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Abstract

A clear and understandable Technology Roadmap (TRM) is necessary to planning and navigating
change in the product development process. The fabric of the 3D printing landscape is complex
and difficult to understand from single snapshot approach and a TRM is only as useful as it is un-
derstandable and easily communicable. Successful Technology Roadmapping involves expert in-
dustry analysis, technology expertise, and visual story telling. This research builds upon the prin-
ciples of existing Technology Roadmapping practices to develop models that apply to the consum-
er market of the 3D content-to-print industry. In managing the involved complexity, multiple tools
and methods have been explored, focusing on the efficacy and legibility of TRM's. Literature re-
view, analysis of market forces, patent analysis, and quality functional deployment (QFD) were
used to establish current and future market drivers and subsequent product features. Technology
forecasting and scenario analysis were then used to create product portfolios for 3D content man-
ufactures. The application and research explored creating two future product scenario’s; a low
cost (LC) product that would maintain the current state of the art performance metrics tailored to
the mass market consumer and a high performance (HP) product that would continue to push the
capability of the at home manufacturing performance. These bifurcating foci further complicate
the visual illustration of these roadmaps. An exercise in visual display of a large blanket of net-
works and relationships has led to a powerful tool used to identify future reach and impacts of
early technological investments.
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1. Introduction

3D content-to-printers can print almost anything including medical, aerospace, and automotive products to indi-
vidualized home products, customized jewelry and toys. Leaders in the industry succeed leveraging their Intel-
lectual Property in 3D printing and digital manufacturing. 3D content-to-printers have been instrumental in
changing the manufacturing environment over the recent past. This emerging industry is gaining momentum.
However, momentum to ensure leadership moving into the next decade must expand into the consumer market
space [1]. Plans include the accelerated adoption of products and services into small scale manufacturing at
home by providing more affordable and simple products. Examples of initiatives have already been launched
with introduction of 3D System’s Cube™ in December, 2012 and can be followed on the cubify.com website
[2].

Because the Cube™ was a responsive action to catch the leaders in the consumer space, it is critical that the
company creates a comprehensive technology roadmap (TRM) to help create a plan that supports the company’s
strategic objective. While it is urgent that the range of affordable printers is extended into homes, initiatives
must be executed with a comprehensive plan that tightly ties the research and development activities to the con-
sumer market drivers. This paper not only shares a direction for future alignment of activities, but it also uncov-
ers barriers and gaps in the current technological platform. The TRM presented in this document could be used
to communicate plans and gaps to 3D content-to-print players and their development partners.

“Technology roadmapping (TRM) is a comprehensive approach for strategy planning to integrate science and
technological considerations into product and business aspects” [3]. It is a tool that has been effectively used by
others in the manufacturing, energy, and hi-tech industries [4]. However, to effectively use this tool, it must be
modified to fit the specific needs of the 3D content-to-print business model. The literature reveals that there are
many formats and types of TRMs [5]. Additionally, 3D printing is considered an emerging industry which adds
to the complexity of developing a TRM [6]. In budding and complex industry, like 3D content-to-print, rela-
tionship and network mapping is an increasingly useful tool. With so much of the landscape, technological di-
rections, and consumer values yet to be developed, relationship mapping is a powerful tool to understand the
magnitude and reach of technological investments or working directions. This paper shares the research and
models that have been developed to apply to the home 3D content-to-print market division in creation of this
TRM.

2. Background

Three dimensional printing (3D printing) is the process of making a 3D solid object of any shape from a digital
file. The technology and process was first developed by Charles Hull—a co-founder of 3D Systems; in 1984 [7].

In this process, a sheet of photosensitive polymer material is put down, and a laser or strongly focused beam
of ultraviolet light is used to “draw” an object on its surface layer—by-layer. This “exposed” object then under-
goes a “cross-linking” chemical reaction using curing techniques to become a solid object [8].

The next generation of three dimensional printing is based on a technology known as FDM or Fused Deposi-
tion Modeling, invented by Scott Crump in the late 1980’s, and commercialized by 1990 [9], through the com-
pany Stratasys Inc, which he co-founded [10]. The FDM process works on an “additive” principle by putting
down material in multiple layers, in this process, a plastic wire is threaded through a heated extrusion nozzle,
which can move in an X or Y direction. The nozzle is controlled by a precision servo motor. This setup is di-
rectly linked to a computer which has a three dimensional software package. Once the nozzle is heated, the plas-
tic will melt and can be extruded or “pushed through” the nozzle in small beads. This melted material is used to
form layers, which then are built up to make the model or part [11]. The FDM method has been popularized by
manufacturers of 3D printers such as Stratasys, Ltd. Some of the main applications that FDM is used for include
rapid prototyping as well as in the medical field for making prosthetic and dental molds.

Another widely used method has been Selective Laser Sintering (SLS) application. SLS Applications were
originally commercialized by a company called Nova Automation, which was folded into another company
DTM Corp, which then was eventually bought by 3D Systems to provide a secondary printing technology. As
the name suggests, a high intensity laser is used to fuse small particles of plastic or metal together into a desired
three dimensional shape by scanning cross-sections generated from a 3D digital description of the part [12].
These powders sit atop a “powder bed”. As the sintering for each layer occurs, the “bed” is lowered by one layer
of thickness and subsequent application of a new layer of material. The process is then repeated till the part is
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completed. SLS is used for multiple applications like prototyping, toy manufacture etc. that require a high level
of surface quality (finish) and resolution.

3. Methodology

With a variety of technologies and legacies driving the development of and painting the landscape of the 3D
content-to-print market it was important to engage methodologies that assessed not only these technologies and
features but also assessed the market forces and drivers. While important to know the current and future capabil-
ities it is also important to understand and develop the current and future desires of the market.

A methodological approach was used to manage the complexity in the development of this TRM with the help
of tools such as QFD [4] [13] [14]. Figure 1 shows how the flow was iterative and required multiple literature
searches, data analysis methods and modified tools.

3.1. Market Forces

3D printing is changing the manufacturing environment. Many authors are starting to believe that “a third indus-
trial revolution” is coming in the form of small scale manufacturing [15] [16]. One author [17] attributes this
trend to “the growing consumer focus on localism, craftsmanship and sustainability.” Supporting this shift in
culture and values, new manufacturing techniques allow for faster product innovations and changes. This trend
will intensify as local manufacturers can quickly respond to changing local tastes of consumers. The third driv-
ing force is manufacturing cost reductions. Manufacturing efficiencies are being realized because “tools are
changing in a number of remarkable ways [18].” Many advances in conventional production equipment will re-
sult in shrinking factories and the need for factory workers. The location of manufacturing will change from a
many produced in few locations model to fewer being produced in many locations model. The literature sup-
ports that the manufacturing environment is facing another industrial emergence with the additive manufacturing
technology [19].

3.2. Market Drivers

Market Drivers are the primary forces that would drive adoption of 3D printers. The following attributes were
selected as primary market drivers based on the literature and market review.

Total Cost: The total cost describes the total amount of money that will be spent for the printer materials be-
ing used, software packages, as well as any external designs purchased [20].

Usability of Software: This is a subjective driver, defining the ease of use of the software that is bundled with
the printer. Due to the large variety of design formats, there are certain incompatibilities that exist between de-
signs in one format being translated to a different one [21]-[23].

Production Time: This describes the speed of manufacture of the product [19] [24] [25].

Product Quality: This is defined as the finish and layering capability of the manufactured object, and how
close to the original design, a manufactured object appears to be.
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Figure 1. Methodology and flow of TRM development process.
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Design Availability: Deals with the number of available design files for each model or part that are available
to manufacture. This is important due to the potential for Intellectual Property issues, and was a main driver by
number of citations [26].

Safety: Safety as a market driver refers to any literature or patent references that had an improvement impact
on the manufactured product. For example, this would refer to whether the object or model had an increase in
the safety level, or a reduction in the smell of materials used etc. [22].

Types of Materials Available: This refers to the availability of materials for 3-D printing. From the patent re-
view, this was one of the highest referenced market drivers, therefore one of the most focused on areas from a
development perspective [27].

On Demand Manufacturing: Refers to the ability to manufacture in series of one. Effectively—at the press of a
button. This is an attribute that driver that, although was not really cited as being as significant as others in the
patent review; was very highly trending in the literature review with multiple articles citing the market strategy
of many 3D printing companies being dependent on this factor [28].

Customization: Customization refers to the degree to add personalization to the manufactured object [29]
[30].

Reverse Engineering: This driver referred to the ability of the printer to be able to potentially “break down”
an object into a digitized map, which could then be used to build other objects that would be identical to the
original [26].

Product Size: Describes the maximum size that an object can be manufactured [31].

3.3. Product Features and Technology Assessment

A technology assessment matrix was completed for the product features available in the marketplace today. To
complete this assessment the products of Stratasys, Makerbot, and 3D Systems were benchmarked across their
commercially available products in the personal, professional, and industrial product spaces. Company websites
and public datasheets were used for this benchmark activity. To conduct this assessment technical brochure for
the various products were reviewed online for the following product features.

Materials: Materials is defined as the type of physical matter used for the 3D process.

Speed: Speed describes how fast the 3D printer deposits material while making objects. Speed is listed in
manufacture datasheets as mm/sec.

Price: The price of the initial hardware purchase and bundled software and starter materials; does not include
on-going material costs, maintenance, or other fees.

Software: The software product feature describes the ease of use of the system for the typical home consumer.
Current generation printers come with bundled software which supports the various ‘standard’ file formats.

Surface Finish (Resolution & Color): Resolution, or fineness of features, is directly related to the perceived
quality of the printed object. A finer resolution results in smoother more detailed object features. Resolution for
3D printers is measured in microns or mm and represents the minimum height of material the printer is capable
of depositing.

Scanning Ability: Scanning ability allows the user to create replicas of existing objects. A scanner is used to
create a digital design file which can then be used directly or manipulated by the user. This allows users to ‘re-
verse engineer’ objects to avoid the need of recreating complex drawing or obtaining digital design files from
the original sources.

Print Envelope: The print envelope is simply the maximum size (volume) object which can be produced by
the 3D printer. A larger print envelope requires a larger 3D printer.

Safety: In addition to the obvious safety features (e.g. unit doesn’t shock the user, or cause other harm), the
process of depositing the materials should be safe to the consumer. As mentioned above, heated materials can
produce fumes and these fumes may be harmful to the consumer.

Using the information listed in the product brochures, an assessment table was created for each of the 3D
printing categories. The Technology Assessment Tables for professional and industrial printers are listed in the
attached Appendix B.

3.4. Quality Functional Deployment

To correlate the market drivers to product features a Quality Functional Deployment matrix [13] [14] was uti-
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lized. The purpose of the QFD was to connect the market drivers to the product features and establish priorities
of each of the product features. To complete this analysis the priorities of the market drivers were established by
data mining the United States Patent and Trademark database (www.uspto.gov). This method was used to essen-
tially capture the commercial interest of the each market driver and assign the priority for the driver. The at-
tached (Table Al and Table A2) in Appendix A, titled Patent Mining Methods, identifies the process that was
utilized to conduct the analysis including search keywords and dates for searching. Figure 2 illustrates the pri-
oritization and influence that the driver has on the 3D Printing industry.

Using the priorities from the patent mining on the Market Drivers a Quality Functional Deployment Matrix
was populated to correlate the market drivers to the product features identified in the technology assessment
tables created previously. The goal of this analysis was to transform the priorities of the market drivers to prod-
uct features and apply a prioritization to the product feature. To complete this, the market drivers where listed
across the top row of the QFD. The bottom row identifies the priority that resulted from the patent mining exer-
cise. To complete the QFD for the 3D printer application, the team first identified the product features required
to support the market drivers. The second step was to apply the direction for improvement for each of the prod-
uct features with respect to the market drivers. Next, the correlations between the different market drivers was
identified, documenting the influence that each market drivers potentially has on the alternate market drivers.
Relationships were then established between the market drivers and the product features.

The final step of the QFD assessment is to then transfer the market driver priorities to the Product Feature
priorities. To complete this step, the relationships were transposed to either a 1 = strong, 0 = No Relationship, or
—1 = inverse relationship. Assigning these numerical values the priorities can be transposed onto the product
features. The attached Appendix C titled Quality Functional Deployment and Product Feature Prioritization illu-
strates the process that was used to transpose these items. Figure 3 shows the populated QFD matrix and the
corresponding relationships that where built from the steps identified above.

The following radial plot (Figure 4) identifies and compares the priorities of the product features from the
above QFD. As indicated by the plot the product features with the highest priority are material, speed, surface
finish, and print envelope. This analysis indicates that the company should work on these higher hitters to get
the most benefit from their R & D activity.

