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Abstract 

 

Transformational Indicators: Deciding When to Develop 

Transformable Products 

 

 

 

 

Bradley Adam Camburn, MSE 

The University of Texas at Austin, 2010 

 

Supervisor:  Kristin Wood 

 

Transformable products (or transformers), those with two or more functional 

states, are increasingly utilized by our society. As the mobility and complexity of life 

increases, so must the adaptability of the products which we use. We need new design 

techniques to develop more adaptable devices, such as transformers. The purpose of this 

study is to propose a response to the question “When is it preferable to implement a 

design approach focused on developing transformable products over an approach focused 

on developing primary function, non transforming products?” Our response to this 

question comes in the form of a method. The method helps a designer or design team 

consider the benefits of developing a transformer at an early stage in the design process. 

Research includes a deductive and an inductive study which are used to identify 

transformation indicators or context properties and usage factors that identify when it is 



 vii 

preferable to build a transformable device. Static function-state indicators are also 

presented. These are contrary to transformation indicators in that they identify contexts 

suitable for developing non-transforming devices. Our technique seeks to improve the 

outcome of a design project by encouraging the consideration of transformable solutions 

and aiding in the selection of an appropriate design process. This method for testing the 

presence of these indicators in exemplary design contexts is presented. One such 

application is the design of an autonomous bridge-health monitoring system. 
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Chapter 1: Introduction 

The measurable value of methodologies for expanding design creativity has 

been shown [4, 7, 8, 23, 24, and 27]. Such use of generalized methodology remains 

emergent. There appears to be much room for expanding this science. One avenue 

which will broaden such methodologies is towards a technique for identifying which 

design problems are suited to transformable design solutions. By developing and 

assessing a technical design method, this study proposes a response to the question 

“When should a designer or design team pursue the design methods associated with 

developing a transformer?” Our novel method identifies, at an early stage in the design 

process, when developing a transformable product is likely to be advantageous. Both 

deductive and inductive studies are used to identify transformation indicators (TI) and 

static function-state indicators (SFSI). Respectively, these indicators identify when to 

create a transformer or a static function-state product, or when to consider both 

approaches in parallel. An Indicator, in this context, is an identifiable group of 

characteristic context properties and usage factors.  

1.1: MOTIVATION FOR ANSWERING "WHEN IS A TRANSFORMER THE PREFERABLE 

DESIGN TYPE?" 

The question of when to pursue transformers, such as through published 

methods [1, 3, 5 and 6], is proposed to enhance the utility of designers‟ resources from 

an early stage of development. Design for transformation tools are a focused set of 

methodologies which engender the ideation of transformable products. The decision to 

use these tools in the appropriate context may result in a preferred solution. Since a 
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decision represents an allocation of resources [34], care should be taken in selecting 

which methods a designer expends resources pursuing. 

A method is proposed here to determine the usefulness of implementing these 

tools on an arbitrary design problem. A hypothetical list of systems ideal for 

implementation of transformers was presented by Singh, et al. [3, 27]. This paper 

seeks to systematically derive, re-define and verify the previously hypothesized 

transformation indicators using a combination of studies. As a result, a formalized 

understanding of when to implement transformer design methodologies is extracted 

and represented as a viable design tool. With this method, we aim to enhance the 

discipline of product design and development. Figure 1 represents the influence of this 

method on the design process. 

 

 

Figure 1: How to Apply the Indicators for selecting a design process 
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1.2: USING INDICATORS TO IDENTIFY DESIGN CONTEXT SCENARIOS 

Some currently successful manufacturers emphasize the importance of 

investing a relatively high effort in design early on in the product cycle [4]. 

Methodologies add creative leverage to this effort. Methodologies achieve this 

leverage by encouraging broad ideation and metric based concept selection. A new 

technical design tool is proposed by this body of research. This tool is specifically 

constructed to incorporate design methodology into earlier phases of the design 

process. 

This work proposes a methodology, for indentifying when a design context 

seems suitable for the development of a transformer. The method consists of looking 

for identifying characteristics within problem statements. These sets of characteristics, 

called indicators, are drawn from the following which surround the design of a 

particular product or device: the design statement, user properties or needs, usage 

space, processes associated with using the device, and manufacturing constraints. The 

method is intended for use by any design team and to enhance the usefulness of 

transformers methodology regardless of one's experience designing transformable 

devices. 

Design tools have recently been published for the development of transformers. 

These techniques are based on a theory of transformation drawn from demonstrated 

analogies to biological and pre-existent transformers. These analogies can then be used 

to create concepts for new transformers. These new methods are distinct from those 

for standard or what we call static function-state product design. From the previous, 

the question arises "Should the set of methods be implemented to develop 
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transformers, as opposed to the traditional set of design methods which results 

primarily in static function-state devices?” 

1.3: IMPLEMENTING INDICATORS IN A DESIGN METHOD 

There are many extant design methods, a subset of which is customized for the 

development of transformable devices. The significance of this new decisive method 

will be to determine when to utilize other creative methods for transformable 

solutions. Figure 1 outlines in a simple schematic for using this method. The indicators 

which are developed herein are for directing the flow of design methodology between 

three channels. This method helps to optimize the distribution of time between 

methods of transformer design, static function-state product design or both. 

Ultimately the method quantifies a design context as either most characteristic 

of static function-state indicators (SFSI) and best suited for static function-state 

product solutions or those most characteristic of transformation indicators (TI) and 

best suited for transformable product solutions.  

The indicator matching can be quantified using a percentage. Each context will 

have an associated percentage with which it appears to be 'static function-state suited' 

or 'transformer suited'. The method for calculating this is detailed in section 5.1.3. This 

number can be used to govern the distribution of time applied to each of the different 

methodology subsets. For example if a scenario indicated transformation with eighty 

percent agreement and static function-state with ten percent agreement, then most if 

not all of the time for that project could be spent developing a transformable solution. 

In a case where the design context exhibits a roughly equivalent fraction (within ten 

percent) for both SFSI and TI, the method can be reapplied to subsystems or both 

avenues pursued.   
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1.4: BACKGROUND: UNDERSTANDING TRANSFORMERS 

To catalyze a study to determine when one might prefer a transformable 

solution, it is expedient to identify and review work which has been done by previous 

researchers and authors. Previous work has primarily included the development of an 

extensive theory of transformation here at the University of Texas at Austin (UT-

Austin). This theory is based on the analysis of hundreds of transformers and 

thousands of patents to determine the mechanical means by which transformation is 

achieved. Additionally, research at UT-Austin has also included several methods for 

generating new concepts. These methods utilize the theory of transformation as an 

analogical springboard for the development of new transformers. Several authors have 

also discussed transformation in the realms of product usage, product storage and 

architecture. The material from these authors relates to classifying transformer types 

and defining contexts for which transformers are useful solutions. These external 

authors, as well as the theories and methodologies developed at UT-Austin are briefly 

reviewed in the following sections. 

1.4.1: Transformable Products 

Research into transforming systems has led us to define a transformer as a 

system that exhibits a state change in order to facilitate a new functionality or enhance 

an existing functionality [1]. A state of a system is defined as a specific physical 

configuration in which a system performs a function [1]. Figure 2 presents exemplary 

and novel transformer designs. 
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Bike Seat / Bike Lock Transformer 

[11] by permission 

 

 

 

 

TAC MAV Folding Wing 

Concept [1] 

 

 

Bat MAV Rolling Wing [1] 

Figure 2: Exemplary Transformer Designs 

 In contrast to transformers, primary function or static function-state devices, 

those which maintain a consistent primary geometric form to apply their essential 

functions, are those which do not change state. Devices which are static function-state 

may have relative motion between components. Yet, they have no distinctive structural 

reorientation to achieve a new or altered function. Figure 3 represents exemplar static 

function-state devices. These devices can be developed using traditional, unaltered 

design methodologies such as found in texts of design methodology [4, 24, 25, and 37] 
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Columns, Sign, Steps 

 

Grid Ruler, Mechanical Pencil 

Figure 3: Static Function-State Devices 

1.4.2: Transformer Design Methods 

Current methods for development of transformers are largely unorganized. The 

most common form of development utilized is ad-hoc [1, 2 and 3]. This means that the 

design process is conducted without any assistive framework or design tools which 

allow one to implement the best practices. An anonymous employee working for one 

of the large transformable toy manufacturers described their methodology to one of 

our students. Loosely paraphrased it is the following: select the cheapest and most 

readily available components, iterate combinations until a working transformer is 

found. Designers like this may benefit from concrete methods. 

Another historical avenue for transformers development has been the interplay 

of evolving needs. For example, the measuring cup has seen several advancements 

over time. Initially a nested set, which is difficult to clean; then a single container with 

graduated markings, which is easy to clean difficult yet to get perfect measurements 

from; finally a new transformable solution has been developed, wherein the core slides 

in and out to measure different amounts (Kitchenaid Adjust-a-Cup, Appendix F). A 
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transformable product may be designed as latent needs reveal themselves through the 

cycle of use and then redevelopment.  

1.4.3: Traditional Ad-Hoc Transformer Design 

The Field of Transformer design is ripe for development. Transformable 

products are multi-functional and address disparate customer needs. Transformer 

design remains a largely unexplored region of product design. For most of history, the 

methodology behind product design was largely ad hoc; the subset of transformer 

design is still so. However, recent studies have encapsulated the procedures used by 

good designers, through observation of manufacturing process, patents and design firm 

practices. This crystallization of best practices can be repeated for the subset of 

transformers design. 

1.4.4: Concrete Ideation Methods for Transformer Design 

A class of design methodologies is emerging directed towards improving 

transformer design. These methods provide systematic and formalized techniques for 

designers and design teams. One of the primary branches of this research focused on 

identifying the means by which transformation occurs in existing products. An 

empirical study of thousands of inventions, implemented systems, and realizations in 

nature resulted in a set of three principles and twenty facilitators, where related 

research suggests a fourth principle [36]. These principles and facilitators focus on the 

mechanical and electro-mechanical domains. 

A Principle is defined herein as a generalized directive to bring about a certain 

type of mechanical transformation (Appendix A &Table 1). When embodied, a 

principle singly brings about transformation. A facilitator is in turn a design 
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architecture that helps or aids in creating mechanical transformation (Appendix A). 

Transformation facilitators do not singly create transformation [1]. These principles 

and facilitators assist the conceptualization of new transformers with a condensed 

representation of the innovations utilized in nature, in product designs, and in system 

architecture. An example of such a principle is expand and collapse, and an example 

facilitator is roll. Slap-bracelets, for example, achieve transformation through 

expansion and collapse, facilitated by rolling.  

