universal design and assistive technologies for making 
products and our environment accessible and useful to as many people as possible. Parametric 
design is the specific application of mass customization principles as it relates to product design 
and development. The project demonstrated mass customization and parametric design have the 
potential to bridge the gap between universal design and assistive technology, but further 
validation of the methodology is needed. 
 
The research team began the project by establishing design parameters – the needs and 
requirements of people for accessing and egressing dining room chairs (including those bound to 
wheelchairs with the ability to self-transfer), process characteristics (3-axis CNC), chair 
construction requirements, and design style (craftsman). The human needs were mapped out 
against artifact components to elucidate the driving relationships between human and chair. 
Several iterations of the CAD model were implemented, allowing refinement of design parameters 
and substantiation of parametric relationships. Physical prototypes were constructed to further 
validate design and modeling decisions under real-world conditions. Multiple variations were 
produced in the digitally to continuously test for parametric robustness (that the models did not 
fail under rebuild operations). 
 
The lessons gleaned from the project include a set of best practices for complex parametric 
modeling: 

• Visualization of relations (internal and external) is critical for model pre-planning and 
controlling evolution of design in process. 

• Simplify controlling layout sketches by leveraging and establishing relationships between 
geometry and less use of explicit dimensioning, where possible. 

• Establish design intent through layout sketches. Wherever possible, component 
geometry and features should be driven by the layout sketches. This helps to avoid 
circular references among component parts. 

 
Currently, most of the research team’s effort is being put on the initial stages of parametric 
design. Validation of the work is happening as part of design exercises implemented in 
coursework. The long-term goal of this program is to demonstrate the efficacy of parametric 
design approaches as applied towards enabling more inclusive systems of furniture. We 
demonstrated the potential for mass customization (or in our case, flexible parametric modeling) 
to bridge the gap between universal design and assistive technology, but further validation of the 
concept is needed. With this work, we challenge the concept of what a ‘product’ is by positioning 



the digital model as the delivered good and the end artifact as a result of users interacting with 
the model. This thinking in turn creates new methods and opportunities for design education and 
has led to the creation of a skills-focused elective, “Parametric Product Modeling” and inclusion of 
parametric modeling as a prototyping skill in design studio courses. Additionally, this allows a 
novel method for industrial design to re-think the way we approach inclusive and accessible 
design. 
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