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Abstract
User innovation lies at the core of a growing body of research, with a predominant focus
on how individual user attributes can be associated with observed contributions to inno-
vation. However, framing user innovation in terms of individual attributes risks neglecting
important changes in behavior at the individual and community level over time. Here, our
focus is on how the time that individual users spend in that community relates to inno-
vation outcomes. We study innovation in a firm-hosted online user community for a 3D
printer company, marked by their commitment to open-source hardware. We analyze
a unique longitudinal dataset of 38,277 observations recording user posts to an open-
access user forum from October 2011 to March 2015. We find that time spent in a user
community is positively associated with contributions to innovation, as users migrate
from identifying problems and needs, to contributing innovation-related modifications and
hacks. Our finding emphasizes the value of user retention in open-source communities
as our analysis shows that typical users can add value to firms’ innovation activities over
time. Our focus on open-hardware complements many existing studies on open-source
software and advances our understanding of open innovation more generally.

Introduction
The study of users’ contribution to the innovation process dates back to pioneering work
in the 1970s and 1980s, when the then dominant idea of innovation taking place within the
bounds of the producer firm was challenged by approaches that incorporated more complex
innovation landscapes where users often took prime position [1–4]. In studying user inno-
vation, a major focus of research has been to identify user attributes that lead to more valu-
able contributions to innovation [5]. Selecting and engaging with “lead users,” typically char-
acterized by notable technical expertise or relevant knowledge, has proven to be a promis-
ing approach [3,5–9]. Studies have identified lead users according to their traits, status, and
knowledge [7], and compared their contributions to innovation to internal lead users and typ-
ical users in terms of originality and utility of ideas [10]. The attributes of typical users have
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also been studied, finding that users’ knowledge of the underlying technology affects their
propensity to contribute incremental versus radical ideas [11].

This study focuses on user innovation in the context of online firm-hosted user communi-
ties. While studies have looked at the role of firms in seeding knowledge in user communities
[12], the role of employee-user interactions in the evolution of ideas [13], and how user inter-
actions help develop and share knowledge over time [14], more empirical studies are needed
for a deeper understanding of the temporal evolution of a range of potential behaviors in user
communities. For example, although age in the community has been found to be negatively
associated with the likelihood of contributing knowledge, on the other hand accumulating
product experience over time has been positively associated with innovation [12,15]. This
study allows us to quantitatively track user contributions to product innovation over time,
and follow users migrating from identifying problems and needs, to contributing solution-
oriented modifications and hacks. This is an important step in moving towards a more holis-
tic approach that integrates the temporal evolution of user behavior with heterogeneous user
attributes, so that the potentially unique behaviors of different groups within a community
can be understood as they co-evolve.

A second key element of this work relates to the empirical context of studying the dynam-
ics of an open-source hardware community. Despite conceptual outlines for expanding the
empirical focus of open-source production beyond software [16,17], only a minority of stud-
ies have looked at innovation dynamics empirically in open-source physical product ecosys-
tems [18,19]. The specific innovation dynamics in the context of open hardware, where skills,
tools, and infrastructure differ from software, are under-explored [20]. The need to avoid
generalizing across differing phenomena [21] underlines the importance of empirical study.
By focusing on an open hardware ecosystem, this study contributes to a better understand-
ing of the role that user innovation plays in the broader open innovation landscape beyond
software [22].

We statistically analyze a unique longitudinal dataset of user innovation in the firm-hosted
user community of Ultimaker, an open-source 3D printer [23]. 3D printing is a method of
fabricating a physical object layer by layer, directed by a computerized design file. This makes
3D printing a type of digital fabrication, where digital information plays an active role in the
fabrication of physical objects. Ultimaker makes open-source 3D printers where the core
modules of hardware (physical machine), software (programs that run the machine), and
firmware (embedded software for basic machine instructions) are developed by Ultimaker
and associated developer communities, and freely revealed in the form of digital blueprints
and source code. Our dataset of contributions to the user forum from 2011 to 2015 covers
a period where Ultimaker arguably engaged in radical innovation. When the forum began,
Ultimaker 1 was sold in a kit that had to be assembled by the user. In 2013 the Ultimaker 2
was released as an already-assembled integrated product. Whereas Ultimaker 1 was marketed
towards hobbyists and educators, Ultimaker 2 was marketed towards businesses and indus-
trial designers. In the words of Siert Wijnia, co-founder of Ultimaker, “because [Ultimaker
2] was not a kit anymore, and you sell a real product [Ultimaker 2] and it needs to work, then
the whole game changed” [25]. Changes involved the development of new supply chains and
extra measures of product safety compliance. The transition from Ultimaker 1 to Ultimaker
2 thus provides an example of a new product for a new market, an indication of radical inno-
vation [26]. Ultimaker 2 enabled the company to become associated with professional desk-
top machines, a market it solidified with subsequent models. Moreover, the degree of new
knowledge embedded in Ultimaker 2 encompassed not only the printer itself, but novel man-
ufacturing and supply chain processes. This can be understood as radical innovation from the
perspective of defining technology in terms of its knowledge components [27,28].
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Since the company’s beginnings in 2011, Ultimaker has cultivated an active user commu-
nity through a hosted online forum that has become a reputational hallmark. The commu-
nity forum enables users to interact with other users as well as employees of Ultimaker. In
this community we study the temporal evolution of user behavior. Our central research ques-
tion is whether increased time in the community and comprehensive product engagement
are associated with a users’ contribution to innovation. More particularly, we study users who
hack or modify their 3D printer hardware, a type of innovation that has been shown to hold
value for related firms [24]. To deepen the understanding of user behavior, we study user con-
tribution to parts of the forum corresponding to different modules of the 3D printing system.
This aims to capture breadth of understanding, or the level of comprehensive engagement
with the product as it relates to contribution to innovation.