 These principles and facilitators may be used to assist and facilitate the 

generation of new designs. One concept generation tool associated with these 

facilitators makes use of a physical, graphical tool known as transformer cards (T-

cards). Each of the principles and facilitators is printed out on an index card above a 

definition and images of example products (analogies). These cards can then be 

utilized by a designer or design team during concept generation for meta analogies and 

inspiration. Examining these cards while brainstorming has been shown to 

significantly increase the number of concepts developed [5]. Many concepts can be 

ideated from such methods which utilize the theory of transformation to enhance 

ideation. 
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Table 1: Transformation Principles 

Expand/Collapse Change physical dimensions of an object to bring about an 

increase/decrease in occupied volume primarily along an axis, in a plane, 

or in three dimensions 

Expose/Cover Expose/Cover a new surface to alter functionality 

Fuse/Divide Make a single functional device become two or more devices, at least one 

of which has its own distinct functionality defined by the state of the 

transformer, or vice versa 

1.4.4.1: Objective Outlining and Linking 

A transformers methodology was developed which identifies states that are 

well suited for combination in one device. To identify these states, the designer first 

outlines a complex process with more specific tasks. For example the process of 

'riding a bike in a city' may be broken into subtasks including 'travel', 'traverse 

obstacles', 'pump tire' and 'secure bike'. This method suggests the examination of such 

specific objectives. Once, the primary design task is broken up into more specific 

objectives, these objectives are examined in pairs and groups. If it appears that a 

device which addressed multiple tasks would be useful, each subtask can then become 

the primary function for different states in a transformable device. For example, the 

applications, 'lock bicycle' and 'pump tire' could potentially be addressed by a single 

bike pump/lock transformer. Ultimately this method is not directed towards the 

development of concepts; instead it helps to identify what states a transformer could 

have, by clarifying tasks and objectives related to a problem. One of the other methods 

for concept generation can be employed to create specific design embodiments, once 

objectives are paired. 
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1.4.4.2: Modified Mind-maps 

A methodology was developed specifically for ideating a broad and organized 

list of transformable solutions to a problem [2]. Each item on the list describes a 

potential means for solving that problem. This method, called modified mind-maps, is 

an advancement from traditional ways of brainstorming. The simplest brainstorming 

method is to write a columnar list of solutions. Such a brainstormed solution set for the 

problem of 'catch fish' might include: 'net', 'line with hook', and 'harpoon'. The 

synergistic potential of ideas is wasted with this method for brainstorming.  

Our methodology directs and improves brainstorming in two ways. First it 

employs a two dimensional stenography for tracking data known as mind-mapping [4, 

8 and 9], conversely to the columnar list of brainstorming. In a mind-map a problem 

statement is written inside a circle on the center of a page. Lines spread out from this 

circle in all directions to other smaller circles, each smaller circle filled with sub-

problems. From sub problems even smaller lines go out to specific ideas which could 

solve that sub problem. Finally lines can even sprout off from the solutions 

themselves, using the 'parent' solution as the inspiration for a more specific 'child' 

solution. See Figure 4 for an illustration of this method.  

The second way in which this method directs brainstorming is by pre-installing 

known umbrella solutions for transformers under the primary problem statement 

circle. These umbrella solutions are the three principles or any of the twenty 

facilitators. This encourages the inspiration of analogies drawn from the theory of 

transformation. The combination of these two enhancement techniques allows for the 

generation of a large number of transformable solution ideas [2]. 
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Figure 4: Modified Brainstorming for AMAV example 

1.4.4.3: T-cards 

Transformation cards are tool which can be used to assist the ideation of novel 

transformable devices [1]. This ideation method is based on utilizing the principles and 

facilitators of the theory of transformation as inspiration for analogous solutions[1, 2]. 
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The tool consists of a set of cards. The cards are plastic coated index cards, on which 

are printed one principle or facilitator each. Each card includes pictures, a description 

and a title describing the facilitator or principle. To utilize these cards, they are strewn 

about on a table whose occupants are engaged in a design exercise. See Figure 5 for a 

graphical example of some T-cards. The advantages of these cards are several: they are 

graphic, many can be viewed simultaneously, they can be passed around for discussion 

and they are a convenient low tech way to enhance ideation. It has been shown that 

using these cards during brainstorming or concept sketching increases the number of 

and enhances the broadness of solutions generated [1].  

 

   

Figure 5: T-Cards Representing the Transformation Principles [5] 

1.4.4.4: Storyboarding 

Storyboarding is another technique for generating transformers concepts. It 

was recently developed by UT-Austin graduate student, Denis Wang [5]. The method 
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assists the design of transformation pathways, that is, the means by which a new 

design will be able to change from one functional state to another. Since the method 

outlines a pathway for the new device to change from one functional state to another, 

the desired functional states should also be known. To apply this method one begins 

by sketching each state of the device. Next, one reduces the sketches into wireframe 

renditions. Then, a process called storyboarding is begun. In each frame of the 

storyboard, a slightly modified version of the states are drawn. The first frame is a 

base, desired state, in each successive frame of the storyboard extra joints or 

components are added to one of the states. Adding joints allows for a shift of shape in 

the next frame, around that joint. This process is repeated iteratively until a common 

state is found which could transform into either desired state. The design, with added 

joints and members is then redrawn as a finalized transformer concept. This method is 

useful for developing complete concepts of transformer designs.  

1.5 HYPOTHESIS AND RESEARCH QUESTIONS 

 Our hypothesis is the following: 

 Functional capacity in a product is a derivative of functional requirement 

in the product's environment.   

or specifically, 

It is possible to indentify characteristic indicators, properties of the product 

usage space, functional requirements, or user needs for a  given product design 

scenario, which sufficiently classify a design problem into one of two archetypes 

at an early stage. The two archetypes are: design problems for which a 

transformable solution is preferred and design problems for which a static 

function-state solution is preferred. This classification towards one of the two 
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archetypes can then be followed by use of the related subset of design practices 

(there being a specific set of tools for ideating each type as seen in the previous 

sections). The archetype pursued, based on indicator presence, will be preferable 

to the alternate type, or both types will be pursued simultaneously. 

 The hypothesis is investigated through the analysis and review of several 

related research questions. The research questions, below, encapsulate the objectives 

for the study and outline the sections of this paper at a high level. 

 

Preliminary Question: What are the functional capacities of transformers? 

Question 1: What context characteristics, or indicators, identify a scenario 

suitable for the development of a transformable device? 

Question 2: What context characteristics, or indicators, identify a scenario 

suitable for the development of a static function-state device? 

Question 3: If the indicators are present in a context, how effectively does this 

indication relate which solution type is preferred? 

 

1.6: THESIS ORGANIZATION 

Chapter 1 

 Introduction and self description of work. 

Chapter 2 

Chapter two discusses the Preliminary Question by examining transformer 

functional capacities. Previous classifications are examined. An organizational system 

is presented which clusters transformers based on functional capacity.  

Chapter 3 
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Chapter three discusses the research method utilized for examining the 

contexts surrounding transformers design. The method of research is founded on 

recent studies which emphasize a particular strategic approach in design methodology 

research [33]. 

Chapter 4 

The fourth chapter addresses Question 1 and presents the associated 

experiments and results, including indicators which suggest that a transformable 

design is preferable.  

Chapter 5 

The fifth chapter addresses Question 2, and presents experiments and results 

associated with attempting to determine contexts when a static function-state product 

is the preferable design type.  

Chapter 6 

The sixth chapter presents the techniques used to answer Question 3, the 

validity of the indicator sets. 

Chapter 7 

The seventh chapter presents the method developed through answering the 

research questions, concludes it is useful and suggests avenues for advancement. 
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Chapter 2: Investigating the Preliminary Question, Functional 

Capacities of Transformers 

2.1: PRELUDE TO CONTEXT IDENTIFICATION 

Functional capacity in a product may be a derivative of functional requirement 

in the product's environment. This project aims to determine whether transformers are 

the preferable solution type for a given design context. A tributary for this objective is 

the identification of the functional capacity of extant designs. If function is related to 

needs and usage context, classification of functional types is a first step towards 

learning when to implement transformable designs. Such a categorization was made 

and aided in our generation of a specific hypothesis for transformation indicators.  

There are several authors who have made distinct systems for classifying 

transformers [1, 10, 12]. The previous classification systems segregate type using 

means for shape change as an identifier. These systems provide a model for classifying 

transformers. However, the new system is based on functional capacity. Since 

functional capacity may directly resolve a functional need, examining the function 

addressed by different transformer types is a first step towards learning when to 

implement transformable designs, see Figure 7. 
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Figure 7: Influence of Function/Context on Classifications 

 

2.2: INVESTIGATION OF PREVIOUS STUDIES ON TRANSFORMATION 

Determining which situations are suited to the development of transformers is 

an unresolved problem. A greater understanding of the context surrounding existing 

transformers is a step towards resolving that problem. To examine the context 

surrounding existing transformers in a useful way, classification systems proposed by 

other authors are reviewed; including their classifications of transformers types, which 

are detailed, and their brief classifications of contexts suited to transformable products. 

While the problem of determining when to build transformable solutions is relatively 

unanswered by these texts, they guide the way towards development of context related 

meta-classifications which are presented in the next chapter [Chapter 2]; these meta-
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classifications in turn can be used for creation of a context analysis indicators (TI and 

SFSI). 

2.2.1: Brandes on When to Use Transformable Products 

Design by Use [21] is a text written by Brandes of the Board of International 

Research in Design (BIRD) on the development of products through the nature of use. 

Brandes has a few interesting comments on transformable designs, including  a notable 

definition of what a transformer is alongside a single contextual indicator for when to 

use transformable products. Transformable designs are defined by Brandes as: those 

that are multifunctional and exhibit state change. A multi-functional device is one 

equipped with more than one function, where the user can choose between available 

functions [21]. These transformable products are distinct from products such as the 

alarm clock radio, a static function-state multifunctional product. Additionally Brandes 

proposes the primary indication to use transformation as: when a product is used 

during travel. For example, an un-collapsible umbrella would be cumbersome [21]. 

2.2.2: Oungrinis on Classification of Transformers 

Transformability: Paradigms for redesigning transformable spaces, a text by 

Oungrinis [12] includes discussion on transformable architecture and contains content 

on categorizing transformers. A transformer is defined by Oungrinis as: a device which 

exhibits a change in its appearance and form or nature, condition or function [12]. 

Some dynamic structures are not transformers. For example, a windmill is inherently 

dynamic but lacks change in functional state. Architectural transformers primarily 

arise in one of two circumstances: the definition and functionalization of either an 

internal or an external space. Objects in an enclosed space can, aid or hinder activity 
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with equal potential; therefore transformation may occur inside a building where space 

is finite. By installing modular, collapsible or hide-able furniture an entire room can be 

a transformer. For structures used in external multipurpose spaces such as parks or 

public squares, deployment is critical. Tents, collapsible canopies and modular stages 

are good examples of this kind of transformer, as shown in Figure 8, the Hajj terminal. 

Appendix A [12] provides a brief description of the categorical system outlined in 

Transformability. 

 

 

Figure 8: Hajj terminal, Saudi Arabia [26] 

Transformable also includes some examination of when and when not to 

develop transformable structures. A transformer's state change may be exhibited at 

either the time of deployment or during continuing operation. From this observation, 
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we gather that portability and deployment capability are to some extent progenitors of 

transformability. This relation can be understood in the following way: in translation 

from place to place, a portable object may be transformed to either expedite the 

movement process or to accommodate a new space. Similarly, a deployable object is 

not functional until engaged and therefore may reside in a condensed state until 

deployed [12].  

Finally the following factors are suggested as context characteristics which 

make development of transformers difficult: large scale structures, structures 

interfacing with many accessories, and structures used in themed spaces [12]. The 

previous are lists of contexts to either pursue or avoid transformation, these lists are 

similar in concept to transformation indicators and static function-state indicators 

which are developed as part of this thesis. 

2.2.3: Mollerup on Classification of Collapsing Transformers 

Collapse is defined as the redistribution of volume to occupy a more practical 

form [10]. Collapsible products, a subset of transformers, can be categorized by the 

common forms of mechanical motion they employ. The principle function of 

collapsibility is stowage. Collapsibles are devices such as tents, Swiss Army knives, 

and awnings. Items which collapse or expand only once in their career such as certain 

furniture, are not true collapsibles as the act is not repeatable. A chocolate box would 

be considered quasi-collapsible, since in the closed state it performs an active 

'stowage' function. An office chair is another quasi-collapsible product. Scissors also 

border genuine collapsibility, as when folded they are still semi-functional [10]. 

