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Abstract 

 

Prototyping, a critical part of an engineering design process, can be used in a wide variety of 

manners to enhance that process. They can be used early in the design process for initial 

stakeholder feedback and in the middle of a design process for increasing ideation innovation. 

Further into the design process they may be used to begin to evaluate meeting design requirements 

and checking interface requirements.  In many design processes, they are used repeatedly for 

stakeholder feedback as the design concepts mature.  In later stages of design, they might be used 

to evaluate manufacturing processes or improve marketing strategies.  Strategies for prototyping 

that include numerous variables that describe the details of how prototyping will take place can 

assist the designers to make the prototyping process more efficient and effective.  One particular 

part of a prototyping strategy is determining if digital or physical prototypes (or both) will be used.  

This research reports on a detailed method for informing designers in physical vs. digital 

prototyping options.  Designers from across the engineering industry were interviewed giving the 

first insights into the method.  The method involves use of a weighted design matrix (WDM) that 

correlates digital and physical prototyping options with cost, schedule and performance variables.  

Inclinations toward digital or physical prototyping are then weighted by considering the flexibility 

of cost, schedule and performance parameters as well as the resources and capabilities of the 

designers.  The WDM method was used to successfully inform digital vs, physical prototyping 

decisions for three different product designs.  Feedback from engineering designers on the 

potential use of the WDM method for future designs was very positive.   

 

1.0 Introduction 

 

Prototyping is a key aspect of engineering design.  A prototyping strategy describes the process 

and methods used to accomplish the prototyping process.  Many variables comprise a prototyping 

strategy including how many different concepts will be prototyped in parallel, will the prototypes 

be scaled, what manufacturing techniques will be used to create the prototypes, how many 

iterations in a concept will be needed, what design requirements are being evaluated by each 

model, will subsystems be prototyped separately, and will digital or physical prototypes be used 

(or both).  Our previous research indicates that engineering design teams often follow the same 

prototyping strategy used in their previous design efforts.  However, research also shows that this 

is not always the best decision.  Careful consideration of the prototyping strategy, based on specific 

characteristics of a design project, can lead to significant benefits for the outcome of the design.   

 
This current work provides a method for informing the engineering design team regarding 

decisions on when to use digital and/or physical prototypes.  Physical prototyping, in this context, 

refers to any physical embodiment of the product or system.  Digital prototypes in the current 
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context are any digital representation of the product or system including CAD and/or any digital 

analysis or simulations. The decision regarding use of physical and/or digital prototyping needs to 

be evaluated not only for the entire product or system being designed, but often for each subsystem.  

With the increasing use of additive manufacturing (3d printing) to create physical prototypes, 

combined with the ever-increasing capabilities and availability of digital prototyping capabilities, 

the decision of when to use digital vs. physical prototypes is an evolving target.   

 

The development of the current strategy for evaluating decisions on digital vs. physical prototyping 

came as a result of an extensive interview process with numerous engineering design teams.  These 

interviews were used to evaluate the ways that the design teams made prototyping decisions and 

then used this information to create a prototyping strategy or process.  In this current work, a 

weighted design matrix (WDM) approach is used to inform the design team regarding 

digital/physical options.  This is done for the entire product or system and also for key subsystems 

as can be seen in Figure 1 below which shows one part of the WDM. 

 

The current work correlates aspects of cost, schedule, and performance with advantages for either 

digital or physical prototyping.  The category of performance is divided into two subcategories of 

“performance best assessed by” and “model delights the stakeholder”.  This division will be 

described in more detail later in the paper.  The core part of the matrix, as shown in Figure 1, 

contains this initial or CORE portion of the method.  Numbers will be entered into the body of the 

matrix, in a process described below, resulting in bar graphs in the far-right columns of the matrix 

that provide a visual indication of inclinations toward either digital or physical prototyping.   

 

A second or SUPPLEMENTAL part of the method, as can be seen in Figure 2, adds the aspect of 

flexibility of the cost, schedule, and performance variables as a refinement of the matrix output.  