In studying user contributions to innovation over time, we find that time in the user com-
munity is indeed positively associated with contributions to innovation, thus supporting the
idea that users can be of increasing value to companies over time. While there could be dif-
ferent underlying mechanisms that are consistent with this finding, such as increased tech-
nical expertise from a user’s professional development, we interpret this in accordance with
the key studies on user innovation that link increasing product experience and needs aware-
ness with contributions to innovation [15,29,30]. This is supported by our finding that users
who have more comprehensive engagement with their product are more likely to contribute
innovation. We find that this behavior is apparent and quantifiable at the community scale.
More research is needed on differentiating potential drivers of innovative behavior, such as
community versus individual learning effects.

Our findings suggest the importance of taking into account the potential of users to con-
tribute innovation with time spent in a community. Understanding the empirical circum-
stances under which use-related knowledge can help or inhibit innovation adds an important
layer of nuance. A prime implication is the importance of user retention in firm-hosted user
communities within fast-moving tech sectors like 3D printing. In addition to identifying lead
users, it is important to create meaningful and ongoing value to a broad base of users, as many
of these may emerge as user-innovators given enough time and experience with their prod-
uct. A second contribution of this study is insight into user innovation in a firm-hosted com-
munity for an open-source physical product. This is central given the differing challenges of
producing hardware compared to software in an open-source environment [20]. Our study
underlines the need to add greater nuance to the study of user innovation in open-source
communities beyond software, considering a variety of organizational arrangements between
firms, user communities, and user-producer communities that share a common interest in a
products’ development.

The remainder of this article is organized as follows: as context for this work, we review the
organizational literature on user and community innovation and open-source production.
The central research questions and hypotheses are then outlined. The methods section begins
with empirical background, providing illustrative examples of user innovation in the context
of the Ultimaker user forum. This is followed by a description of the quantitative data, vari-
able construction and model specification. To conclude, we present our results and discussion,
limitations and future research.

Literature review
User and community innovation
Foundational studies in user innovation questioned the assumption that innovation takes
place principally within the boundaries of a firm, and emphasized the importance of
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recognizing users as a valuable source of innovation [1–4]. A central insight in user innova-
tion studies is the idea that innovation results from users having important information about
their needs, and the transfer of this information to the producer, who may have the means
to satisfy these needs through product innovation, is costly [31,32]. Information on a users’
needs and context of use is particularly difficult for a firm to replicate [32], especially when
a user may not be fully aware of her needs when first using a product, as this awareness often
results from repeated use of the product over time [33].

Over time, the field of user innovation has encompassed a great range of empirical studies,
including the study of scientific instruments, industrial equipment, consumer goods, electron-
ics [1,34–39] and services [40]. Here we focus on user innovation within online firm-hosted
user communities, a locus of innovation that has emerged as the internet has decreased costs
of firm-to-user and user-to-user communication [29,41–45]. User communities provide a
means of governing innovation where participants in knowledge production are enrolled
from outside of firm boundaries [22,46,47]. User communities have often formed in open-
source product environments, most notably in software, but also in electronics and Internet
of Things (IoT) [48]. Open-source software development communities are characterized by
hybrid “user-producers” where innovations generated by users within the community are
provided freely, allowing other users or a focal firm to benefit from their adoption and use
[17,49].

Firm-hosted online user communities are designed to co-create value with users of their
product [13]. User communities can be a source of rapid feedback on product development,
and can be useful for monitoring, integrating, and receiving new ideas from distant users for
innovation benefit [13,50]. This can be favorable to a firm due to new product features being
shared between users, as well as new product innovations that the firm develops being sold
on to users [43]. Firm-hosted user communities can also serve a range functions for various
users and the host firm, from how-to guides and peer to peer troubleshooting and support
communities, to modifications and suggestions of changes in the product architecture [51,52].
Efficacy of firm-hosted online user communities is associated with trust in the host firm [53]
as well as perceptions of fairness [54], as tensions may exist if users feel their freely revealed
innovations are subject to appropriation without due recognition or other forms of compen-
sation. Willingness to participate in product innovation has been shown to be associated with
characteristics of user creativity, and identification with and knowledge of the brand [55,56].
Organizational adoption of user innovation has been found to influence subsequent patterns
of user innovation [57].

In user innovation within firm-hosted user communities, as well as user innovation more
generally, a large focus has been on user attributes that lead to more valuable contributions
to innovation [5]. There is good evidence that identifying and engaging with “lead users” is
particularly useful [3,6]. Studies have identified lead users according to their traits, status, and
knowledge [7,58], and compared their contributions to innovation to internal lead users and
regular users in terms of originality and utility of ideas [5,8–10]. The attributes of ordinary
users have been studied, finding that users’ knowledge of the underlying technology affects
their propensity to contribute incremental versus radical ideas [11]. Position in the social
network of peers in a user community, and being a professional (generating income from a
product) versus amateur user have also been found to be important characteristics [59,60].
While traits and status focus more on intrinsic characteristics of personality and motiva-
tion, knowledge includes both usage experience, as well as more general knowledge about the
product environment or relevant technologies [7,8,61]. This study compliments research on
user attributes with a focus on the dynamics of user behavior over time.
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Open-source production
Here we review the literature on open-source production, emphasizing the study of open
source physical goods to contextualize our empirical contribution. Open-source is a type of
user innovation where those who contribute to a project expect to benefit from it as users,
rather than for the purpose of selling [62,63]. