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Using Design Problem Characteristics to Build a 
Prototyping Strategy 

1. Introduction 

Over the course of the last three decades, numerous methodologies have been created to enhance 
the design process with experimentation, particularly methodologies for concept 
generation[4
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. Particularly in the engineering educational context, such 
design experimentation is done with prototypes. There are several different types of prototypes: 
e.g. marketability prototypes, functionality (or engineering) prototypes, manufacturing 
prototypes, etc.[151

• However, there are relatively few structured approaches to organizing, 
sequencing, and bounding such experimental prototyping. Given that prototyping is pervasive to 
the design process through ideation, concept selection and design verification, it stands to reason 
that prototyping is a process worthy of scholarly attention. This research explores methodologies 
to enhance prototyping during concept development, particularly engineering prototypes, i.e. 
those used to verity or improve the functionality, performance and operation of a novel device or 
system. Based on design context variables such as the total allotted time for the prototyping 
effort, the methodologies introduced in this paper will provide practical planning for student 
prototyping efforts, including determination of how many parallel prototypes of which concepts 
are most effective, considering the sequential revision iterations on each such prototype. 

Current estimates are that only 60% of new products succeed[I ,I61. As stated above, when 
compared to concept generation, testing, and manufacturing (all of which have experienced 
recent significant process enhancements[4'
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151 it becomes clear that prototyping process 

improvements can result with research and exploration. Exemplar problems a designer will 
encounter when prototyping are design process logistical concerns regarding: the number of 
prototypes which should be constructed, the nature of these prototypes in terms of material, 
fidelity and functionality, and the forms of testing which should be applied to the prototype. 

These concerns are currently resolved either intuitionally by the designer without using a specific 
methodology or by project managers based either primarily on cost and schedule or on historical 
precedent ("that's the way we've always done it"). Hence, a formali zed and structured approach 
to prototyping is needed. It should have the goal of enhancing the efficiency and effectiveness of 
the prototyping process. Such a structured methodology could identify analytic and concrete, 
rather than intuited, strategies for distribution of time and resources as well as prescribe detailed 
methods regarding the formalities of constructing the prototypes themselves. 

Prototyping strategy methods are explored as a solution approach for increasing the breadth of 
scope of innovation processes. A prototyping strategy is defined here as: the set of choices that 
dictate what actions will be taken to accomplish the development of the prototype(sjP61. It is a 
plan for parallel and sequential development of various prototypes. A prototyping strategy will 
include determination of the number of prototypes: developed in parallel (multiple concepts) and 
in serial (single concept). Further, the prototyping strategy will include consideration of 
efficiency characteristics of the instantiation including whether the device will be scaled (smaller 
cheaper prototype with scaling effect uncertainty),functionally relaxed, or functionally isolated 
(incomplete prototype with system level integration uncertainty) . In short, a prototyping strategy 
method is a repeatable tool for translating between design context characteristics, such as 



available budget or the uncertainty in modeling accuracy, and the choices made during 
prototyping. 

2. Background and literature review 

Although the evidence suggests that prototyping is one of the most important aspects of new 
product development[6l, there apparently little research work that translates presents clear 
strategy frameworks. In Otto and Wood's text[t SJ, prototyping is addressed in multiple chapters 
that cover various analytical modelling techniques, physical prototype development processes 
and suggestions, and proper testing strategies to ensure that physical models meet requirements. 
The authors recognize that while non-physical modelling is certainly important, designers must 
eventually move into the development and testing of physical prototypes[16

l . 

There have been interesting reviews of the effects of prototyping on designers during the 
process[20

-
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•
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l . Franck and Rosen[20l showed that, from cognition view point, 'low fidelity' 
prototypes encourage design teams in three distinct ways: (1) Failure is reframed as an 
opportunity .for learning; (2) A sense offorwardfrogress is .fostered; and (3) Beliefs about 
creative ability are strengthened. Linsey et at. [23 examine the impact of design fixation in virtual 
versus virtual and physical environments to show that performance is significantly enhanced 
when physical construction and testing of a prototype is permitted[23l. These results were verified 
for both novices/non-designers and experienced designers. Yang and Epstein[39l show that 
prototyping early in the design process is correlated with better design performance. 
Additionally, Schunn[40J experimentally determined that successful design teams used prototypes 
more often throughout the design process to represent concepts and to communicate ideas[40l. 