Appendix A lists an overview of Mollerup's classification system, summarized from 

Collapsible [10].  
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2.2.4: Studies at the University of Texas at Austin, Theory of Transformation 

Studies of transformers have been underway at The University of Texas at 

Austin (UT) in cooperation with Air Force research Laboratories (ARFL) for several 

years. Among the various research topics for the advancement of developing 

transformers are investigations concerning classification, design, and concept 

generation of transformers [1, 2, 3, 4, 5, 6, 8, 9, and 27].  

One of the primary research studies for transformers was to develop a theory of 

transformation, or the means by which state change occurs. This research into 

transformer categorization has resulted in a set of governing heuristics, as summarized 

in Appendix A. Called principles and facilitators, these classes are forms or bases of 

creating systems that provide multiple states. A Principle is defined as a generalized 

directive to bring about a certain type of mechanical transformation. When embodied, 

a principle singly brings about transformation. A facilitator is in turn a design 

architecture that helps or aids in creating mechanical transformation. Transformation 

facilitators do not singly create transformation [1, 2, and 5]. These principles and 

facilitators assist in cataloguing existing embodiments and generating new 

transformers, and are comparatively the most broadly inclusive classification for how 

transformers achieve state change. Note that after studying hundreds of transforming 

products in the electro-mechanical space, the set of three transformation principles and 

twenty facilitators appears to span the entire space. 

2.3: PAPER ON HYPOTHETICAL INDICATORS 

The Paper written by Singh et al., which initially addressed the development of 

a set of indicators for contexts of when to transform was a paper primarily concerned 

with developing a theory of transformation. This paper included the development of 
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concept ideation techniques and reviewed our methods for determining the 

transformation principles and facilitators. 

The question of identifying contexts ripe for transformation is to ask, when do 

we need transformable systems? One such suggestion from this paper was the 

following: as their functional properties are time or state dependant, transformers 

should not be pursued if the functionality of both states are needed at the same time 

[3]. The indicators proposed in this paper on the theory of transformation were 

developed using a solely inductive approach [3]. 

We have sought to identify, with these studies, contexts ripe for developing 

transformers. The classification systems of other authors as well as our own 

classification system are both somewhat related to contexts for using transformers. 

These contexts can in turn be analyzed to help develop the transformation indicators. 

Outlined in this section is our development of a novel classification system for 

transformers at the meta-level directly related to function. Function is developed in 

response to needs and needs are drawn from context. Figure 8, exemplifies the logic 

supporting the usefulness of examining types of transformers before engaging on a 

study to identify transformation indicators. 

 

2.4: PRESENTATION OF CATEGORIES FOR THE FUNCTIONAL CAPABILITY OF 

TRANSFORMERS  

This categorization of transformers consists of two mutually exclusive, 

descriptive scales; those relating to degree of shape changing and degree of 

automation in user interaction. They place different transformers on a scale of capacity 

for transformation or degree of transformability. These categories cover the complete 
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range of capability that transformers deliver to the user. The first primary scale is for 

degree of shape change, and the second is for degree of automation of the 

transformation. The two primary categories are further broken in subcategories and 

each subcategory may be represented by several types; the definitional system can be 

outlined with a Venn diagram, see Figure 9. (Appendix F contains example products 

from each category). 

 

 

Figure 9: Assumed Venn Diagram of Generalized Categories 
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2.4.1: Degree of Shape Changing Between States of the Transformer  

This is a super-category including the various degrees of shape change between 

functional states of the transformer. By definition, transformers have more than one 

functional state. However, there can be varying degrees to which the device 

architecture actually changes. One can characterize this property by looking at each 

state of a transformer and the corresponding difference between them. To develop this 

category a database of over two hundred and five transformers was reviewed with 

regards to the degree of shape change in each case. 

2.4.1.1: Transformers Expressing Multiple Primary Shapes  

The first subcategory consists of those transformers whose states are each a 

unique shape. In other words, different states are architecturally almost unrecognizable 

from each other. Each of these states also has a distinct primary function. This differs 

from transformers expressing a common primary shape in that regard. The 

distinctness of each function in this category helps to concrete an understanding of the 

relation between transformation and change of function. The functions may both 

accommodate a single process, such as a 'entertain a child', an example product is: 

rocker/roller transformer (see Appendix F). In the rocker/roller, entertainment for a 

child is the process, however different sub-functions of this are addressed by two 

unique functional states. Transformers expressing multiple shapes can be seen to 

employ any of the principles and facilitators.  

2.4.1.2: Convert Between Objects 

Convert between objects is a subcategory of the super-scale, transformers 

expressing multiple shapes. A transformer would be identified as one which converts 
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between objects if the device which has more than one state expressing an active 

function. Devices in this category are distinct from those which for transform through 

a collapse for storage; this is asserted since objects are non-functional when stowed. 

Convert between objects is a distinct classification. Each generalized capacity 

category is distinct from previously developed categories and systems. For example, 

principles and facilitators have no relation to functionality. A principle, like 

expand/collapse might describe a transformer with a non-active stowage state or one 

with a distinct functionality in each state. To identify an object as belonging to this 

sub-category it may help to ask "Could each state of the transformer be replaced by a 

distinct static function-state device?" If so, the transformer at hand may be classifiable 

as convert between object under the degree of shape change primary scale.  

2.4.1.3: Storage or Pre-deployment  

Storage or pre-deployment state is the subcategory for those transformers 

which express multiple distinct shapes, and at least one of these is functionally 

inactive. The purpose of a functionally inactive storage state may be to assist the 

activities of relocation, deployment or concealment. These transformers undergo a 

slightly less extreme form of transformation than the similar, convert between objects 

sub-category. These devices are defined as transformers since they have multiple 

states. In other words, to achieve a functionally null storage state the physical device 

parameters must be altered.  

This sub-category of generalized capacities of transformers classifies a group 

of transformers similar in concept to the collapsibles defined by Mollerup [10]. 

Mollerup extensively categorizes methods for stowage; unlike Mollerup's 

classifications, this category makes no distinction with regards to the means by which 
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a storage state is achieved. This category captures all devices where the contextual 

need for transformation is a need for stowage. These transformers are displaying a 

distinct functional behavior, one of volume reduction or spatial reorganization for the 

purpose of becoming more storable or transportable. This grouping is distinct from any 

of the principles as presented by Skiles [1], or the work presented by Oungrinis [12] or 

Brandes [21].  

2.4.1.4: Flip or Reorient 

Flip or reorient Refers to those types of transformers wherein states are 

selected between without relative motion in the device. States are defined by position 

and orientation of the device. These devices, like those in the convert between objects 

sub-category, exhibit states with distinct functionalities. However, in contrast to 

convert between objects, these transformers cannot be those with internal relative 

motion. In other words a Flip or reorient transformer could be constructed from a 

single piece. There can be no hinges or joints within these devices which relate to the 

change of state. This category is distinct from the transformational facilitator flip 

(Appendix A) in that it describes a complete transformation. An example of this 

subcategory of degree of change of state is a child's rocker/roller device, Figure 10.  

This device has two functionally distinct shapes and yet the transformation sequence is 

very simple.  
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Figure 10: Child's Rocker Roller Transforming Seat [2] 

 

Transformation can be a very elegant process. Devices exhibiting this smooth 

transition may be ones where the two states desired are very similar in functional or 

architectural composition, allowing for a device to change state through simple 

rotation or reorientation. Comparatively these types of state change are the easiest to 

employ. Thus, objects behaving in the manner described by this category arise from a 

context where two functionally similar devices may be in proximity to each other and 

there is a need for quick transformation between them.   

2.4.1.5: Transformers Expressing a Common Primary Shape  

Transformers expressing a common primary shape compose the second set of 

sub categories under the super-category of degree of change of state of the 

transformer. This sub-category is for defining those types of transformers which 

express a single functionally distinct shape. The primary implication of this 

subcategory is as follows; if transformers are objects with multiple functional states, 
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there is some minimum degree to which the state might change and still significantly 

be considered a unique functional state. This category is for all transformers 

expressing that minimum change. Multi-color pens or expanding tables are some 

examples of such a transformer type. A multicolor pen has structurally identical 

product architecture in each state; however it still functionally distinct, producing 

different colors. An expanding table has the same principle shape and functionality, 

and transforms to accommodate a change in the number of persons sitting at the table. 

Both examples are transformers which display a functional shift which does not 

inherently relate to a change in form. However, these examples do express a re-

characterization or tuning of function within that form. 

2.4.1.6: Adjusting or Variable Function 

Adjust functionality with a variable parameter is a subcategory for defining 

those transformers which exhibit only one characteristic architectural form and one 

primary function. This category is to classify the set of transformers for which the 

primary function remains the same in nature but varies in quantity between states. 

These devices can be quite elegant in their transformational expression. An example of 

this is a transforming table which can be expanded to accommodate additional users, 

see Figure 11.  
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Figure 11: Fletcher Capstan, Elegantly Expanding Table 

With the other transformer categorizations there is an implication that the 

fundamental function is changing. Instead, these adjust function with a variable 

parameter devices can be considered to have a „tune-able‟ primary function. By 

exhibiting variability in some parameter a subtle multifunctionality is added to the 

device. Devices which allow adjustment of functionality may not initially appear to be 

transformers, particularly if the adjustment of functionality is internal. Other examples 

of devices which present this form of transformation are instruments, adjustable 

showerheads, diving weight belts or projector lenses. 
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2.4.2: Degree of Automation in Control of the Transformer 

Degree of automation in control of the transformer is the second super-

category. It is outlined for determining the degree with which the transformer interacts 

with the user. The first scale relates the extent to which a transformer changes shape, 

ultimately linked to function. This scale details the degree of interaction required of 

the user during the process of transformation. This set of categories primarily seeks to 

help define the degree of automation that exists in transformers. By examining the 

degree of decision making required online from the user, contextual needs associated 

with control are illuminated. 

2.4.2.1: Autonomous Transformation or Self Transforming 

The first subcategory in the super-category, Degree of Automation in Control 

of the Transformer is autonomous transformation or self transforming. These systems 

require highly developed controllers. Autonomous systems require no input from an 

external user to achieve transformation. Most biological transformers are this type, as 

the device is incorporated into the user. These sorts of devices require minimal to no 

experience on the part of the user to implement.  

A specific example of an autonomous biological transformation occurs in the 

shell of a box turtle. The box turtle is connected with its shell and therefore natural 

motions initiate the transformation. By reacting to an assault with a flinch, its shell 

automatically folds to cover up its exposed head, neck and fore-feet, thus rendering the 

turtle much safer than it previously had been.  

Industrial products which behave this way are difficult to design, implement 

and produce, due to the highly coupled electro-mechanical properties often required. 

Sometimes clever solutions avert such difficulties. One example of an autonomously 
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transforming product is self-tinting glasses. These glasses change states between 

sunglasses and clear eyeglasses depending on the amount of incident ultraviolet light. 

Autonomous transformations are useful for devices whose operation is needed in the 

background or are difficult to access. This particular category primarily differs from 

mechanically assisted transformation in terms of the complexity of the control system. 

The user does not need to consciously decide to implement state changes for 

transformers in this category. 

2.4.2.2: Mechanically Assisted Transformation  

The next category of degree of automation in control of the transformer is 

called mechanically assisted transformation. This category refers to those devices 

which assist the user in achieving transformation through mechanical advantage and/or 

an electro mechanical controller. For these devices the user is in the loop, and decides 

when to initiate state change. An example electro mechanical system is a camera auto 

focus lens, which has an electromechanical controller. For devices in this category, 

state change is usually complex or of a magnitude difficult for humans to access. 