3.5. Technology Forecasting and Scenario Analysis

Based on market research, two future scenarios for the product line were created. A low cost (LC) product line

would be required in the future which would maintain current state of the art performance metrics while being

tailored to the mass market home consumer. A high performance (HP) product line would continue to push the

envelope of at home manufacturing performance for the more sophisticated users. The HP product line would
Cost
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provide a platform development opportunity which could be leveraged by the LC product line, allowing the LC
line to benefit from the HP R & D investments. The product line split would take place after two generations of
the existing product once essential market drivers could be met (i.e. resolution, speed, colors, etc.).

Printer resolution was forecasted using an exponential trend based on actual thickness improvements and
benchmarked against semiconductor feature size from 1971 to 2012 [32] [33]. Actual 3D home printer resolu-
tion trends from 2009 to 2013 seem to be following a similar trend to that of early semiconductor feature size.
The trend was used to forecast future resolution out in time. Figure 5 shows the actual vs. predicted trend for
layer resolution. The predicted values were used for forecasting future product requirements.

Speed was forecasted using pages per minute trends in home laser printing [34]. Home laser printing speeds
have increased from <10 pages-per-minute (PPM) in the late 1980s to over 50 ppm in 2001. This trend was used
as a benchmark for predicting 3D printing speeds. The power curve for predicted 3D printing speed can be seen
in Figure 6.

Print envelope/volume was forecasted by looking at the maximum size the team felt the average consumer
would need in terms of objects and the maximum size in terms of the actual printer appliance they could tolerate
in their home. This prediction was somewhat subjective as research was limited in this area. Existing 3D printer
envelopes were used to establish a somewhat linear trend which was capped off at 24” x 24” x 24", The feeling
was that most objects a consumer would need to make would be less than this size. A prediction was also made
that most consumers could tolerate an appliance roughly the size of a standard cooking oven, which also has an
internal cooking area/volume of 24” x 24 x 24”. Figure 7 shows the existing volumes (left) and the predicted
volumes with capped line (right).

3D Printing Layer Thickness Prediction
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Figure 5. Layer thickness (resolution) actual (2009 to 2013).
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Print Envelope Volume Prediction
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Figure 7. Print volume forecast.

3.6. Future Specifications

Based on the forecasts above, future product features were derived. Next generation, current Next Generation +1,
will feature a 3 color surface finish, an enlarged print envelope, faster speed, better resolution, and other im-
provements. The following generation, Generation +2 product features offer more material choices, speeds of
200 mm/sec, and resolutions of .019mm. Specifications of both systems are listed in Table 1.

Two separate QFDs were completed to help guide the LC and HP product line product features. These QFDs
are shown in Figure 8 and Figure 9 respectfully. Based on the QFD analysis, the LC product line would focus
on low cost, shown as “Total Cost”, and safety. The assumption for the LC line would be that the other drivers
and product features would be considered “good enough” for the average consumer and only incremental im-
provements would be required. Cost and Safety would become the primary drives for the LC line. For the HP
line, the top product features will be materials, surface finish, and print envelope.

3.7. Network Based Technology Roadmap

Technology Roadmaps (TRM) are often several if not hundreds of pages long, which can create a disjointed
story requiring a lot of cross-referencing and flipping around. With the right framework and guidance, the TRM
is an effective and desirable strategy communication tool [35]. However, the visual language of strategy and in-
novation mapping is still not fully developed. Often information is laid out on one map, and loses effectiveness
as a communication tool due to illegibility. While it is clear that the general direction of the technology momen-
tum is forward it is hard to establish which variable dependencies and relationships.

Figure 10 is an example of how the TRM would be used to communicate interactions between quantifiable
variables and viscerally subjective variables, such as future partners. Through the literature reviews, the patent
analysis, Quality Functional Deployment matrices, and forecasting methodologies the Market Drivers and
Product Features have a solid priority, which is indicated in by fill level of the corresponding bubble. These va-
riables are influenced primarily by forces external to the organization and little can be done to create a change in
priority. Market Drivers and progression of Product Features are predictable and understood as a known quanti-
ty.

Subject to internal influences are Technology Developments and Strategic Partnerships. Futures are full of
uncertainty and determining priority of technologies and relationships in which to invest leaves a lot to chance
and are hard to communicate. This blended Network TRM offers a method for prioritization of decisions that are
sometimes left up to a gut feeling. The following TRM defines the importance of Technologies and Strategic
Partnerships through its influence in the overall roadmap. Rather than succumbing to inefficiencies in blanket
investing, the TRM identifies the efficacy of each variable, indicated by bubble size, by magnifying size based
on the number of connections or relationship lines. The larger the bubble, the bigger bang for the investment
buck. With a short read of the TRM it is immediately quantifiably clear where current interests lie as well as
how impactful each variable is on the map to the future, hence informing opportunities for investments.
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Figure 8. Low Cost QFD.
Table 1. Next generation product features.
Specification
Product Feature
Next Generation Generation +2
Materials 2-Types per part 2-Types per part
Surface Finish 3 Color 7 Color
Print Envelope 200 mm® 300 mm®
Speed 125 mm/sec 200 mm/sec
Software Included with System Included with System
Scanning Not Available Not Included
Resolution 0.07 mm 0.019 mm

Safety Not Available Not Available
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Figure 9. High performance QFD.

4. Conclusions

The amount of information needed to manage multiple product lines, technology initiatives, resources, and
changes in market drivers muddle the strategy and confuse the planning process. The Technology Road Map is a
keen tool for, first, unloading all of the relevant information, disregarding the unrelated information, and com-
municating a message through a variety of paths.

Through the methodology development of the TRM, 3D printer companies have a clear and deep understand-
ing of the competitive landscape, internal strengths in technologies, and associated gaps/opportunities, which
need to be addressed to further solidify their place in the consumer 3D printing market. Literature review and
patent analysis established and prioritized Market Drivers. A detailed product roadmap was developed using the
product features priorities established in the QFD Matrix along with forecasting trends using similarly high-end
tech products as a trending benchmark.

A comprehensive Network Based TRM was prepared which helped visually communicate the relationship
between R & D resources (internal and external), technology projects, product features, and market drivers.
These graphical relationships can be used as a communication tool for the various functional groups within an
organization. The use of a Network Based TRM provides several benefits to the organizations and can be
coupled with alternate methodologies such as scenario planning, and critical chain. Table 2 compares some of
the strengths and weaknesses of this methodology.
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Figure 10. Network based technology roadmap.
Table 2. Network based TRM.
Strength Weakness

1) Identifies Relationships between items
2) Easy to follow decision impacts through the network of relationships
3) Multi-Dimensional Data can be visually displayed

4) Can be combined with multiple planning methodologies

5) Easy to follow rules can be established for determining priority or
feature influence

6) Quick Method to display a development Roadmap

1) Manual process to create TRM
2) Al relationship connections are identified as

3) Connections can be Tacit knowledge of the creators

In this Network Based TRM, it is clear that established 3D printer companies have the technology opportunity
to remain at the forefront of consumer technology by simply transferring existing technologies from the internal
professional and industrial divisions. Laying the plan for the technology transfers ensures that the right parties
start collaborating at the right time. With this clarity of strategy, an established company may determine that a
new Internal Technology Transfer Team should be established to ensure a frequent and successful internal col-
laboration between product divisions. After all, the TRM does not make the decisions; it makes the decisions

better informed.
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Appendix A—Patent Mining Methods

The patent mining procedure was completed utilizing the advanced search on the United States Patent and
Trademark full text and image search [29]. To complete analysis the database was queried utilizing the criteria
in Table ALl. The number of patents returned was then recorded in Table AL.

The patent responses from the above queries were then placed in the following table and analyzed with re-
spect to the entire data set. The patent priority was established by dividing the keyword search by the total num-
ber of 3D printing patents. The patent priority was then normalized by taking each patent priority and dividing it
by the summation of all of the patent priorities from the data set. The following table (Table A2) and expres-
sions identify the results and formulas utilized for this analysis.

Table Al. Patent search criteria.