Restriction against prototyping leads to fixation on initial concepts, regardless of technical faults 
that may exist in the concept[20l. 

In regards to the logistics of developing successful prototypes, Ulrich and Eppinger[t?J present 
benefits of physical versus virtual prototypes, and focus on strategic approaches to prototyping. 
They consider general aspects to describe the prototyping process, such as the observation that a 
prototype may fall anywhere in a two axis field between fully physical and fully virtual design. 
They further stipulate that the design concept that is most cost effective should be pursued. A 
traditional approach to prototyping is to base the prototype selection on cost of parts. Ruffo et al. 
examine a make or buy approach based on resource scenarios[19

l. 

Thomke, Schrage, and Drezner, suggest minimal, though useful, strategies such as "pursue 
parallel development of prototypes" or 'iterate prototypes, instead of initially including all 
features"[s- to,t4J. In addition, design prototyping teams should be composed of highly skilled 
individuals, and permitted to be self-directed. Resource management and exp,ertise should 
likewise be synthesized when developing a successful prototyping effort[12·1 l. 

Dahan[t t] investigates a more analytical approach to the prototyping process based on an 
assumption of optimizing profit of the solution. He investigates the trade-offs of parallel concept 
testing based on the roles of profit distribution (uncertainty), cost of testing and total budget. 

Christie, et at. have explored the set of strategy choices that should be considered in the 
development of a prototyping strategy through literature and case study review[JSJ, Table 1. 



Table I . Choices in a Prototyping Strategyl38l. 

I . Prototypes can be of a single subsystem, of a set of subsystems, or of the entire system 
2. Prototyping multiple concepts in parallel vs. prototyping only a single concept 
3. Iterative prototypes vs. only I prototype per concept 
4. Prototypes can be virtual (analytical, CAD, FEA, CFD etc.) or physical 
5. Prototype manufacturing can be outsourced, rapid prototyped or completed in-house 
6. Prototypes can be physically scaled 
7. Prototypes can be functionally scaled 
8. Prototypes can use similar or different materials than the final design 
9. Prototypes can use similar or diffe rent manufacturing and assembly techniques than the final design 
I 0. Prototypes can be analyti cal 
II . Prototypes can be a computer simulation 
12. Prototypes can be made rapidly 
13 . Prototyping production can be outsourced 
14. Prototyping budget can be allocated in different proportions to each iteration 
15 . Human resources for each prototype can be allocated in d ifferent proportions 
16. The prototype may or may not meet the final design requirements 
17. The prototype may or may not address interfacing 

Viswanathan and Linsey developed a second set of heuristics that outline observed best 
practices1341. Their study is based on observation and coding of the uses of physical prototypes. 
They are shown in Table 2. Overall , we find these prototyping strategy heuristics possibly 
beneficial, however, their effectiveness, as a forward-design tool, must be experimentally 
evaluated. 

Table 2. Prototyping Strategy Heuristics from Viswanathan and Linsey1341. 
I Support building with analytical calculations - use basic strength equations fo r calculations 
2 Design the cormections (interfaces of parts) before commencing construction 
3 Plan the building process - in terms of time and budget 
4 Combine superior features from multiple solutions (before/after bui lding or both) 
5 While scaling the model, scale loads accordingly 
6 Be aware of unexpected phenomena during building 
7 Wherever possible, use commonly available parts (available in the immediate environment) 
8 Wherever possible, avoid compl icated machining 
9 Wherever possible, select materials that can be easily machined 
I 0 Tf standardized parts are available, use them instead of building new ones 
I I When using parts of standardized (fixed) length (e.g. LEGOs), make sure other parts wi ll connect properly 
12 Use simple measurements (e.g. : visual) if complicated measurement techniques are not necessary 