This idea of using flexibility of cost, schedule, and performance was originally developed by Moe 

et. al [4].  Finally, aspects of the organization’s capabilities in terms of resources and team skills 

specifically associated with either digital or physical prototyping are incorporated.  The 

incorporation of capabilities and resources came from our interview process.  All these factors can 

be seen in the second or supplemental portion of the WDM as seen in Figure 2 below.   Numbers 

from the CORE part of the WDM (Figure 1) are combined with entries in the SUPPLEMENTAL 

body of the matrix (Figure 2) in a process described below.  This again results in bar graphs in the 

far-right columns that provide a visual indication of inclinations toward either digital or physical 

prototyping.   



 3  

 
Figure 1 – Initial CORE Section of the Weighted Design Matrix  

for Digital vs. Physical Prototyping Decisions 

 

 
Figure 2 – Second SUPPLEMENTAL Section of the Weighted Design Matrix  

for Digital vs. Physical Prototyping Decisions 
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2.0 Review of the literature 

 

As a crucial and often primary part of the engineering design process, prototyping both in physical 

and digital forms and the methodologies for determining aspects of the prototyping process 

comprise a very extensive literature. For this reason, we will focus the scope of this background 

section on the literature dealing specifically with salient differences between physical and digital 

forms of prototyping, as well as covering the broad strokes of previously formulated 

methodologies for guiding the prototyping process. According to RAND, ‘Although the term 

“prototyping” captures a wide range of activities, all prototyping has several elements in common, 

including the design and fabrication of one or more representative systems (hardware or software) 

for limited testing and demonstration prior to a production decision’ [20].  

 

Many questions arise during the prototyping process, such as, “Do simpler prototypes mean a more 

successful design? Does the amount of time spent on a project, both overall and on different 

activities over a project cycle, relate to design success? And does it matter when this time is spent?” 

[25]. Although prototyping efforts across industries, and even companies, can have degrees of 

cultural dependence [3,23], certain factors seem to inevitably arise to begin to answer these 

questions as the prototyping process progresses over a multitude of iterations [3,23]. Prototyping 

often comprises a large dedication of both time and budget in the initial stages of a product’s design 

[1], and as such companies that have a clear decision-making strategy in that process gain a marked 

advantage over their competitors. For this reason, a multitude of taxonomic criteria sets have been 

developed, some more industry-specific and some with more universal applicability [5]. When 

considering the overall objectives of a prototyping strategy, Camburn et al [7,8,9] have done an 

extensive literature review of over 300 articles and weighted the importance of four emergent 

objectives from the literature, shown in Figure 3 below.  

 
Figure 3 – Objectives of Prototyping [7,8]  

 



 5  

Refinement, or the process of improving upon each iteration, was weighted in this study as the 

highest objective, with communication, exploration, and active learning being sequentially less 

weighted but still important goals of the prototyping process. The core objective then being gradual 

improvement, the questions quickly turn to the decisions that ought to be made for how a product 

can be made better, more economical, and add value to its consumers. An immediate lack of 

methodologies and strategies to account for the numerous variables has been recognized in many 

corporate design labs in the previous decades. While companies often invest in the fabrication of 

advanced prototypes, little attention is given to the strategic knowledge that ensures the prototypes 

create value in the design process. Similarly, formal teaching of strategic prototyping skills is 

usually not emphasized in the education of design engineers [12].  

 

Prototyping often entails repeatedly trying ideas and getting feedback. A canonical prototyping 

iteration comprises four steps: envisioning possibilities, creating a prototype to embody a 

possibility, getting feedback about the prototype, and reevaluating constraints. However, time 

constraints often lead organizations and individuals to focus on realization rather than iteration 

[41].  Studies into strategies to prototype efficiently and effectively often have a specific focus 

such as rapid prototyping [2,17,22,34,39], planning [6,8,10], conceptualization [11,14,15,21,29] 

or how prototyping fits in the overall design process [5,9,16,18,22,24,27,30,33,35,36,37,40,41,44].   