Some devices assist the user by redirecting human energy. An example of such 

is a foldout couch. The foldout couch utilizes a complex series of joints and tensile 

members allowing change from a box to a bed. The user and couch help each other to 

achieve this transformation as the couch has spring loaded guide channels to direct 

motion and minimize the required energy input from the user. In contrast to assemble-

able furniture, sold in a box, the process for transformables is repeatable.  
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2.4.2.3: Fully Manually Transformation  

The last category in the primary scale for automation is fully manual 

transformation. A device categorized as having a fully manual transformation, is one 

that achieves transformation without any mechanical assistance or control system. 

Most transformers exhibit this characteristic. The benefits of employing this control 

system are the following: these devices are cheaper to buy, easier to design, and give 

the user total control over the transformation process. Additionally these systems are: 

easy to maintain, easy to produce and weigh less over-all. Some examples of this type 

of transformer are adjustable wrenches, modular shelving units (see Zen shelves, 

Figure 12), a cane/umbrella or multicolor sunglasses. The disadvantage of these types 

of transformers may be a greater time needed to implement transformation, or strain to 

the user. These transformers are useful in contexts where the transformation is 

relatively simple and the scale of the device is comfortable for human interaction.  
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Figure 12: "Zen" Modular Shelves [11] 

 

Chapter 3: Overview of the Methodology for Addressing Research 

Questions 2-3 

The research method of this study involves investigating the context 

surrounding existing products to determine characteristics for when to implement 

transformable solutions. The result of such a study should be sets of indicators to 

clearly characterize design problems. One set of indicators determines when 

transformable products and the associated design methodology should be pursued. The 

second determines when static function-state products and traditional design 

methodologies should be pursued. For the development of each set of indicators, two 
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independent studies are proposed (four studies total): a deductive study to test sets of 

hypothetical indicators; and an independent inductive study in which a population of 

product systems are analyzed. Figure 13 shows the research process as executed. A 

deductive approach to studying the research questions hypothesizes a set of 

transformation indicators based on empirical studies of transformer products, patent 

embodiments, and systems in nature. Conversely, an inductive approach consists of 

sequences of functional analysis and comparison of successful transformers and static 

function-state products. The results of the studies are cross compared and simplified 

into a compact method. 

3.1: THE NEED FOR SCENARIO INDICATORS 

It is desirable for designers to enhance resource utility and reduce design cycle 

time. Since the development of a transformer may preclude pursuing a set of design 

methods distinct from those for static function-state products (Fig. 1), time allocation 

is distributed between transformable and static function-state concept creation by 

proposing the question “Does my problem most resemble those previously solved by 

transformers or static function-state products?” This question is best answered early in 

the design process, before time is spent developing concepts and prototypes. 

 



 36 

 

Figure 13: Research Method Flow Diagram 
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Chapter 4: Investigation of Research Question 1, Indicators for 

Transformation 

4.1 TRANSFORMATION INDICATORS 

Indicators are proposed for indentifying when a design context seems suitable 

for the development of a transformer. The method associated with these indicators 

helps to easily test for these indicators. Overall, the method should be approachable by 

any design team or individual designer regardless of experience designing 

transformable products. The designer might investigate indicators in any of the 

following surrounding a particular development project: the design statement, user 

characteristics or needs, usage space, processes associated with using the device, or 

manufacturing constraints. 

 

4.2: USING A DEDUCTIVE RESEARCH METHOD 

The deductive approach hypothesizes a set of transformation indicators 

developed from observation of transformer products, patent embodiments, and systems 

in nature. These are then tested for validity by examining the relation between design 

context and decisions. The hypothetical indicators proposed by Singh, et al. [1, 27] are 

listed in Table 2; Table 3 lists alternate indicators [10, 12, 21]. 

From the hypothetical indicators, more specific characteristics are 

hypothesized from transformer observations. Each characteristic indicating a system 

for which preferred, innovative solutions may be a transformer. These characteristics 

are each reworded as a survey question. This survey is validated by seeking responses 

from a diverse set of designers and design teams. The survey questions each check the 
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validity of an indicator by determining if both of the following are true for a specific 

design problem: the indicator appears in the associated context, and the preferred, 

innovative solution appears to be a transformer. The result of this study is an improved 

and validated set of indicators to be merged with results from the second, inductive, 

study. 

Table 2: Hypothetical Transformation Indicators - Internal Observations 

Hypothetical Indicators for Transformation 

Portability •Systems needing packaging for portability and deployment 

Convenience •Multiple systems allowing consolidation into one system for convenience 

Common Flow •Multiple systems having dissimilar configurations sharing common material and/or energy flow 

Multiple Tasks •Systems requiring the completion of multiple tasks which need not be completed simultaneously  

Table 3: Hypothetical Transformation Indicators - External Research 

Other Authors Hypothetical Indicators for Transformation 

Travel •Devices frequently used during travel Brandes [21] 

Sharing •Products operated in multi-purpose/multi-use spaces Oungrinis [12] 

Storage •Devices requiring a non-functional, reduced volume state Mollerup [10] 

4.2.1: Hypothetical Transformation Scenario Indicators 

Singh et al. [1, 27], propose the most common systems indicating 

transformations, Table 3. These clues were developed qualitatively by inspection of 

many transformational designs. The indicators were the foundation of our 

brainstorming sessions leading to further inductive study. When proposed by Singh et 

Al., these indicators had yet to be verified through any experimental testing. In 

addition to proposing these hypothetical indicators, the publication suggests that it 

might be the case that if the opposite of an indicator is present, this may indicate a 

need to avoid transformation. There were no specific static function-state indicators 

suggested or contexts experimentally examined relating to that suggestion. It is one of 
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the primary goals of this research to continue the work began in the theory of 

transformation [3] to a level of scientific quality which is repeatable and applicable. 

4.2.2: Design Context and Use of Customer Needs Analysis 

Product usage context [24, 25, 37] is a concept for defining and analyzing 

characteristics surrounding a product‟s or system‟s use. It refers to all factors 

characterizing the application and environment in which a system or product is used 

that may significantly impact customer preferences for system or product attributes. 

An example is, “the product will be used in outdoor and remote areas.” Product usage 

contexts are typically examined in a customer survey tool known as contextual needs 

analysis [24, 25, 37]. An example question is: “In what sort of environment will the 

product be used?" Unlike other methods that probe user‟s emotional response to the 

product, this tool asks contextual questions about how, by whom, and where the 

product will be used. Transformation or static function-state indicators are a form of 

product usage context. 

4.2.3: Likert Scales for Quantification of Survey Data 

A survey is used to validate the presence of indicators in design contexts; it is a 

directed employment of customer needs analysis. An investigation is implemented into 

effective questionnaires to determine the most appropriate and useful format of survey 

questions. Research on question construction and analysis show that while open ended 

questions illicit more creativity from participants, such questions often permit evasive 

or scattered responses. In contrast, constrained choice questions and tools such as 

Likert scales are the most effective in retrieving raw information [13, 14, 15]. The 

Likert scale is a survey tool in which questions are prepared as statements to which the 
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subject responds in varying degrees of agreement. For example a statement may be 

made such as. “You are wearing green shoes today.” If the subject is wearing green 

shoes, they may reply "Strongly agree"; if turquoise shoes, "Somewhat agree"; or if 

red shoes, "Strongly disagree". The survey is composed of questions with Likert 

scaling. 

4.2.4: Dissemination to Design Teams 

The indicators hypothesized by Singh et al. [1, 27], are product usage contexts 

that relate to transformation. A survey is developed containing the indicators as 

questions. The survey is meant for design teams to investigate the context surrounding 

the design of a particular product or system. Questions on the survey are designed to 

look for the hypothetical indicators in such a design context and compare the presence 

of indicators to the selected solution type. In other words, "Is an indicator present in 

the context?" and "If so, did the design team select that solution form?" The survey in 

Table 4 is sent to design teams to examine usage and needs. Active design teams 

which were executing the phase of concept selection provided the basis for the survey. 

As the teams are also asked to identify if their current concept sketches included any 

transformable devices, we are able to validate correlation between the indicators and 

design choices. The teams interviewed for this surveying study spanned more than 

forty senior mechanical engineering students at the United States Air Force Academy 

(USAFA). Each team responded to the survey in the context of a unique design 

problem. 
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Table 4: Survey Based on Hypothetical Transformation Indicators 

 

4.2.5: Results and Conclusions: Pilot Deductive Study 

The survey is worded such that if a team agreed, that response was given a 

positive value and the related indicator is present. All but one of the teams which 

responded positively to some of the indicators also included a transformation in their 

design, Table 4. These results establish a preliminary link between context 

characteristics and when to implement transformable designs. Two of the teams 
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identified that their final concept selection did not include a transformable design and 

yet had transformation indicators in their Likert responses. Table 4 is a text version of 

the survey that was sent out online. Summarized responses from each team are 

included.  

Novel insights were gained from analysis of the responses; five teams showed 

indicators and developed transformer concepts. One team did not select transformation 

though they show indicators. This result implies the incompleteness of transformation 

indicators when weighed against the potential for a static function-state product or 

system. The concept descriptions given by one of the teams include properties of 

transformation and also show indicators. This team also selected “no transformable 

concepts.” Follow-up investigation implied that they were unsure of how to define 

transformation. In response, latter surveys were more descriptive of transformation.  

4.3: USING AN INDUCTIVE RESEARCH METHOD 

The inductive study consists of an empirical review of transformable products. 

Products are selected then analyzed using several modeling techniques. Analysis of the 

resulting data allowed extraction of a set of indicators, independent of the deductive 

study. A brief outline of each modeling technique is presented for completeness and 

the resulting insights are discussed. A key reason to perform an empirical study is to 

focus on embodied products. Embodied products present an assurance of validity 

compared to theoretical designs as they are validated by the market consumption of 

these products. 
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4.3.1: Composition of a Broadly Inclusive Database 

For an effective inductive study a broad database of products is required. The 

database should contain many various types of transformers used in broad contexts; 

this will help capture all possible indicators. A database was selected from 

transformers representing various types. Variety is assured by including examples of 

each category of several classification systems. That is at least one of each principle, 

facilitator and generalized functional category [1, 5]. The set included the following, 

five products per transformation principle, a minimum of one product using each 

facilitator, and one from each generalized category. The fifteen transformers of this set 

were each analyzed in detail. This number is proposed to be sufficient as previous 

studies for finding indicators have shown that as new samples are added to a data set, 

new results decrease logarithmically; see Figure 14. For this study results reached a 

level plateau at about five transformers. 
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Figure 14: Decreasing Returns from Expanding the Database [5] 

4.3.2: Function Structures 

A function structure is a graph matrix method for high level analysis of a 

design. These structures lack reference to geometric or physical embodiments of 

function, allowing for an in-depth conceptual understanding of the product. By 

separating a product from its physical form, one can reconsider means of design 

embodiment (structures the device is composed of) and reveal opportunities for 

enhancing the design. The layout of a function structure is a schematic, left to right, 

input-output model of discrete blocks. Each block depicts a single function [4]. 

Appendix C provides an exemplar function structure. To develop this schematic, user 

needs are identified. Needs are then mapped into function chains which follow the 

progression of energy, materials and signals through the device. This type of 

description allows a broad view of what the product is accomplishing independently of 

embodiment.  

4.3.3: Activity Diagrams 

An activity diagram is a similar to a function structure; they establish abstract 

understanding of a product. This structure is a schematic flow chart of activity blocks. 

Each block represents an activity that the user may perform in the lifecycle of a certain 

product. An activity diagram makes no reference to any physical or functional 

characteristics of the product. It is a causality flow diagram of the usage process, that 

illuminates user interfacing, transportation, and lifecycle related concerns [4]. 