3. Development of Prototyping Strategy Method 

This section will provide an overview of the approach taken to develop the strategy method used 
in this paper. One of the fi rst steps in the process was to compose a list of all strategy choices 
encountered in the relevant literature. Table 3 shows a hierarchical synthesized list of variables 
for a generic prototyping strategy. This hierarchy provides a framework for managing the 
complexity, causality, and dynamic-nature of the prototyping strategy variables. These strategy 
choices are phrased using inclusive terminology to expand their applicability. Concepts from the 
literature are transformed from specifics such as 'avoid complicated machining' to general 
concepts like choose 'ad-hoc or precise manufacture'. 



For the purpose of this study, we have chosen a set of five critical heuristics (or strategy choices 
which are dependent on the input variables), highlighted in Table 3. 

Table 3: Hierarchical list of strategy choices for a broad prototyping strategy. 

Scaled or actual boundary conditions/parameters 
Scale Scaled or actual-scale function 

Scaled or actual geometry (shape, dimensions, etc.) 

Integr ation 
Physical integration or segmentation/subsystem isolation 
Functional integration or segmentation 

Allocations 
Rigid or flexible scheduling 
Rigid or flexible budgeting 

Logistics 
Number of design concepts (in parallel) 

Make 
Number of iterations of each concept 

COTS (Commercial Off-the-She lf) or custom parts 
Material Actual or easily available materials to manufacture 

Embodiment Method Ad-hoc or precise (formal or systematic) 
Virtual or physical 
Outsourced or in-house 
Relaxed or stringent parametric design requirements 
Exploration or verification 

Evaluation 
Dynamic or static 
Standard or extreme run conditions 

Testing 
Multiple test conditions or single condition 
Continuous or discrete variation of parameters 

These five strategy choices are chosen as an initial foundation for developing the prototyping 
strategy methodology. They are chosen because it is likely that these are among the fi rst choices 
made in a prototyping effort. Through examination and extension of the strategies proposed in 
the literature we propose six independent design context variables which are the quantitative 
inputs to our strategy method, See Table 4 for list and definitions: 



Table 4: Definitions of the independent design context variables 

Variable Definition Example 

Budget ($A) 
This is the allocation, in dollars, for 

$200 
developing prototypes for the project. 

Time ( TA) 
This is the total amount of time allocated 210 hours (7 weeks, 6 teammates, 5 
to prototyping, in person hours. hours per week each) 
This variable is assigned a va lue for the 8/ 10 (difficult): multi-objective UAV 

Difficulty of d ifficu lty of meeting the requirements by design 
Requirements (D) taking into consideration: team experience, 

complexity etc. 3/10 (simple): gear box design 
This variable is a measure of the rigidity of 
the design requirements on a li near scale, 7/10 (very rigid): a formula SAE racer 

Rigidity of 
or the stringency of the design 
requirements in terms of precision, 

Requirements (Req) 
quantity etc. Tf it is necessary that the 2/10 (flexible): design a human to 

device function within very narrow computer interface 

parameters, then the R:., va lue is high. 
This variable is the interactivity between 9/ 10 (very integrated): a four bar 
subsystems in the system. A high value linkage 

Interactivity (!.,,) indicates that the system cannot 
demonstrate function without integrati ng 
all of the subsystems. 3/10 (segmented): Swiss army knife 

9/10 (very experienced): 20 similar 

Designer's 
This is the variable to represent the projects 
designer's famil iarity with designing 

Experience (E,) 
systems like the present one. 1/10 (no experience): 0 similar 

projects 

An important consideration in prototyping is the management of uncertainty, where the concept 
of iteration provides a means of mitigating inherent uncertainty during product development. 

Our uncertainty metr ic is the inverse of the designer' s certainty that an initial attempt to 
prototype the concept will succeed (meeting design requirements within cost and schedule 
constraints). When uncertainty is high, one should pursue multiple iterations, as it will likely take 
significant iteration until success is met. When uncertainty is low, or certainty is high, one should 
pursue more concepts in parallel as pressure to meet requirements is lower, and the designer has 
greater freedom to explore the design space. An equation for uncertainty may thus be expressed 
asl36J: 

(Req+D) 
U = __ z_ 

Ex 
(1) 

Where Ex is the designer's experience, Req is the rigidity of the design requirements, and Dis 
the anticipated difficulty in meeting the design requirements (with a particular design concept). 
Each of these variables is a dimensionless parameter on a scale of 1-10: 

Equation (I) is motivated by a derivation of the certainty factor applied by Dahan and 
Mendelsonl351 who originally derived the theory of the optimal number of alternative concept 
prototype tests based on maximizing profit. Our approach differs in two respects. First, Dahan 



and Mendelson consider evaluation of alternative prototypes on revenue potential. For a 
prototyping strategy applied across the product development process, revenue may be very 
difficult to estimate, especially in the early phases of design. Secondly, we consider practical 
heuristics to replace more difficult-to-measure variables in the initial analysis. For summary of 
the philosophical underpinnings of the formulation may be expressed as below: 

Each prototype instance (iteration) of a particular design of all concepts in the design space will 
have an uncertain performance. This uncertainty can be assigned a probability distribution. There 
is a marginal performance gain by expending additional time on the prototyping process. 
Therefore, if a target performance is desired and expected benefit (as a function of performance) 
is required, the optimal number of prototypes is a function of the marginal gain in performance 
of each iteration of a prototype, the uncertainty of performance in each instantiation, and the total 
time to develop each prototype. Since these values are impractical to calculate, more practical 
heuristic approximations of these values are taken. The uncertainty in performance is 
approximated through self-estimates of the designer's experience. This approximation is 
developed based on the assumption that a more experienced designer will have a lower 
uncertainty in predicting the actual performance which will be achieved by a prototype instance. 
The time to develop a prototype is estimated by the rigidity of requirements and the difficulty of 
the design, as a more rigid design problem requires more time to achieve target performance, and 
correspondingly a design approach that is more difficult will also require more time to achieve 
target performance. The design problem (Req) and design concept (D) time variables are taken as 
a linear sum and normalized. 

We argue that this approach makes intuitive sense. When uncertainty is high, concentrate on 
building one system as it may take many iterations to achieve target performance. If uncertainty 
is very low, explore a broader view of the design space. In other words, increase the probability 
of finding an excellent design by exploring many different design concepts. The approach for the 
second case should not over-extend budget as fewer iterations of each concept will be required to 
reach target performance. 

In summary, the dependent prototyping strategy choices are extracted from the extant literature 
on prototyping. Their relation to the external variables, such as budget, which are considered the 
independent variables, was determined through analysis and further literature review. The 
determination follows need, i.e. the designer's experience must be estimated to predict the 
likelihood of constructing a successful design. The method is developed by considering several 
assumptions: (I) an effective and efficient initial prototyping strategy seeks to exhaust allocated 
resources, regardless of anticipated ease in meeting design requirements; (2) an effective and 
efficient prototyping strategy is one that seeks to maximizes profit or design performance; (3) the 
more iterations of a single concept, the more likely one of them will be successful at meeting the 
design requirements, and (4) the more concepts developed in parallel , the greater likelihood of 
determining the best concept. These assumptions are based on systematic review of the 
prototyping literature, and the extension of the appropriated theories ofprototyping into practical 
application. 

4. Prototyping Strategy Method 

A proto typing strategy method provides a means of translating between design context variables 
and design strategy choices. 



There are six primary stages to applying the method: 

I. Determine each of the independent design variables from Table 4, for the specific design 
problem. 

2. Order concepts, this can be based on methods like the Pugh chart[151 or other relevant 
methods. Note that as the strategy develops, the order may change based on the 
uncertainty, number of iterations, or cost of prototyping. 