 

While several methods have been devised to bridge the gap between digital and physical 

prototyping in specific contexts [2,10,15,17] such as rapid prototyping, few efforts have been made 

to codify a method for the decision-making process between digital and physical prototypes at 

each stage of the design journey. In exploring the physical design space, several studies have 

confirmed that because many concepts in the ideation phase turn out to be unfeasible, rapid 

physical prototyping can help narrow down the solution space to assist designers in developing 

more feasible solutions [19,28,38], yet at the same time also confirm the ‘Fixation Hypothesis’, 

namely that once a physical prototype is developed, designers can tend toward becoming fixated 

on that narrow solution space and potentially miss out on creative solutions that may have 

presented themselves more abundantly while prototyping in the digital space [13,19,28].   

 

Other efforts to understand the specific topics related to either digital or physical prototyping have 

also been explored [12,26,31,32,42,43].  While these researchers provide insight into different 

aspects of digital and physical prototyping, with the exception of Hammon [10], the goal is not to 

assist in the digital vs. physical decision. Hammon’s work used a simple matrix approach which 

was focused on asking questions regarding variables such as accuracy and efficiency of digital and 

physical prototyping options.  The focus of many of the other papers in this area is on the cognitive 

aspects associated with physical prototypes [19, 26, 28,32].  Of course, some of the previous work 

on prototyping strategies in general is applicable to this digital vs. physical question, but a 

systematic method, applicable across multiple product domains, to assist in this specific part of 

product development appears to be lacking.  
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3.0 Research questions and research process 

 

3.1 Research Questions 

The specific research questions that drives this work are stated below. 

 

Research Question #1: Can a method be created that can inform engineering designers in their 

decisions regarding digital or physical prototyping options? 

 

Research Question #2: Can utility of the method for informing designers regarding digital vs. 

physical prototyping be demonstrated? 

 

3.2 Research Process 

The process used to investigate this research question began by interviewing numerous 

engineering designers across multiple engineering domains.  Approximately 12 different practicing 

engineers were interviewed regarding their use of prototyping in their work.  We asked what sort 

of prototyping strategy they employed and what the goal of prototyping was in their case.  We 

asked for details regarding how they determine if they will use digital or physical prototyping (or 

both).  Initially, we thought we might be able to take this interview data and develop a set of 

heuristics to guide the virtual vs. physical decisions.  This proved to be difficult mainly because 

the process was quite different depending on the nature of the design.  As an example, one 

interview revealed that when designing logic circuits, this engineer exclusively used digital 

prototyping until the design was ready for small scale production.  However, designers working 

on development of novel drone technology used a mixed approach as digital prototyping of some 

of the second order aerodynamic effects is quite time consuming.  Our work interviewing 

engineering designers therefore led to a need to develop a method that relies on key aspects that 

are common across many different types of design efforts.  Since cost, schedule, and performance 

are common across a large variety of product development work, these variables were chosen as 

core variables for our work. 

 

Many of the engineers we interfaced with were using a user-centered design process.  Aspects of 

design thinking and systems engineering that focused heavily on stakeholder co-creation were 

often seen to be key to the success of the product.  In order to capture this focus in our method, we 

chose to split the performance aspect of the WDM into two parts: 1) Performance (Design 

Requirements) Best Assessed by and 2) Model Delights Stakeholder.  This split allows 

differentiation between meeting a DR and delighting a stakeholder.  Our interviews informed us 

that while not meeting a DR most often implies the stakeholder will not be delighted, the opposite 

is not necessarily true.  There are important cases where a DR is met, but the design concept does 

not delight the stakeholder.  This could be for example due to a stakeholder’s sense of a latent need 

such as aesthetics or a perception of novelty of a design.   

 

While understanding, and quantifying, the options of digital vs. physical options as they relate to 

cost, schedule, and performance was found to provide helpful insight into the prototyping process, 

we determined that other aspects of the design environment also needed to be accounted for.  Many 

times, cost, schedule, and performance are either flexible or rigid.  Moe’s work describes how this 

can impact design strategy [4].  For this current work, if one of these three aspects is more rigid 

then other aspects, then it makes sense to weight that aspect more heavily.  This is taken into 



 7  

account in the “supplemental factors” part of the WDM Method.  Also, knowing the resources and 

skills of the design team might impact the decision on digital vs. physical.  For example, even if 

considerations of cost, schedule and performance indicate that digital prototypes should be 

pursued, if the design team has no expertise in digital modeling, it becomes problematic to develop 

the digital models.  Therefore, we integrate team resources and team skills into the supplemental 

sections of the WDM.  Details will be shown below through an example.   

 

4.0 Implementation of the weighted design matrix  

 

 
Figure 4 - Remote Controlled Car Educational Kit 

The Weighted Design Matrix, in its current embodiment, should be used after the ideation process 

when a final concept idea, or multiple ideas, have been chosen to pursue prototyping. The goal of 

the WDM is to help the designer or design team to understand the benefits and drawbacks of 

pursuing digital and/or physical prototypes in the initial prototyping phases. After using the WDM, 

the design team can expect to better understand the implications of prototyping physically or 

digitally for a concept, or subsystems of a concept. The explanation of its use will be aided by the 

example use of the WDM in a project for design and implementation of a STEM educational kit 

intended to teach STEM concepts to children in Ecuador. The education kit shown in the example 

is a remote controlled (RC) car powered through an Arduino and controlled with directional 

buttons on the controller as shown in Figure 4. 

 



 8  

 
Figure 5 - Remote Controlled Car Weighted Design Matrix - CORE 

 

 

As can be seen in Figure 5, each row of the WDM is a sub-subsystem representing an individual 

portion of a subsystem for the RC car design.  However, this is flexible, as a team may choose to 

only apply the WDM on the subsystem level.  The subsystems are listed in the first column and 

the sub-subsystems are listed in the second column, grouped with their parent subsystem.  The 

design team begins by determining the project’s subsystems, and sub-subsystems.  In the example, 

the team chose to go all the way to the sub-subsystem level; the subsystems being the car and the 

controller and the sub-subsystems being the car body, the motors, the wheels, the controller 

body/grip, and the circuitry/electronics.  

 

Each row of the third column of Figure 5 houses a list of the critical design requirements (DRs) 

for each sub-subsystem. As the team determines the subsystems and sub-subsystems, they should 

also identify the critical design requirements based on stakeholder needs and requirements of the 

sub-subsystems and the overarching concept and list them in the third column.  

 

Note that the prototyping factors of cost schedule and performance are each given a column for 

D=digital and P=physical.  Also, note that, as described above, the performance factor is broken 

into two parts, one for “Performance (DR) Best Assessed By” and the other for “Model Delights 

Stakeholder”. These digital and physical columns for each separate factor are where each sub-
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subsystem is rated on a scale of 0-3 on how well that form of prototype would accommodate the 

given factor. For example, a 0 in the digital column would mean a digital prototype would not 

accommodate that factor for the given sub-subsystem, and a 3 would mean it would excel as a 

digital prototype with respect to the given factor.  

 

 
 

Figure 6 - Remote Controlled Car Weighted Design Matrix - SUPPLEMENTAL 

 

As mentioned previously, the prototyping factors are split into core and supplemental factors. This 

distinction is made because the core factors (Figure 5) are based on the industry standard 

benchmark variables of cost, schedule, and performance which are left unweighted in this core 

section of the WDM to allow the raw data to be assessed. The supplemental factors (Figure 6) 

include a section for the team to rate their flexibility in cost, schedule, and performance for each 

sub-subsystem. This rating is then used to weight the data from the core factors to better represent 

the specific needs of the design team. A final pair of prototyping factors, designated 

“Team/Company Factors” in the Figure 6, allow the team to consider how they are best trained 

and equipped to prototype. 

  

Bar graphs visually indicate the preference for digital vs. physical based on both the core (Figure 

5) and supplemental (Figure 6) rankings.  The first of the core factors are the programmatic factors: 

Low Cost (green) and Short Schedule (blue). Next are the DR performance and stakeholder delight 

factors: Performance (DR) Best Assessed by and Model Delights Stakeholder (red).  

 

In terms of specific implementation of the WDM, following the completion of the first three 

columns in Figure 5, the design team should discuss and score the core factors – filling in the “D” 

and “P” columns for the cost, schedule and 2 performance factors for each sub-subsystem. The bar 

charts in Figure 5 are created automatically through coding of the Google sheet.  A key benefit of 
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using the WDM is the space that it affords for discussion and debate over how to score each 

prototyping factor. This deliberation can lead to significant insights into how to proceed in 

prototyping. While the WDM provides actual scoring for digital and physical alternatives, it may 

be advisable to do both digital and physical prototyping or to split depending on the subsystem.  

The WDM should be seen as informing the decision process, not mandating either digital or 

physical options.   

 

After the design team or designer has rated a given sub-subsystem in each of the core factors a 

color-coded bar graph is automatically generated representing how the sub-subsystem is biased in 

terms of its predisposition towards digital or physical prototyping. The bar graphs are generated 

through scripts written for the Google sheet.  Each of the three core factors, with the two 

stakeholder/performance factors being combined, are represented by a bar. A bar on the left side, 

represents a bias towards digital prototyping and a bar on the right represents a physical 

prototyping bias. The side that the bar is graphed on, and the length of the bar are determined by 

the difference between the digital and physical rating for each of the design factors, with the two 

stakeholder/performance factors being averaged.  

 

Following development of the core factor portion of the WDM, the supplemental factors beginning 

with the flexibility factors for cost, schedule, and performance are addressed (Figure 6). These 

supplemental factors provide additional information that design teams have found assist in 

interpreting the output from the core factors in figure 5.  Here the design team rates their flexibility 

in each category on a scale of 1-10. With a 1 being very flexible and a 10 being very rigid. The 

team then scores two Team/Company Factors: Existing Resources to Prototype and Existing Team 

Skills to Prototype. Each of these is again split into digital and physical columns with a 0-3 scale. 

After the team has filled out the supplemental factors a new set of bar graphs is automatically 

generated. The newly generated bars utilize the Cost, Schedule, and Performance flexibility rating 

to weight the length of the bars. These bars (graphed in darker colors below the originals) have the 

potential to be twice the length of their original. A bar that is twice the length of the original 

corresponds to a flexibility rating of 10 meaning that category is very rigid, and the bias needs to 

be more significantly considered. For example, in the RC car sub-subsystem of the controller grip 

the team was not very flexible on the cost with a score of 10, but they were flexible on the schedule 

with a score of 3. Therefore, in the graph the darker green cost bar doubled in length and the darker 

blue schedule bar shrunk, showing the rigidity of the team on cost and the flexibility of the team 

as far as the schedule variable of this sub-subsystem (Figure 6).  

 

The Team/Company factors in Figure 6 are used to generate an additional set of bars graphed in 

both the digital and physical columns and representing the comfort/capability zone of the design 

team or company for digitally or physically prototyping the product. These are the black bars that 

are the lowest bars for each sub-subsystem.  If a bar for cost, schedule, or performance shows a 

bias towards digital or physical prototyping, but that bar is shorter than the comfort/capability bar 

the team should consider investing in improving the capability (resources or team skills) of the 

team/company or pursuing the opposite prototyping strategy. The RC car example shown 

demonstrates a case in which none of the prototyping biases (green, blue and red bars) fell outside 

of the team’s comfort and capability zone (black bars). 
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5.0 Evaluation of the impact of using the weighted design matrix 

 

To assess the method, the WDM approach is applied to three engineering design projects.  Two of 

these were art of a 1 semester design class taken during the junior year.  The third design project 

was a personal project a student was working on.  The first junior design project is the design of a 

remote-controlled (RC) car (previewed above) and the second junior design project is a Heli-

Launcher.  Both of these designs were designed to be used as part of a STEM educational 

experience for children in developing countries.  For these first two projects, the WDM method 

was used retroactively, after the design was finished, as described below.  The third project was 

the design of a game controller as a personal student project.  For this project, the WDM methods 

was used early in the design process an aided in the development of the prototyping process.   

 

The Heli-Launcher and the RC car designs were completed BEFORE the WDM method was 

developed, so their use as evaluation design projects for the WDM method is done retroactively.  

Specifically, because we already knew how these two design teams did the prototyping, we could 

evaluate the output of the WDM and indicate if the insight gained from the WDM aligned with the 

prototyping process that was used, or if it did not.  This is obviously not the intended manner for 

use of the WDM method.  The purpose of this retroactive process is therefore evaluation of the 

WDM method, not the intended use of assisting the design team in creation of their prototyping 

strategy.  This retroactive use was done, in part, because the engineers who created those two 

designs (Heli- Launcher and RC car) were also part of the team working on the WDM research. 

This gave them the required knowledge of both the WDM method and of the two product designs.   

Results from this retroactive application of the WDM method to the two designs could be that the 

path for prototyping suggested by the WDM was followed, or that it was not followed.  This 

outcome can be evaluated for each sub-subsystem in each design.  If the prototyping strategy (i.e. 

digital or physical preference) suggested by the WDM was followed, then the evaluation is a 

reflection on whether that appeared to be a good decision or not.  If the WDM’s suggestion for a 

sub-subsystem was not followed, then the team asks if they believe, in retrospect, that it would 

have been helpful to have implemented the prototyping path suggested by the WDM.   

 

For each project, as described above, variables of cost, schedule, and performance are used as 

evaluation criteria mapped against digital or physical prototyping impact.  In general, the design 

teams found the method relatively easy to understand and use. The CORE results of the 

implementation of the WDM are a set of suggestions for digital vs. physical prototyping options 

for both individual subsystems and for the entire product/system.  This is followed by more 

nuanced results that take into account the flexibility of the cost, schedule and performance 

variables and also the resources and skill set of the designers in the SUPPLEMENTAL part of the 

WDM.  The design teams found the numerically based suggestions and associated bar graphs to 

be very helpful in interpreting their prototyping strategy.   

 

5.1 RC car design as an evaluation tool 

 

For the RC car design, the system components can be seen in Figure 4 and the WDM can be seen 

in previous Figures 5 and 6.  The educational kit included about 20 individual parts which the 

children assembled using a set of detailed, but simple, instructions.  Younger children assembled 

shafts and wheels onto the car’s body while older children worked to program the Arduino that 
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controlled the system.   Each team of 3-6 children was successful in assembling a functional RC 

car.  The children learned STEM principles such as how gears trade rotational velocity for power 

and some very basic Arduino programming skills.  The completed RC cars were used to run a 

timed obstacle course, which the children found very exciting.   

 

The Figure 5 shows preferences for the car body to be prototyped digitally and the motor system 

to be explored physically.  The team followed these suggestions and found that CAD modeling of 

the body enabled easy quick alterations, which was very helpful.  The motor system and its 

connection to the wheels to enable movement of the RC car did indeed benefit from physical 

modeling (as suggested by the WDM) as both the power vs velocity requirements and traction 

capability were challenging.  The other suggestions from the WDM were generally followed for 

the other sub subsystems with similar positive results.  From the supplemental factor section of the 

WDM (Figure 6), it can be seen that both the flexibility and resource/skills adjustments to the 

output, as seen in the darker bar graphs and the black bottom bar, align well with the initial output 

seen in Figure 5.  The sub-subsystem of the controller, however, shows resource/skills could be an 

issue for the physical implementation.  This is likely because the team is comprised primarily of 

mechanical engineers and the controller system needs expertise in electronics and programming.   

 

5.2 Heli-launcher design as an evaluation tool 

 

 
Figure 7 – Heli-Launcher System 

 

The Heli-launcher system is intended to teach STEM concepts such as circuit design, gear ratios 

and most importantly power density.  The system as shown in Figure 7 is assembled from a kit of 

approximately 20 parts.  Three power sources are available as input through the gear system to 

spin, and potentially launch, the disk.  Sufficient power enables the disk to launch and insufficient 

power only spins the disk slowly, which does not enable launch.  The three power inputs are a hand 
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crank mechanism (lower right in Figure 7), a solar cell array and a battery.  Only one power input 

is used at a time.  In general, the power from the small solar cells we chose did not have sufficient 

power to launch the disk, the hand crank was sufficient only when turned very aggressively and 

the battery could easily launch the disk.  This allowed the children to get a “feel” for power density 

from a variety of sources. 

 

Subsystems for the design included the Heli-disk launcher, the hand crank generator and the circuit 

system.  Sub-subsystems for each of these three can be seen in Figure 8.  The green, blue and red 

bars in Figure 8 show the WDM suggestions for digital or physical prototyping.  In many cases 

the suggestions from the WDM were followed with positive results.  There were, however, cases 

where the suggestions were not followed.  For example, the WDM suggests digital work for the 

Hand-crank generator subsystem in the areas of sub-subsystems of  “Hand crank” and “Gears” 

based on schedule (blue) concerns.  While these systems were digitally modeled in CAD, they 

were then 3d printed without additional digital work such as kinematic or FEA based 

displacement/stress modeling.  The team encountered significant difficulty getting these systems 

to work properly.  The gearing in the system needed to be altered to meet design requirements of 

torque and rotational speed.  Tolerances are critical in this design in order for the gear meshing to 

work correctly.  The gear support system needs to be rigid in order to keep the gears meshing 

correctly.  All these design requirements could have been checked, and design changes made 

digitally, using CAD and FEA.  Instead, multiple iterations of 3d printed models were used, which 

took a long time and put the design in jeopardy.  In retrospect, if the team would have had and 

followed the WDM, these issues could have been mitigated.    

 

Figure 9 shows the supplemental factor matrix for the Heli-launcher.  Note that for the Hand-crack 

generator’s sub-subsystem of “gears” the rigidity of the schedule variable emphasizes the 

suggestions for digital prototyping by showing the darker blue line extending leftward of the 

lighter blue line in the gears row.  In addition, the bottom black line in that same row and column 

indicates sufficient resources and skills to do that digital work, which is verified by the team as 

they have stated that they had sufficient CAD capability to check tolerances and sufficient software 

and skills to accomplish the FEA needed for displacement analysis.   
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Figure 8 – Heli-Launcher System Weighted Design Matrix - CORE Factors 
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Figure 9 – Heli-Launcher System Weighted Design Matrix – SUPPLEMENTAL Factors 
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5.3 Design of a custom game controller as an evaluation tool 

 

 
Figure 10 – Alpha Prototype - Custom Game Controller 

 

 
Figure 11 – Beta Prototype - Custom Game Controller 
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The final design evaluation for the WDM used the design of a custom game controller.    Figure 

10 shows the Alpha prototype embodiment of the device while Figure 11 shows the evolved beta 

prototype.  Four subsystems were identified for the device:  Middle Console, Sliders, Charging 

Station (which has the circuitry) and the Grip.  For this design work, the WDM was used after 

initial ideation (with some limited embodiment) so that the WDM could inform the prototyping 

process.   

 

Figure 12 shows the WDM for the product.  The WDM output for the “Middle Console” (top 

row in the matrix body) suggests physical prototyping except for the cost consideration.  Since 

eventually the design would need to be physically prototyped, the lower cost of the digital 

prototype was overridden, and this subsystem was prototyped physically.  The WDM suggests 

digital prototyping, from both cost and schedule standpoints, for the “Slides” subsystem.  

Initially, before employing the WDM, the plan had been to 3d print the slides with a “best guess” 

at dimensions.  The WDM’s suggestions for digital prototyping for this subsystem helped the 

designer to realize that a digital focus could help get dimensions correct early in the process 

where tolerances could be addressed between this part and the adjacent parts.  This greatly 

assisted in design efficiency.     