Appendix D provides an exemplar activity diagram. 
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4.3.4:  Review and Extraction of Results from the Inductive Study 

An inductive transformer review was conducted utilizing the above methods 

and data set. This review results in a new set of transformation indicators. Fifteen 

transformable products were functionally analyzed. Analysis consisted of composition 

then cross comparison with functional models and user activity analysis [4, 25]. A 

functional model and an activity diagram were created per state for each product. 

Models were also made for the complete device. Comments and observations about 

the type of transformer and usage context were also made for each product. This 

resulted in a collection of over eighty five models. To create indicators, qualitative and 

quantitative studies were applied to the models; Appendix D contains a summary of 

this study, and Appendices B and C illustrate examples of the models developed. 

4.3.5: Quantitative Data Analyses 

The product models which were created are comparatively analyzed. 

Comparisons include states within a single transformer and across multiple 

transformers. A comparison between states is made by treating each state as if it were 

a static function-state product then comparing functional composition, and usage 

between them. Within transformers, the number of shared functions and activities 

between states were counted. Across different transformer products, commonly 

occurring usage contexts and primary needs were examined. There are a significant 

percentage of contexts, herein called function sharing, for which almost all functions 

are the same between states of a transformer. For another portion of contexts, there 

may be a small quantity of function sharing and a large percentage of shared activities 

between states. These transformers are functioning as part of a linear process. 



 46 

4.3.6: Qualitative Data Analyses 

The empirical models are also examined qualitatively. A search is made across 

the models for frequently appearing characteristics in: contexts of usage, activity 

types, and functions. New categories are found from this examination. Taking into 

consideration these observations as well as results from the quantitative empirical 

review, a set of four indication categories for transformation are presented in the next 

section. 

4.4: DEFINITION AND DISCUSSION OF TRANSFORMATION INDICATORS 

The experimentally determined transformation indicators are classifiers of 

broad context scenarios. They identify contexts where transformable solutions have 

been successful as proven by extant designs. Thus they can in turn identify design 

contexts suitable for the development of transformers. The contextual definitions for 

each indicator can relate to any of the following: the design problem statement, user 

needs, usage context and properties of nearby products. Since multiple indicators may 

be present in one design scenario, the „strength‟ of the presence of a particular 

indicator is the primary driving force in deciding which set of design methods to 

pursue. Ultimately, this method helps a designer to expose governing influences. The 

purpose of indicators is to assist those new to transformers design to identify the 

solution archetype most appropriate for a particular scenario. 

4.4.1: Share Functions 

Share Functions is one of the most prevalent cases for employing 

transformation. The revealing property for this indicator is the incidental similarity of 

functions and function topologies between products stored or used in one space. To 
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test for this scenario, we examine the functional models of products in the usage space 

and compare to a functional model of the yet-to-be-developed product. If the functions 

are similar and they are not normally used at the same time, the combination of these 

two devices may result in benefit to the user, and they might be easily combined into 

one transformable device. Transformers are suitable for development in this context as 

it is easier to transform between states with very similar functional properties. An 

example transformer, which exhibits this scenario, is a food processor/blender combo. 

Often, as in this case, the combination of functionally paired products is convenient, 

cost effective, and efficient. 

4.4.2: Adhere to a Variable 

Adhere to a variable is also a distinct indication category. This context is 

signified when some function of the device would have to change to maintain 

operation due to some alteration of input or output variable. An example of this might 

be a table, wherein the number of users at the table changes; with a significant increase 

in the number of users, the table must expand through a transformation to 

accommodate them. Sometimes a set of similar products is used to resolve issues like 

this (however a transformer might be a preferable solution). An example of such 

would be a wrench set, for which an alternate solution could be a single, transformable 

wrench. The advantages of this form of solution may be a reduction in cost, ease of 

maintenance, ease of transportation and ease of use. Another example of adhering to a 

variable takes place in the design of a swim cap. By employing a flexible material, 

swim caps are able to accommodate variable user head sizes. 
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4.4.3: Accommodate a Process 

An individual product may be used as part of a larger process. For example, 

leaf blowing is a part of the process of cleaning a yard. It might be beneficial to 

develop a product which after forming a leaf pile could transform into a vacuum to 

remove the pile. Figure 15 shows a leaf blower/vacuum transformer. The scenario for 

accommodate a process is intended to identify contexts like the one surrounding the 

leaf blower example. Two steps are required to identify this indicator. First, one would 

examine the standard usage activities for the device, and generate additional activities 

that the user might be engaged in immediately before and immediately after using the 

product. Secondly, one considers if some activities that are occurring after or before 

might be a part of one larger process. Finally, consider implementing a transformable 

solution which addresses multiple steps of that process. If the primary function and 

associated activities are needed simultaneously; it may not be advisable to develop a 

transformer.  

 

Figure 15: Leaf Blower/Vacuum Transformer [33] 
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4.4.4: Store 

The fourth category, store, relates to design contexts where a second state 

should be incorporated in the design of the device which is a storage or pre-

deployment state. By definition, a storage state is functionally inactive. The primary 

advantage of such a state is to reduce the hindrance of an inactive device. The context 

conditions and characteristics which indicate that a scenario is suitable for the 

implementation of a transformer with a storage state are the following: devices which 

are used infrequently, devices which are frequently moved, devices which are operated 

in multi-purpose or otherwise „crowded‟ spaces, and devices that are deployed for use. 

An example of a device which is used infrequently and transforms is an emergency 

escape ladder. These ladders would be a hindrance to passersby on the street if 

continually present; however they provide safety for residents and ease of passage 

beneath by rotating or sliding into place only when needed. 
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Chapter 5: Research Question 2, Indicators for Single Function State 

5.1: STATIC FUNCTION-STATE DESIGN INDICATORS 

An entirely new set of indicators is proposed for determining when it is 

preferable to pursue traditional design tools for developing static function-state 

products. These indicators are then developed using a unique research method. Static 

function-state design indicators (SFSI) are those which identify context scenarios as 

design situations for which a static function-state product may be the most preferred 

solution. A static function-state product is one which exhibits only one primary 

functional state. Static function-state design indicators are a parallel to the 

transformation indicators. We hypothesize that reviewing these indicators, alongside 

the transformation indicators, will elicit a more balanced decision of whether to pursue 

transformer or traditional design methodology. Both sets of indicators are used 

comparatively in the complete method. To develop this set, both a deductive and 

inductive study are pursued for maximum objectivity; as with transformation 

indicators. 

5.2: DEDUCTIVE HYPOTHESIS FOR STATIC FUNCTION-STATE INDICATORS 

A hypothetical set of indicators is proposed after developing a sequence of 

observations with static function-state products. These static function-state product 

usage contexts are based on an extensive knowledge of consumer products and usage 

contexts. Once proposed they are tested on actual products. An indicator is valid if it is 

present in the context surrounding a static function-state product. If an indicator does 

not appear, then it is discarded or reworded. The process of observation, testing and 

refinement of the hypothetical indicators is iterative, in a manner similar to that 
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employed for the deductive transformation indicators study. The hypothetical set of 

indicators as first proposed is listed in Appendix E. It appears that no previous 

research work has suggested static function-state design indicators. 

5.2.1: Survey Design 

The hypothesized static function-state indicators are tested with a survey of 

designers and design teams. Each indicator is converted into a question and compiled 

as a survey, for testing on actual product contexts. The survey is tested by iteratively 

applying it to sets of a transformer and a static function-state device. Questions which 

do not relate to context surrounding a static function-state device are altered or 

removed. The result of this iterative process is a set of twelve conditions which 

identify the need for a static function-state design (Appendix E). 

5.2.2: Results and Conclusions: Deductive Study 

The result of this deductive study is a hypothetical set of indicators for 

identifying situations where a static function-state solution should be pursued 

(Appendix E). The effectiveness of this set of indicators has undergone pilot 

examination by the iterative nature of the deductive survey and refinement methods. 

The indicator questionnaire is reworded a number of times until each question captures 

a broad and general context which indicate the need for a static function-state design. 

To finalize the validity of the static function-state indicators, they also need 

comparison to results from the parallel inductive study and subsequent external 

testing. 
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5.3: INDUCTIVE STUDY FOR STATIC FUNCTION-STATE INDICATORS 

An empirical review of static function-state products and surrounding context 

is conducted in parallel with the deductive study. The goal of the study is to develop 

an independent set of static function-state indicators by examining and dissecting 

products on the market. The products reviewed included two sub-sets: a set of 

prominent static function-state products with no transformable counterpart, and a set 

of transformers with successful static function-state counterparts. A functional review 

is conducted of highly successful static function-state products for each of which there 

is no successful transformable counterpart. For each product in this review, the seven 

most essential customer needs and five primary functions are listed. These functions 

and needs are cross examined for similarities or frequently appearing elements. The 

results are summarized in Appendix F. For the static function-state products with 

transformable counterparts, differences are noted between the static function-state 

form and the parallel transformer state. Some frequently recurrent characteristics are 

the need for durability and well applied functionality. 

5.3.1: Database of Static Function-State Products for Functional Review 

To produce an effective deductive study, a broad set of static function-state 

products had to be selected. A set of fifteen products is selected from a search across 

consumer product domains, based on their variety of functionality, contexts of use and 

exemplary nature as primary function devices. Some products in this set are: a street 

sign, a butcher knife, and a turnstile. Once a sufficient set of products is selected, an 

analytical procedure is undertaken to extract indicators from contexts related to them. 

The static function-state indicator data set is expanded to include additional products 

until an asymptote of results are found. The validity of choosing a data set size in this 
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way is validated by the chart from previous research, shown in Figure 14, where 

original results obtained decreases similarly. 

5.3.2: Functional Review 

The data set of static function-state products is reviewed systematically. The 

intention of this review is to observe recurrent patterns in context surrounding static 

function-state designs. To analyze each product, primary functions and critical user 

needs are listed. One observation made while reviewing this data set is that some 

needs are recurrent among static function-state products. The user need which 

appeared most frequently is durability. Products roughly used, or exposed to the 

elements and for which a long lifetime is expected, may need reduced joint numbers 

which inhibits potential for transformation. Additional results from this review appear 

as part of definition and discussion of the indicator categories. 

5.3.3: Functional Comparison of Transformers and Static function-state Parallels 

A second data set is composed for studying static function-state indicators. 

This data set consists of product pairs. For each pair, a correspondence is made 

between a static function-state product and a transformer in an analogous state. An 

example would be a collapsible camping chair in its expanded state and a regular patio 

chair. Since in such cases both products are successful, we propose that there might be 

variations in the functions and user activities that relate to different needs or design 

context issues. Several models are developed for this data set. Two functional models 

are created, one for the static function-state product and one for the transformer state. 

The models are then compared element by element. This comparison isolates any 

variation in function between the static function-state product and the transformer. 
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One notable result from this study is the following: for some product pairs, the only 

difference between the static function-state product and parallel transformer is the 

need for complex or enhanced execution of a single particular function in the static 

function-state case. The complete results of this analysis are discussed in the following 

section regarding each specific static function-state indicator. 

5.4: DEFINITION AND DISCUSSION OF STATIC FUNCTION-STATE INDICATORS 

The static function-state indicators are intended to help determine if a device 

which has a single functional state is likely to be the most preferred solution to a 

design problem. Thus, if these indicators are present in the context of the design 

problem statement and related user needs, developers may pursue traditional concept 

generation techniques. The indicators are developed by observing contexts where 

static function-state products have succeeded in the past. They each consist of an 

assembly of context characteristics such as user needs or design objectives. Each set of 

characteristics is individually constructed to identify a scenario where a static 

function-state solution will likely be successful.  