3. Evaluate the uncertainty of each design concept using Equation (I). 
4. Estimate the number of iterations required to achieve target performance, given the 

uncertainty; i.e. a novice engineer designing a complex micro aerial vehicle with an 
uncertainty, U, value of 5 will probably need about 6 iterations to complete the design, 
while an experienced engineer designing a bottle opener with an uncertainty, U, value of 
0.2 will probably need 1 iteration only. 

5. Determine whether each iteration of each concept should include scaling, subsystem 
isolation, and requirement relaxation. Usage of the flowcharts is explained later in the 
section. 

6. Estimate the cost, in terms of person hours and also dollars to complete each iteration of 
each concept, then determine which concepts to construct in parallel. The principles to 
this step are: (a) that the highest ranked concepts should be considered first, (b) as many 
concepts should be included as possible, (c) but a concept should not be pursued if the 
estimated cost of pursuing that concept exceeds available budget (i.e. the cost of all 
iterations). 

A generalized view of this process can be seen in Figure 1. 

Evaluate Uncerta int ies 

Order Concepts 

Record strategy choices 



Figure 1. Brief outline of the stages of the strategy method (S.I.R. stands for scaling, subsystem 
isolation and requirement relaxation) 

Iteration I 

CONCEPT A 

ISOLATE subsystem 
~CALE the design 
RELAX requirements 

CONCEPTB 

INTEGRATE subsystems 
SCALE the design 
use EXACT requirements 

CONCEPTC 

ISOLATE subsystem 
CA LE the design 

RELAX requirements 

Iteration II Iteration III 

CONCEPT A CONCEPT A 

INTEGRATE systems INTEGRATE systems 
SCALE the design CALE the design 
RELAX requirements use EXACT requirements 

CONCEPTC 

ISOLATE systems 
DO NOT SCALE 
RELAX requirements 

Figure 2. An example of how to record a finalized prototyping strategy from the method (note 
that concepts are evaluated after each iteration) 

To complete step ( 4) a series of flowcharts is examined. The strategy flowcharts map between 
the independent design context variables and the choices of whether or not to scale the design, 
isolate some of the subsystems, or relax the parameters of the design requirements when 
prototyping. They represent one of the original contributions of this work. However, they are 
firmly grounded in the prototyping theories identified in previous research. These flowcharts are 
also based on application of assumptions 1-4, as stated in Section 3. Additionally, these 
flowcharts take into account the results from Viswanathan and Linsey(341 , Christie, et al. (J&J and 
Moe, et al.(161 for optimizing the prototyping process. These flowcharts can be applied to each 
concept. 

There are three independent flowcharts. The scaling flowchart encourages scaling only if it will 
simplify the problem, a scaling law is known or can be estimated, and sufficient accuracy exists 
to predict the design requirements. This approach works well when there is an uncertainty in the 
extrapolation that can be predicted(371

. If there is a higher uncertainty in the scaling extrapolation, 
then the directive is to not use scaled prototypes, or to scale them only to a reduced extent. 

The second flowchart, subsystem isolation/integration, examines whether the designer should 
isolate a subsystem of the design, that is, build and analyze one particular subsystem or set of 



subsystems. This flowchart encourages subsystem isolation if it will reduce the difficulty of the 
prototyping process and the system is relatively un-integrated (as determined from the 
interactivity value found in the survey), and/or can be integrated in the future with reasonable 
effort. 

The final flowchart examines the relaxation of design requirements. For this choice, the designer 
is considering whether or not to build a prototype that may perform with relaxed parametric 
design specifications, e.g. the prototype operates at half of the desired speed. This approach 
should be adopted if relaxation will simplify the prototyping process, and the requirements are 
flexible and/or a future iteration can be built to verify the specifications. Figure 3 provides the 
flowcharts used to determine whether the prototype should be scaled, whether a subsystem 
should be isolated, or whether the corresponding requirements should be relaxed. 

Can scaling Is a scaling law 
simplify 

I --yes+ known for the 
the problem? system? 