Search Criteria Search Range Date Searched Number of Patents Returned
“3d Printing” 1976 to Present 7-30-2013 349
“3d Printing” and Cost 1976 to Present 7-30-2013 168
“3d Printing” and Software 1976 to Present 7-30-2013 159
“3d Printing” and Time 1976 to Present 7-30-2013 312
“3d Printing” and Quality 1976 to Present 7-30-2013 193
“3d Printing” and Design 1976 to Present 7-30-2013 260
“3d Printing” and Safety 1976 to Present 7-30-2013 31
“3d Printing” and Material 1976 to Present 7-30-2013 315
“3d Printing” and On Demand 1976 to Present 7-30-2013 66
“3d Printing” and Customization 1976 to Present 7-30-2013 16

“3d Printing” and “Reverse Engineering” 1976 to Present 7-30-2013 3

“3d Printing” and Size 1976 to Present 7-30-2013 263

Table A2. Patent search results.

Patent Search Keyword

. . . . N Reverse .
Cost  Software Time Quality Design Safety Material On Demand Customization Engineering Size
S,
3 E S
23 168 159 193 260 31 315 66 16 3 263
EFZ
P4 3
52,2
53 900 b= 349 349 349 349 349 349 349 349 349 349
Egs =
=2
28 48.14%  4556% 89.40% 55.30% 74.50% 8.88% 90.26%  18.91% 4.58% 0.86%  75.36%
og
o
S
é% 0.01% 0.01% 0.02% 0.01% 0.02% 0.00% 0.02% 0.00% 0.00% 0.00%  0.02%
5>
(=]
=z
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Expression Al: Patent Priority Formula

where:
P;: Patent Priority (Percentage) for feature i
Ki: Keyword search appearance count for feature i
T: Total number of patents searched (i.e. 349)
i: Product feature of interest (i.e. Cost, Software)
Expression A2: Normalized Value Formula

Ki

N
Zl Pi

NV, =

where:
NV;: Patent Priority (Percentage) for feature i
Ki: Keyword search appearance count for feature i
P;: Patent prioirity for feature j

N: Total number of prodcut features (i.e. Cost, Software).
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Appendix B—Technology Assessment Tables
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Appendix C—Quality Functional Deployment and Product Feature Prioritization

A QFD matrix was completed to transpose the market driver priorities to the product feature priorities. This was
completed by assigning numerical values to the correlations between market drivers and product features, a 1 =
strong, 0 = No Relationship, or —1 = inverse relationship. The market drivers were transposed by multiplying the
correlations by the market driver normalized values and summing them across all of the market drivers. The
product feature priority was then normalized by taking each patent priority and dividing it by the summation of
all of the priorities from the data set. The following table (Table C1) identifies the populated matrix and final
results from the analysis.

Figure C1: Product Feature Priority Formula

Product Feature Priority = (((Cost*2)*Cost Normalized Value) + ((Software”2)* Software Normalized Value)
+ ((Time~2)*Time Normalized Value) + ((Quality*2)Quality Normalized Value) + ((Design”2)*Design Norma-
lized Value) + ((Safety”2)*Safety Normalized Value)+((Material*2)*Material Normalized Value) + ((On De-
mand”2)*On Demand Normalized Value) + ((Customization”2)*Customization Normalized Value) + ((Reverse
Engineering”2)*Reverse Engineering Normalized Value) + ((Size*2)*Size Normalized Value)).

Figure C2: Normalized Value Formula

Normalized Value = Product Feature Priority/Sum of Product Feature Priorities “Materials, Software... Safe-

ty”.

Table C1. Product feature prioritization.

Market Drivers

Reverse

. . . . On R .
Cost Software Time Quality Design Safety Material Demand Customization Engineering Size
Normalized i Normalized
0.094 0.089 0.175 0.108 0.146 0.017 0.176 0.037 0.009 0.002 0.147 Feature
Value o Value
Priority
Materials PF1 -1 0 1 1 1 1 1 1 1 1 0 3.91 0.172
Software PF2 -1 1 1 0 1 0 0 1 1 1 0 2.82 0.124
" Speed PF3 -1 1 1 1 0 0 0 1 1 0 1 3.33 0.147
[
2 Resolution PF4 -1 0 1 1 0 0 0 0 0 1 0 1.98 0.087
(5]
L
g Surface g 0 1 1 0 1 1 0 0 1 1 373 0164
2 Finish
o
o Scanning PF6 -1 1 0 0 -1 0 0 1 1 1 1 2.68 0.118
Print
Envelope PF7 -1 0 1 1 1 0 0 1 1 1 1 3.67 0.162
Safety PF8 -1 0 0 0 0 1 0 0 0 0 0 0.57 0.025
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