5.4.1: Design for Low Cost 

Design for low cost is a context scenario wherein a product must be produced 

or sold at a minimal cost or in a minimum amount of time. Low cost implies that either 

objectively or by comparison to competing solutions, the product is intended to be 

affordable. One way to reduce the complexity of a particular design is to remove joints 

and flexible members, making a device static function-state. Thus, the design and 

manufacture of static function-state device gravitates toward an integral device that is 

less expensive with minimal production times. Products which are designed for low 
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cost are exemplified by the following scenarios: distributed for single use or 

disposable, intended for casual use, massive distribution and frequently replacement. 

An example of a successful static function-state product designed for low cost is the 

ballpoint ink pen, which is disposable, massively distributed, and frequently replaced. 

5.4.2: Vital Function 

This second category of static function-state indicators outlines products for 

which the application of one function is vital. This means that whether or not the 

product is also expected to perform alternative functions, there is one driving function 

which cannot be compromised or altered. Thus, the product should be designed in a 

state which allows this function to perform for a long lifespan. The importance of this 

category is in assuring that critical user needs are met. This may include scenarios 

where: safety or extended durability is of primary importance, or application of the 

products primary function is highly specialized. In each of these categories, some 

critical function must be expressed in the product design. Exemplary devices 

performing a critical function are the following: hammer, bridge column, surgical 

devices, and hard disk drives. 

5.4.3: Synchronized Multifunction 

Static function-state products can include multiple operations or outputs. 

Particularly, when context needs require multiple functions from the device that may 

be needed simultaneously; such is called a synchronized multifunction scenario. 

Potential solutions to the design problem will operate as part of a process that has 

parallel tasks. In this case, the preferred solution archetype to pursue developing may 

be a static function-state one. An example product is an alarm clock radio. 
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When investigating this indicator, one examines activities the user might be 

engaged in during use of the device. One also examines the design context to 

determine if any of the following are true: usage is a process with parallel objectives 

(example: motor vehicle dashboard); device is not welcome to move from its location 

(example: ticket terminal); there may be multiple users at one time, or multiple 

input/output sets at one time. 

5.4.4: Limited Instruction 

This static function-state indicator category outlines a design context scenario 

ripe for developing a static function-state product solution. Cases when the user may 

be in possession of limited information with regards to how the product is operated are 

defined as limited instruction. This scenario can be identified by the context of use 

wherein the user could lack experience, capacity, or interest to learn usage of a 

complex device. Some examples of context and user needs which might imply that the 

user does not have significant time or inclination to learn the nature of the device 

might be the following: Publically placed emergency equipment such as fire 

extinguishers, other public devices such as water fountains, or goods sold without 

packaging. When a user's ability to learn the device is minimal, it may be desirable to 

develop a static function-state solution  

5.4.5: Conditional Periodicity of Use 

When a function is needed continuously or if a function is needed at 

unpredictable times, the static function-state context scenario of conditional 

periodicity of use can be identified. In this context, operation of the device is either 

expected without pause or required at unexpected times. In either case a ,state change 
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would present a risk to requisite operation of such a function. Examples of each 

respectively are: a hydrodynamic plant, where water flow is continuous; or a wind 

turbine, which has an unpredictable operational period. Another example is a street 

sign, for which usage period is also non-periodic or predictable. 
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Chapter 6: Investigation of Research Question 3, Validation of 

Indicators 

The following sections present two distinct approaches used to validate the 

research. Correlation is established between archetype of a design solution 

(transformer or static function-state) and presence of the indicators (TI or SFSI) in the 

pre-solution context. This correlation is tested in two ways: through development and 

dissemination of a survey and a new product design. By performing the aforesaid 

validations, the indicators are established as the core of a viable method for 

determining the most viable solution archetype to a design problem at an early stage. 

6.1: INDICATOR BASED SURVEY 

The goal of this second round survey is to determine if the experimentally 

determined indicators would identify transformation, or static function-state ripe 

design contexts in practice. An examination of a design context for the indicators will 

result in a suggestion to pursue either transformation, static function-state design, or a 

combination. The accuracy of this hypothesis is tested. The survey checks for indicator 

presence in design context and also asks design teams about the form of their solution 

(static function-state or transformable). Teams are not aware of indicator presence 

before they made solution decisions. Thus, they were valid as part of this study. 

6.1.1: Construction of an Indicator Based Survey 

As described above, the survey consists of a section for each indicator type. 

The survey is designed in two parts. One part focuses on the investigation of design 

decisions and indicator presence. To compose questions that identify indicator 

presence, the indicators (TI and SFSI) are reformatted as Likert scales [13, 14 and 15]. 
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Each scale is ordered such that a “strongly agree” response relates to positive 

identification of the related context. As an example, the Likert scale statement the 

product is designed for very low cost with a response of “strongly agrees” would 

indicate the product may be static function-state for cost reduction. Each question is 

iteratively shaped by application to example problems. Some of the simple metrics 

which guided re-shaping are, "Is the question easily comprehended without significant 

ambiguity?” and “Does it accurately relate to the indicator?" The full set of questions 

is listed in Appendix G. The questions are refined until they satisfy the comprehension 

and accuracy criteria. The questions are finally uploaded to an internet service for 

dissemination. 

6.1.2: Dissemination to Design Teams 

The indicator survey is sent to a variety of design teams. Teams are composed 

of graduate students in the design department and senior mechanical engineering 

students at the University of Texas at Austin. Volunteer student teams included those 

from the department's capstone design course and a graduate course in product design, 

development, and prototyping. Using an online service [32], team members compared 

the indicator questions to their individual design context. This survey is an objective 

litmus test for indicator validity. 

6.1.3: Results and Conclusions from Survey Responses 

The final survey appears to have very accurate indication results. To assess this 

quantitatively, value is assigned to each Likert Survey response. A response of 

"strongly agree" is given a maximum value. This value is normalized over the number 

of questions. This normalized percentage permits indication to be extracted as a single 
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percentage, regardless of the number of questions per indicator or number of 

indicators. The following equation represents the mathematics for calculating 

indication factor: 

 

      
    

   
   

          
                                                        (1) 

 

      
      

     
   

            
                                                     (2) 

 In equations 1, and 2: TIi is the point value assigned by the respondent for each 

question relating to the ith transformation indicator question, SFSIi is the point value 

assigned by the respondent for the ith static function-state indicator question, Valmax is 

the point value of strongest agreement in the Likert scale, nTI or nSFSI is the number 

of indicators, and %TI or %SFSI is the percentage strength of suggestion that pursuing 

that particular route will lead to the best design. Essentially, this is an average score on 

the Likert scale over each question.  

 For each team the method would accurately correlates pursuit of a 

transformable solutions to the indicators. Table 5 summarizes team responses. Each 

line represents the summarized response from a different team. The TI and SFSI 

columns represent the percentage of indicator questions of that category which they 

replied to with agreement. The archetype indicated with a larger percentage, whether 

%TI or %SFSI, is the type of solution which is suggested for development. This 

suggestion is compared against the team‟s decision to include transformable solution 

concepts. If the suggestion maps accurately to the teams decision, then the indication 

is valid. The resolution of these percentages is five percent as determining by 

examining the sensitivity to the experimentally smallest possible change (i.e. 1 point 

on the Likert scale, for one question. 
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 This survey provides an objective validation that the method will be useful for 

determining when to transform. In contrast to the hypothetical indicators survey, this 

survey also included static function-state indicators. This is a significant advancement. 

Comparing the two indicator sets illuminates cases where transformation indicators are 

present, but static function-state solutions are still suggested; an example of such is 

team Four. Cases in which 'both methods' is suggested, the result is that the team may 

benefit by examining both transformable and static function-state designs. Those cases 

which did not exhibit are few in number, thus a correlation is sufficiently established, 

additionally, those teams may have benefited from a transformable concept if such had 

been considered.  
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Table 5: Summarized Results from Indicator Based Survey Responses 

  %TI   %SFSI   Method Suggests   Did the team have    

 transformable concepts?  

 Does this case 

verify the method?  

 Team 1  30 10 Transform Yes yes 

 Team 2  45 20 Transform No no 

 Team 3  40 20 Static function-state Yes no 

 Team 4  20 20 Both Methods No yes 

 Team 5  30 60 Static function-state No yes 

 Team 6  30 0 Transform Yes yes 

 Team 7  20 10 Transform No no 

 Team 8  30 40 Static function-state Yes no 

 Team 9  20 30 Static function-state No yes 

Team 10 30 10 Transform No no 

Team 11 30 30 Both Methods No yes 

Team 12 30 20 Transform Yes yes 

Team 13 30 40 Static function-state No yes 

Team 14 10 60 Static function-state No yes 

Team 15 10 10 Both Methods No yes 

Team 16 0 40 Static function-state No yes 

Team 17 30 0 Transform Yes yes 

Team 18 15 20 Static function-state No yes 

Team 19 35 0 Transform Yes yes 

   
Three cases indeterminate 

11 successful cases 

 

6.1.4: Case Study I, Example Design Problem: Anti-MAV 

An exemplar design problem is pursued from problem statement to prototyping 

for the purpose of method validation. A sponsor of the research seeks the development 

of a deployable device for neutralizing unmanned aerial vehicles. The objectives for 

the device are: deploy from forward operating base (FOB), navigate to target and 

neutralize target. These three objectives can be completed sequentially. Thus, it 

appears that this problem statement contains context characteristics for an 
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accommodate a process scenario and would benefit from a transformable design 

solution. 

 Before developing concepts, we graphically compare the matching of each 

indicator to this problem statement and then normalize the responses to determine 

indication factors. Figures 15-20 illustrate details of the method, concept generation 

and prototyping for an AMAV solution. 

 

 

Figure 15: Graphical Likert Scales, completed for AMAV 
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Figure 16: Computation of Indication Factor for AMAV - Transformation is 

suggested. 

It is indicated that the preferred solution for this problem statement will be a 

transformable one, as evidenced from the fact that the process it caters to can be 

completed without parallel tasks. It also be should also be noted that a relatively high 

value of %SFSI implies that a combined solution approach may also be warranted. 

Concept generation for transformers and prototyping is pursued for this device with 

the extremely promising results shown in Figures 8-11. 
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Figure 16: Modified Brainstorming for AMAV example 
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Figure 17: Preliminary Concepts for AMAV from Transformer Principles and 

Facilitators 

 

 

Figure 18: Selected AMAV Concept 
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AMAV biplane, closed state Expanding the capture net 

 

 

 

 

 

 

Fully expanded capture net 

Figure 19: Demonstration of Net Expansion for AMAV solution 

6.2: CASE STUDY II: REVERSE ENGINEER A PROBLEM STATEMENT 

To examine the method, a problem statement was reverse engineered from an 

existing, successful transformer to see if the indicator contexts were present. The 

product for this example is an extremely modular transformable device, seen in Figure 

20; it is a furniture set consisting of a few types of basic building blocks which can be 

recombined into any of various furniture shapes and usages. It is interesting to 

examine the context of use around an existing transformer to determine how the 

indicators might appear in the context of use, before the transformer was developed. 

One possible problem statement that the device may have been designed to 

address is “develop a couch to suit the needs of a studio apartment dweller”. To apply 

the methodology to that problem statement, one would examine the nine indicator 

contexts and compare them to the contexts implied by that problem statement. Each 

indicator is examined individually, to determine the degree of matching of that 

indicator's context clues to the problem statement. Ultimately it becomes clear that 
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adhere to a variable is the strongest indicator match to this context. In this case the 

variables include available space and number of users. Thus the designers had indeed 

used concept generation for furniture that could adhere to variables in amount and 

shape of available space and ultimately develop something like the Modi furniture set, 

Figure 20. 