~0 I no 

I< 5 
Does isolating a subsystem 
reduce difficulty of 

I yes ' Int 
proto typing? 

lno 

Wi ll the extrapolated 

~ 
results be accurate ~Sea 

enough? yes 
le the design 

I no Do not scale 

a: Scaling 

Do time and budget aU ow for 

I 2: 5 ' 
future iterations (which can 
be integrated)? 

I no 

yes 

Isolate the key 
subsystem(s) 

Exa mine subsystems 
simultaneously • 

b: Subsystem Isolation 

Does relaxing the design 
requirements simplify 
prototyping? 

lno 

I< 5 
Do time and budget allow for future 

I yes • 
Req 

2:5 
iterations (which can operate with 
exact design requirements)? 

I no 

c: Relaxation of Design Requirements 

Relax the given 
r arameters 7e 

Do not relax 

Figure 3. Preliminary flowcharts for determining scaling, isolation and relaxation 

5. Capstone design experiment 

A study of design teams operating in a capstone engineering design course is undertaken to 
evaluate and advance the prototyping strategy method. The study follows teams that are 



exploring a broad range of design problems and have been provided with the method. This study 
investigates the quantitative influence of the method on prototyping strategy, and a qualitative 
assessment of its value. 

In the experiment, the prototyping strategy method was deployed to senior engineering design 
teams at the University of Texas at Austin, Texas A&M University, and the United States Air 
Force Academy. This experiment seeks to answer three questions: 

l) Does exposure to the method cause a designer or design team to change their prototyping 
plan? 

2) Do participants react positively to the method and do they apply the method? 
3) Is there a positive correlation between adhering to the method and effectiveness of the 

prototyping strategy taken? 

5.1. Metrics 

There are several relevant metrics for the prototyping strategy experiment, in correspondence 
with the research questions: 

1) The change between the pre- and post- method strategies that participants describe. 
2) Assessment of the method: 

a) How closely the participant followed the method (Likert scale of 1-1 0) 
b) How valuable the participant found the method to be (Likert scale of 1-1 0) 

3) The value of the method in guiding the team towards a successful prototyping effort: 
a) Over-all effectiveness of the executed prototyping strategy (Likert scale response) 
b) Effectiveness of effort in terms of staying within budget (yes or no responses) 
c) Effectiveness of effort in terms of having sufficient build time (yes or no responses) 

5.2. Experimental setup 

Three surveys are deployed for this method. These surveys examine the implementation ofthe 
strategy method as it was introduced at several universities in their respective capstone senior 
design courses in mechanical engineering. The method was deployed at several universities to 
broaden its exposure to differing contextual factors and types of design problems. Participants 
were volunteers from these capstone design courses. Responses are evaluated at the individual 
level. The same presentations and worksheets were employed at each location. Surveys were 
collected anonymously. The authors aggregated the data and hard copies are kept at the 
University of Texas at Austin. 

In the first survey, participants list their anticipated prototyping strategy (before they have seen 
the method). Then they are exposed to the prototyping strategy method. The method is 
demonstrated by walking through a case study of its application to various design problems. The 
participants are then asked to complete the second survey which walks them through the 
methodology and asks them to develop a new prototyping strategy, as instructed by the analytical 
process of the method. Finally, teams are permitted to complete their prototyping process, 
through development and testing. A third survey asks them to report the effectiveness of the 
approach to prototyping that they took, and how closely their executed process matched the 
process indicated by the method on a Likert 1-1 0 scale. 



These design teams were working on problems that range from development and testing of 
multi-objective micro-aerial vehicles (MA Vs) to conceptual designs for solutions to needs in the 
developing world. Typically each team is given a design problem by an industry or government 
partner that is restricted to something w hich can be ideated and prototyped in a two-semester 
course. Budgets and the level of detail of the design requirements vary drastically by institution 
and design problem. The resulting prototypes of these projects range from physical prototypes, 
analysis methods, or even test-beds. 