 

The “Charging System” row in the WDM indicates a preference for digital prototyping from a 

cost standpoint.  This was helpful insight as the pre-WDM plan had been to do exclusively 

physical prototyping for the circuitry part of this subsystem.  However, digitally prototyping the 

circuit to ensure the functionality before ordering and assembling the circuit parts helped make 

the design more efficient.  Finally, the prototyping strategy for the “Grip” subsystem was initially 

planned (pre-WDM) to be fully digital with the hope that the CAD model could be used, without 

alteration, for the 3d print of the final part.   However, based on insight from the WDM, it 

became apparent that a very simple physical prototype could help with schedule issues by 

displaying the human interface and tolerance design requirements.  Thus, a simple paper physical 

model was first produced followed by the CAD model.   

 

Overall, the implementation of the WDM significantly changed the initial plan for prototyping of 

this system.  The designer expressed that creating the WDM helped organize the prototyping 

process in ways that dramatically improved efficiency and ultimate effectiveness of the 

prototyping strategy.   

 

 

Based on this initial assessment, we plan to use the WDM in all of our engineering design classes 

in the future.  Preferred implementation for courses like our senior design courses would occur 

immediately after initial ideation and down select; therefore right before detailed concept 

prototyping occurs.  However, it might be interesting to implement the WDM earlier, when the 

teams are doing some initial prototyping as part of their ideation.  We hope to explore these 

options in the near future.  



 18  

. 

 
 

Figure 12 – Custom Game Controller Weighted Design Matrix
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6.0 Discussion and further evaluation 

The research team was given the opportunity to present the WDM method to a group of engineers 

and scientists at the Air Force Research Laboratory (AFRL) in Dayton, OH.  Two meetings, each 

approximately 90 minutes, provided time to gain valuable insight into the possible utility of the 

WDM method.  Overall, the response to the method was very positive.  Since the main 

demonstration of the implementation of the method was on very simple systems (the RC car system 

and the Heli-launcher system), questions about the applicability of the method to larger projects 

were discussed.  Specifically, aircraft systems being designed by AFRL for very high speeds 

(hypersonic) were considered.  Physical models of some components of these systems were 

displayed by AFRL to aid the discussion.  The consensus was that, due to the dependance of the 

WDM method on cost, schedule, and performance variables, which are key variables for any 

product development process, the WDM would likely have applicability to these more complicated 

systems.  Applicability to a different, highly innovative aircraft system was also discussed resulting 

in a similar conclusion that the WDM method would likely provide helpful insight into prototyping 

decisions.   

 

The idea of including the supplemental factors of flexibility of the 3 primary variables (cost, 

schedule, and performance) as well as team resources and team skills was well received.  In an 

organization like AFRL, the team skill set will often be very broad, and the team will likely be full 

of domain expertise.  Therefore, the variable of “team skill set” might not be as important for that 

group.  However, the reviewers indicated that they understood the possible and important 

applicability of these supplemental factors across engineering design teams in general.    

 

There were also some important questions and suggestions provided during this discussion.  The 

breakdown of the system into sub-subsystems is somewhat ambiguous. It may be helpful to 

provide additional thoughts on how this breakdown should occur as part of the method.  

Furthermore, the matrix could potentially become very large for a complicated system like a full 

aircraft, and that could render the WDM method too time consuming.  Also, the scoring of the 

different parts of the matrix is somewhat ambiguous.  However, it was noted that as long as the 

scoring was done consistently throughout the matrix, the absolute values of the scoring are not as 

important because the scores are relative and intended to show preferences for the “D” vs. “P” 

categories. 

 

7.0 Conclusions and acknowledgements 

A weighted design matrix (WDM) approach is presented to assist engineering design teams in 

decision regarding digital vs physical prototyping options.  The matrix evaluates different sub 

systems of a product using variables of cost schedule and performance to provide insight and 

suggestions for digital vs physical prototyping decisions.  The WDM method is evaluated using 

three designs of small products with positive results.  In addition, the method was presented to a 

group of engineers at the Air Force Research Lab for evaluation.  The utility of the method was 

verified by these reviewers in addition to them providing useful suggestions for improvement.   

 

This work has been supported by the Air Force Research Laboratory through the Aerospace 

Systems Directorate.  Westmont College also provided additional support through its 

undergraduate research program.   
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