 

 

Figure 20: Modi Modular Furniture Set [11] 

6.3: CASE STUDY III: TESTING AN ACTUAL PROBLEM STATEMENT  

A current cross disciplinary research problem here at the University of Texas at 

Austin [31] and other institutions is to develop an energy harvesting system to be 

mounted to a bridge. This system is intended to locally power a bridge health monitor, 

for the purpose of lifetime prediction. Ultimately it is intended that this will help avoid 

injury and death in future disasters like the recent bridge collapses. The research 

initiative will help to preserve our nation's bridge infrastructure through the 

development of self contained detector systems which analytically estimate the 
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bridge's remaining lifespan. This is a complex problem, and particularly intriguing a as 

a potential transformer application. Initially it is not clear how or if a transformable 

solution will be useful for this application. 

Investigating the nine indicator sets, static function-state indicators vital 

function, conditional periodicity of use, and design for low cost are applicable with 

significant context matching. Alternatively only the transformation indicators storage 

for deployment and adherence to variable are matches. In this case there are indicators 

for both transformation and static function-state design. For this problem it was useful 

to investigate subsystem design, from testing for the indicators in subsystems, it 

appears that during operation the device should be static function-state, and for 

deployment the system should include a transformation. 

6.4: CASE STUDY IV: DEVELOP A NOVEL TRANSFORMER 

A second technique was developed, this one for ideating novel products from 

scratch. By examining products in a space or process one may find many functionally 

paired devices. To apply the method, one creates function structures and activity 

diagrams (for examples see Appendices C and D) for products in a particular usage 

space or domain, such as devices stored in a garage. Next one compares these 

structures for similarities. A strong similarity indicates that the products may be easily 

combined into a transformer.  

To test this method we investigated products frequently found in a household 

closet. After building function structures for several devices and comparing pairs of 

the structures, it was discovered that a shelf and clothes rack have similar functional 

structures. Thus a clothes rack/shelf transformer could easily be developed. This 

device could enhance closet space and usage flexibility. Figure 21 presents such a 
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patent, hitherto unbeknownst to us, which has already been designed and is thus a 

convenient validation of the concept. This secondary usage application is 

complimentary to share functions context and demonstrates just one of the various 

potential design methods which could be developed in concert with the indicators. 

 

 

Figure 21: Transformable Hangar Rod and Shelf [30] 

6.5: RESULTS FROM TRANSFORMER DATABASE STATISTICAL ANALYSIS 

To understand if the indicators capture the entire space of transformers, the 

complete database has been classified according to indicator type (in addition to the 

current facilitator type). The results can be seen in Table 6. This statistical analysis of 

these correlations implies some benefit for brainstorming transformable concepts. 

When a transformation indicator is present, we can relate the most commonly 

concurrent transformation principles. Table 6 depicts this correlation, the number in 

each cell is the percentage of times that both the indicator and principle where 

mutually present for a transformer across a database of two hundred and five 
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transformers. The following , equation 3,  represents our method for calculating 

mutual occurrence: 

 

                    
                
              
              

   
          (3) 

% Mutual Occurrence is computed for each indicator. If for example two indicators 

mutually occur in eighty percent of transformers, % Mutual Occurrence will be .8, 

likewise zero if they never mutually occur. To compute this value, IndA(i) is equal to 

one, if for that transformer indicator A is present and zero if it is not present, likewise 

for IndB(i), i represents the transformer number ranging from one to two hundred and 

five.  

 

Table 6: Results of Statistical Database Comparison 
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Chapter 7: Method and Conclusions 

Throughout the course of this research project, a novel research approach has 

been outlined and executed. This research process has overseen the development of 

indicators which outline contexts suitable to the implementation of transformers 

design methods. The various research methods and validation techniques employed 

verify that these contexts indicators can be applied to generalized problems. A formal 

method is then presented for classifying context using these indicators. Since this 

method is relatable to any of diverse problem statements, a designer can now 

determine a quantitative need or lack thereof for using transformers design methods; 

reducing the time and complexity of early phase design decisions such as "What 

methods should I utilize when developing a new product?" 

7.1: METHODOLOGY FOR WHEN TO TRANSFORM 

As exemplified in the discussion of the AMAV design problem, the method for 

analyzing transformability consists of these four principle steps: 

1. Examine usage, needs, design objectives, and the indicators. To do so, consider 

the context of the problem statement and the context sets associated with each 

indicator.  

2. Next, compare the relative matching of each indicator to the design context. 

For each indicator (both TI and SFSI), ask “Does this indicator appear in the 

particular problem's context?”  

o Closely examine context for each indicator, using the full descriptions 

in Sections 3.3 and 4.3, Table 7 suggests points of consideration to keep 

in mind during comparison. 
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Table 7: Points to Consider During Examination of Context Indicators 

Transformation Indicators 

Share Functions     Consider the functions of products used nearby  

Adhere to a Variable     Look for sets of devices with similar function, such as measuring cups  

Accommodate a 
Process  

   Examine the process associated with the device.  Also look at activities 
occurring just before and after use.  

Store     Consider what happens to the device when not in use  

Static Function-State Indicators 

Design for Low Cost     Consider the importance of cost saving 

Synchronized Multi 

Function  

   Examine the usage process, particularly activities occurring during use.  

Conditional Periodicity 

of Use  

   Determine the use frequency 

Vital Function     Consider the sensitivity of the most critical function to state changes 

Limited Instruction     Consider the first interaction of the user and device  

 

3. Finally complete a visual weighting scale, as in Figure 22. Use the scale to 

account the degree of matching. Compute the average weight using Equations 

1 and 2. 
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Figure 22 Blank visual mapping chart. 

4. Determine the preferred methodology to pursue 

Table 8: What Methods to Apply Based on Indicator Presence 

Percentages of Indicators Suggested Methods to Pursue 

TI > SFSI and (TI - SFSI) > 20 

% 

Transformers Methodology 

SFSI > TI and (TI - SFSI) > 20 

% 

Static Function-State (regular) Methodology 

(SFSI - TI) <  20% Both Transformers and Static Function State 

Methods 
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Currently, the method is capable of suggesting the design archetype most likely to be 

successful. By considering additional implications of the indicators derivative methods 

could be spawned.  

7.2: CONCLUSIONS  

The research presented in this paper results in a readily applied methodology 

for determining when to develop transforming devices using a set of associated design 

methodologies. Context indicators elucidate the preferable pathway between two 

distinct sets of design methodologies. The study uses parallel experiments to maintain 

objectivity when investigating the research questions. For each question, several 

experiments are performed. For research questions 1 and 2 „what are the indicators for 

transformation and static function-state products‟ the indicators are derived using 

inductive and deductive studies. Four studies are pursued in total. For the third 

research question „is there a valid connection between indicators and preference,‟ 

internal and external studies were both performed. Internal validation included a novel 

product design, from statement to prototype, using the methodology. External 

validation tested if the indicators accurately map between context and design 

archetype preference. This is accomplished by interviewing various design teams 

regarding specific design problem statements. The result of each study is a positive 

validation of the indicators. The indicators themselves are outlined in Sections 3.3 and 

4.3. A final thought for application of the indicators suggests the following: the 

directive method can be applied at a systems level, subsystem level, or component 

level. 
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7.3: FUTURE AND ONGOING WORK 

Future and ongoing work could include several initiatives. These initiatives 

could be directed towards refining, verifying or adding to the current methodology for 

determining when to transform. A pathway for refinement would be the development 

of nine unique product development methods. Each of these nine methods would relate 

to a particular TI or SFSI and target the development of new products with more 

specific suggestions and tools for developing a product context which falls into that 

category. Another suggestion for adding a novel branch to the method would be to 

develop a set of index cards, analogous to the T-cards [5], these cards would show the 

indicators in a graphic way. By representing the indicators graphically it would be 

easier to analyze them and cross examine the relevance to a specific design problem 

by, for example, laying them out on a table next to a list of customer needs. 

Several other options for expanding the methodology, some of which are 

currently underway, are presented below. 

7.3.1: Expanded databases 

I suggest an expanded and more detailed database analysis to help capture any 

additional indicators. This new set might include Granular-Indicators. This new set of 

indicators would be a parallel to transformation facilitators. Using the following 

analogy: Indicators are to Principles as Granular-Indicators are to Facilitators [1]. 

Creating a second set of indicators under the umbrella of the indicators would help 

bring additional clarity to context identification and expand the generalized nature of 

this theory of when to utilize transformation. 
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7.3.2: Non-linear Relation Tree  

The creation of a decision map is suggested. This map would establish a set of 

links between combinations of indicators and example design solutions, which respond 

to a similar combination. An example of this could be the following: if the context 

surrounding a design problem contained clues of both adhere to variable and storage 

indicators, the following transformable screwdriver or collapsible car roof are 

exemplary solutions, see Figures 23 and 24 

 

 

Figure 23: Expanding Rooftop 

 

Figure 24: Self Loading Screwdriver 

7.3.3: Incorporated Brainstorming / Mindmapping 

A method could be developed which assisted in establishing a more direct link 

between context analysis for the indicators and ideation. If it were possible to seed 
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mindmaps with solution types related to specific indicator sets which were present in a 

particular design context, it might be possible to develop shortcuts to novel solutions. 

Additional brainstorming and ideation methods could be produced to this end based on 

iterative testing and further analysis of the relation between principles, facilitators and 

indicator contexts. 

7.3.4: Digitization of Methodology: Website 

Currently a digital version of the method is under development. Available at 

http:/www.me.utexas.edu/~transform, the site provides an easy, universal way to 

access our method. Ultimately it may include interactive applications that allow a 

designer to actively describe their design context and receive feedback on what form 

of design to pursue. 

7.4: REVIEW OF ERROR 

As the nature of the indicators is qualitative, we were led to pursue iterative 

sets of analysis to reduce error. The indicators were applied to a large set of unique 

problem statements spanning a broad variety of design spaces. In each case it was 

determined if the indicators were valid. After each iterative evaluation the amount of 

rewording or expansion needed to correct each indicator statement was reduced. There 

was some separation between the hypothetical indicators and the verified sets. This 

distinction can be attributed to the in-depth level of understanding achieved through 

technical analyses. Ultimately we believe that bias has been reduced from our methods 

for pattern identification by use of distinct and parallel studies at each development 

stage. 
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APPENDIX A: Classifications of Transformers 

 

Mollerup [10], Categorization of Transformers 

Stress Stress implies that the product is under a compressive stress in one of its states 

in the way that for example a sleeping bag may be compressed under the 

tension of elastic bands during storage. 

Folding Folding relies on soft materials, so the object can be packed away when not in 

use. These products may often also have zippers, Velcro, buttons, magnets or 

other fasteners to secure the object in one state. 

Creasing Creasing gives not only an aesthetic appearance but also acts as a guide for the 

folding process. A distinction from the folding category is with creasing, the 

fold path is not only clearer but with some materials/designs may be self 

aligning. 

Bellows Bellows, adapted from the blacksmiths air moving tool is incorporated by 

devices such as accordions, airplane docs and shoe storage shelf-hangers. 

Assembling Wherein parts are assembled and disassembled from a whole, the separated 

components can be stored. Lego‟s and scaffolding are examples of products 

which utilize this principle. 

Hinging Hinging is the principle action of folding around one joint. A hinged joint may 

be replaced by a finite span of flexible material. This principle is integral in 

many collapsible furniture designs such as ladders, umbrellas or handheld 

compasses. 

Rolling Rolling is the principle employed in objects such as roller blinds and papyrus 

scrolls. Mainly utilized for two and one dimensional objects. 

Sliding Sliding collapsibles expand and contract in some members to allow for 

geometric reconfiguration. Think of sliding Japanese doors or a contracting 

telescope. 