6. Results and Discussion 

Results include the aggregated data from various surveys across twelve design teams at the three 
universities. Each team has a unique design problem. Assessments in Tables 5-8 are based on the 
three surveys conducted: ( I) before seeing the method; (2) after seeing the method but before 
prototyping; and (3) after prototyping. 

For the metric "change between pre- and post- method strategy" results of the first two surveys 
are examined. These are the surveys that ask individuals to report their intended prototyping 
strategy before and then after applying the method. Each choice element in the entire reported 
strategy for each individual is examined. For instance the choice to scale a certain prototype is 
one element, while the choice to relax the des ign requirements for that same prototype is a 
second element. Suppose an individual reports a plan to scale the third iteration of the second 
concept that they plan to prototype before using the method, then, after using the method, they 
plan to build a full size prototype for the th ird iteration of the second concept. This information is 
recorded as a single change. The number of elements and changes was measured and averaged 
across all participants. These results are summarized in Table 5. The average change, 8.9 
elements, between pre- and post- method strategy across all participants has a significance of 
more than one standard error. 

The average number of prototypes across participants in which the participant planned to apply 
scaling, subsystem isolation and requirement relaxation, pre- and post- method was also 
evaluated. See Table 5. There was no significant trend, towards or away from scaling, subsystem 
isolation or requirement relaxation or even in the total number of prototypes planned. 

a e T bl 5 Ch anges to strategy rom mtro ucmg met o f d h d 
Average number of elements Standard error Average number of changes Standard error 

16.21 1.50 8.90 1.29 
Average number of prototypes: 

Standard error 
Average number of prototypes: 

Standard error 
before after 

6 0.98 6.22 1.02 
Average number of prototypes to be 

Standard error 
Average number of prototypes to 

Standard error 
scaled: before be scaled: after 

1.37 0.23 I 0.16 
Average number of prototypes to be 

Standard error 
Average number of prototypes to 

Standard error 
functiona lly isolated: before be funct ionally isolated: after 

1.60 0.26 1.66 0.27 
Average number of prototypes with 

Standard error 
Average number of prototypes 

Standard error 
relaxed requirements: before with relaxed requirements: after 

1.60 0.26 1.37 0.23 



Participants' reaction to the method on a Likert scale was also recorded in the third survey. 
These results are summarized in Table 6. There was statistical significance greater than one 
standard error to the observation that those who followed the suggestions made by the method 
also found the method to have been helpful. The criteria 'followed the method' is defined as 
those individuals who reported the degree to which they followed the method as greater than or 
equal to five on the Likert scale. Conversely, the criteria 'diverged from the method' is defined 
as those individuals who reported that the degree to which they followed the method was less 
than or equal to four on the Likert scale. 

Table 6. Assessment of method on Likert scale (10 means followed the method exactly) 

Mean 
Standard Percent of 

error individuals 
Assessment of method by individuals who followed method 7.4 0.29 61% 
Assessment of method by individuals who used a diffe rent 

2.3 0.56 39% approach 

The results show, based on percentage, that the participants that followed the method realized the 
prototypes with sufficient time resources at a higher percentage than those that diverged from the 
method. The majority of participants in both experimental groups found that they had sufficient 
prototyping budget, at a similar percentage. Using the two proportions test, the sufficient time 
comparison of the participants are statistically significant for p < 0.10 but not for p < 0.05 . 
Based on this finding, the results indicate the potential of the method for time to prototype and 
effective use of budget, where further experiments are called for to increase participant sample 
size and refine the statistical tests. 

a e u tctency o T bl 7 S ffi f' ttme to Ul an u tget to b 'ld db d b 'ld Ul 

Had sufficient time Had sufficient budget Percent of 
ind ividuals 

Followed the method 57% said yes 79% said yes 64% 
Diverged from the method 25% said yes 75% said yes 36% 
p - value 0.07 0.42 

There is also a statistical significance greater than one standard error to the observation that those 
who adhered to the method perceived their entire prototyping effort to be more effective than 
those who did no apply the method. Table 8 shows the statistical quantities this observation. 

Table 8. Correlation between effectiveness of prototyping effort and following the method on 
Lik rt I (10 th h ffi f ) e sea e means e approac was very e ec tve 

Mean Standard Percentage of 
error individuals 

Overall effectiveness of prototyping process - those who 
7.9 0.28 64% followed the method 

Overall effectiveness ofprototyping process- those who 
6.0 0.82 36% 

used a different approach 

Behavioral and meta-data style observations were also recorded during and after the experiment. 
Application of the method took, on average, approximately 45 minutes to an hour. When given 
all the necessary documents and flowcharts, the prototyping strategy method is designed to 



require a minimal amount of training to implement. During execution of the method, participants 
asked a number of useful questions. One particular clarification which arose is the following: 
when evaluating the cost of a second concept that consists of minor changes (or extensions) to an 
initial concept, then the secondary systems should be evaluated by the additional budget costs of 
the add-on rather than re-computing the entire cost. 

During the experiment, we found it useful to allow the participants to first work the method 
individually and then collaborate as a team. This allowed each team member to think through the 
method and be prepared to discuss as a team and reach a consensus. If teams were allowed to 
reach a consensus from the start, there was a risk of an extroverted, dominate team member 
making all of the choices. 

From discussion with the participants, as well as the self-reported Likert scale results, the method 
was well received by the majority of participants. It also had a positive effect on the perceived 
effectiveness of the prototyping process executed as a whole when the method is followed. 
Participants using the method reported an overall higher satisfaction with their approach to 
prototyping. It is likely that there was no significant difference in ' having enough budget' 
between the participants who followed and diverged from the method, as budget is typically not 
a driving constraint for these in-class design problems. Very few to no teams ever actually 
exceeded their budget for these particular classes. 

7. Conclusions 

Prototyping choices and strategies are critical to design. They can effectively 'make or break' a 
design effort. Several studies have shown that one approach to prototyping can enhance 
creativity or while another may instill fixation . Prototypes can help a designer to communicate 
ideas, explore the design space, and refine design concepts. The many studies that explore 
prototyping have provided novel insights into how to approach the prototyping process[3

•
4

•
51

. This 
paper integrates these heuristics into a concrete methodology for setting specific goals or making 
distinct choices about certain options in the prototyping process, such as whether or not to scale a 
prototype. Many experts in the field of design research, as well as practitioners of design, have 
shown great enthusiasm regarding such methods. 

This paper begins with a preliminary overview of literature relevant to developing a method for 
strategically approaching the prototyping process. This literature is critically examined. A 
methodology is then discussed which is based on this critical examination. The approaches by 
which the method was developed are then outlined. Next, the method itself is presented. 

The prototyping strategy method provided in this paper has been experimentally evaluated 
through its deployment to a set of design teams across three universi ties. This deployment was 
executed alongside a survey-based evaluation of the effectiveness of the method and correlations 
to outcomes of the prototyping process. 

The results from the experiments show that: ( 1) the proto typing strategy method strongly affects 
the anticipated prototyping plan that a team will implement, compared to a plan developed 
without the method; (2) effective use of a prototyping stategy is associated with a positive 
reflection on the design process by designers; and (3) design teams using a prototyping strategy 
execute prototyping with effective use of budget and improved use of time resources. 



This prototyping strategy method is detailed in the paper so that other design science researchers 
and educators can explore this methodology in their own practice, and hopefully continue this 
line of research. The method has been explored for classroom level design problems. Should this 
method be adopted for industrial applications, further detail regarding quantification of the 
independent design context variables, and calculations of uncertainty should be considered in 
future research. 

The global intention of our approach is to explore one of the most exciting and critical aspects of 
design engineering in a scientific way. Such exploration can lead to a deeper understanding of 
the phenomenology of prototyping. This understanding then provides the basis for structured 
methods. The goal of such methodologies is to explore the opportunities present during 
prototyping. A well-designed method integrates the intuition and creativity of the designer, while 
guiding and clarifying the over-all process. 
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