Nesting Nesting is a group principle. By storing one object inside another the entire 

volume of the smaller is effectively saved. Measuring spoons and Matryoshka 

dolls are examples of this. Objects do not necessarily need to be of the same 

form to nest.  

Inflation Inflation used for objects such as balloons, uses range from life vests to 

postcards. These devices can exhibit exceptional changes in shape and size. 

Pneumatic tents and architectural supports also exist. 

Fanning Fanning devices include multiple leaves which rotate around a point source 

revealing multiple surfaces.  

Concertina Concertina is iconized by a boxing glove attached to an expanding network of 

scissoring mechanisms. Awnings and stands have also utilized this principle. 
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APPENDIX A: Classifications of Transformers 

 

Oungrinis [12], Categorization of Transformers 

Tensile Wherein a soft material is stretched on rigid columns and 

an anchoring surface, the material bears tension and the 

columns compression. This sort of transformable can be 

very lightweight. A tent represents this type well.   

Nesting Multiple items are stored within each other, such as stack 

of cups or auditorium chairs. 

Scissor-type 

Mechanisms 

This sort of mechanism, very well known, is a pattern-

assembly of levers resulting in a device capable of scissor 

like motion in which height is reduced and length 

expanded during extension. 

Trans-ergetic Trans-ergetic structures employ rigid elements for 

compression and flexible elements for tension. Unlike 

tensile devices, Trans-ergetic tensile elements are linear 

such as a cable or string. They are used in the construction 

of kinetic architecture, such as tensegrities, 

Pneumatics I, II Based on flexible, pressurized structures, pneumatics 

employ air filled compartments as the load bearing 

structure. The form can be modified by pressure variation 

in the compartments. Usually built with soft or flexible 

materials, cables or another cladding system is employed 

to direct the pressurized components 

 

  



 81 

APPENDIX A: Classifications of Transformers 

 Principles and Facilitators List - University of Texas, Madlab 

P
ri

n
ci

p
le

s 

Expand/Collapse Change physical dimensions of an object to bring about an increase/decrease in 

occupied volume primarily along an axis, in a plane, or in three dimensions 

Expose/Cover Expose/Cover a new surface to alter functionality 

Fuse/Divide Make a single functional device become two or more devices, at least one of 

which has its own distinct functionality defined by the state of the transformer, 

or vice versa 

F
a

ci
li

ta
to

rs
 

Common Core 

Structure 

Compose devices with a core structure that remains the same, while the 

periphery reconfigures to alter the function of the device  

Composite Form a functional part from two or more non-functional parts 

Conform with 

Structural Interfaces 

Statically or dynamically constrain the motion of a component using structural 

interfaces 

Enclose Manipulate object in three dimensions in order to enclose a three-dimensional 

space 

Fan Manipulate object in two dimensions to create an elongation, planar spread, or 

enclosed space to alter its function 

Flip Perform different functions based on the orientation of the object 

Fold Create relative motion between parts or surfaces by hinging, bending or creasing 

Share Functions Perform two or more discrete functions 

Furcation Change between two or more discrete, stable states determined by the boundary 

conditions 

Generic Connections Employ internal or external connections (structural, power) that can be used by 

different modules to perform different functions or perform the same function in 

a different way 

Inflate Fill an enclosed space, constructed of flexible material, with fluid media to 

change geometry and function 

Interchangeable 

transmissions 

Use multiple transmissions to produce different motions  

Material Flexibility Change object dimensions with change in boundary conditions 

Modularity Localize related functions into product modules 

Nesting Place an object inside another object, wholly or partially, wherein the internal 

geometry of the containing object is similar to the external geometry of the 

contained object 

Roll/Wrap/Coil Bring about a change in an object‟s function by manipulating its geometrical 

surfaces around an axis to create or enhance spheroidality and curvature  

Segmentation Divide single contiguous part into two or more parts 

Share Power 

Transmission 

Transmit power from a common source to perform different functions in 

different configurations 

Shelling Embed an element in a device, where the element performs a different function 

Telescope Manipulate an object along an axis to create elongation, planar spread or 

enclosure to alter its function 
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APPENDIX B Inductive Study:  

Empirical Transformer Review 
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APPENDIX B Inductive Study:  
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APPENDIX B Inductive Study:  
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APPENDIX C  

Example function structure 
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APPENDIX D  

Example Activity Diagram 

 

 

 

  



 87 

APPENDIX E: Design Survey  

Indicators Based Design Context Scenario Survey 

What is the problem statement you are addressing? An example problem statement is, 

'Develop a bridge mounted energy harvester to power a small sensor.' 

 

Which of the following apply to this particular design problem as of now? Yes/No 

problem statement defined Yes/No 

customer needs known Yes/No 

concept generation begun Yes/No 

concept generation completed Yes/No 

concept selection begun Yes/No 

concept selection completed Yes/No 

prototyping has started Yes/No 

this is a redesign project Yes/No 

manufacturing is underway Open 

What will be the primary-function of your product? As an example, the primary 

function for a chair could be 'support human comfortably'; for a computer mouse, 

'Convert hand motion to digital signal.' 

Yes/No 

 If you have developed concept sketches, do any of your designs include 

transformations? Transformation is defined as a change from one functional state to 

another. Transformation usually occurs with the application of one or more of three 

principles: expand & collapse (such as a collapsible camping chair), fuse & divide (such 

as a modular screwdriver) and expose & cover (such as a flip phone). 

Open 

If you have selected a single concept variant for embodiment, please describe.  

TRANSFORMATION Likert 

Does some function vary in the potential design solution? The product below shows 

what is meant by 'vary'. This measuring cup's volume is varied by sliding the core out. 

Based on this example of variation, you would say that there is variation in one of your 

device's functions as evidenced by: 

Likert 

Change in quantity of some material flow to the device.  

Change in quantity of an energy flow to the device. Likert 

Change in type of a material flow to the device. Likert 

Change in type of energy flow to the device. Likert 

Change in the number of users. Likert 

A variable internal functionality. Likert 

An array of similar devices which currently exists. (Such as a wrench set) Likert 

Use of the device exhibits one or more of the following characteristics:  Likert 

The device is used infrequently. Such as a car jack.  

The device is frequently moved. Such as a lantern. Likert 

The device is operated in a multi-purpose space or busy space. Such as a garage. Likert 

The device must be deployed for use. Such as a tent. Likert 
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APPENDIX E: Design Survey  

The device is operated in a crowded space. A space such as a hallway. Open 

The device exhibits the two following characteristics:  

Use of the device is associated with a process cycle or activity of multiple steps. Likert 

The potential solution would improve the user's experience if it changed state to 

address an additional part of a process. 

Likert 

Spend three to five minutes brainstorming products which might be used in 

proximity to your potential solution. Proximity, refers to usage area and 

process. Next write out several related primary functions. As an example 

"used proximally to a table", Chair: support human comfortably, import 

human, export human, distribute weight 

Likert 

Do you agree that you have brainstormed at least one device functionally 

similar to your potential solution? 

How well do you agree? 

Likert 

If any of the brainstormed devices exhibit shared characteristics with your 

solution, consider in what way might it benefit the user to combine this 

product as a second state of your potential solution. 

These similar devices are likely to address additional user needs if combined 

with your potential solution. 

A blender is 

functionally similar 

to a:   

towel 

garbage disposal 

electric mixer 

food-processor  

You were just asked to brainstorm devices functionally similar and used in 

proximity to your potential solution. Now consider the following set of 

analogies. These demonstrate growing functional similarity, increasing from 

top to bottom. The set of products on the right are devices which would be 

used in proximity to a blender, in a kitchen environment. Use these analogies 

as a scale and rate the level of similarity between your potential solution and 

the most similar brainstormed device.    Your device is functionally similar to 

the one most like it as:   

 

STATIC FUNCTION-STATE Likert 

Design for minimal cost is a critical need. As examples: disposable cup, or 

Bic
©
 pen.  

Likert 

The quality needed of one particular function overrides the  advantage of 

state change; this could be due to rough use, complexity of applying said 

function or other reasons. As an example,  a shoe is used roughly, or a potato 

peeler's function is complex. 

Likert 

The product is multi-functional and multiple such functions are required 

simultaneously thus transformation would be a hindrance. An example would 

be a radio alarm clock. 

Likert 

A user may not have access to instruction on how to use. As examples: a fire 

extinguisher, or a water fountain. 

Likert 

Usage of the device does not vary. This includes situations when there is a 

continuous function required or a continuous flow to the device. As examples: 

sign post, or a railway turnstile. 
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APPENDIX F Generalized Transformer Categories 

Degree of State Change, Category type I  

(color coded by meta type; descending in degree of change) 

Category Description Notes Examples 

Multiple 
shapes 

Device has multiple 
states, each active and 
with a distinct primary 
function. 
Swiss Army Knife 

Fully 
reconfigurable or 
selection from a 
stored array. 

 

Convert Object 

Store Device has multiple 
states, at least one is an 
inactive storage state. 
Measuring Tape 

Input or output 
desired along a 
variable scale, 
wrenches, 
measuring cups. 

Reorient Device has one 
architectural state, 
orientation and 
implementation alter 
functionality. 
Rocker/Chair 

The design is 
defined by 
context of use. 

Single Shape Device has one primary 
function which applies 
over a sliding scale for 
some variable. 
Adjust-a-Cup 

Skeletal or Shell 
designs lead well 
into this form. Adjust 

Degree of Automation, Category Type II  
(descending in user ease to transform object) 

Category  Description 

Autonomou
s  

Device internally decides to actuate based on 
sensing and automatically performs 
transformation. An example is a Venus fly trap. 
Venus fly Trap 

Mechanicall
y Assisted 

Device incorporates mechanical advantage, 
motors or control systems to transform. Device 
cannot actuate itself. An example is a foldout 
couch. 
Foldout Couch 

Manual Device does not assist in transformation. An 
example is a modular screwdriver. 
Modular Screwdriver 
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APPENDIX G Static function-state Indicators Survey 
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APPENDIX H  

Excerpt from Static function-state database 

Product Book Potato peeler Butcher knife 

Customer 

Needs Function readable I/O user safe 

accept 

potato sharp 

accept 

hand 

. . durable 

signals 

content 

peels 

quickly 

secure 

potato durable 

direct HE 

into blade 

. . cheap 

reflects 

light 

selectively 

for data 

peels 

minimal 

flesh 

peel potato 

skin 

easy to 

clean cut object 

. . light 

rejects 

debris/stains easy to load 

convert EE 

to ME or 

HE to ME stays sharp 

release 

hand 

. . small resists wear 

easy to 

clean 

release 

potato 

ergonomic 

handle 

allow 

cleaning 

.   safe   

does not 

break   low cost   

.   aesthetic   inexpensive   durable   
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Glossary 

Facilitator: a design architecture that helps or aids in creating mechanical 

transformation. Transformation facilitators do not singly create transformation [1] 

 

Indicator: primary context properties and usage factors that identify a  scenario 

 

Principle: as a generalized directive to bring about a certain type of mechanical 

transformation. When embodied, a principle singly brings about transformation [1] 

 

Scenario: A particular context, a characteristic set of user needs, usage properties 

usage area or other properties relating to use and functional needs that specify 

everything surrounding a product development 

 

Static function-state Device: A static function-state product is one exhibiting only 

one functional state 

 

Static Function-State Indicator (SFSI): primary context properties and usage 

factors that identify a scenario ripe for the development of a transformable solution 

 

Transformable Products (or Transformers): those with two or more functional 

states[1] 

 

Transformation Indicator (TI): primary context properties and usage factors that 

identify a scenario ripe for the development of a transformable solution 
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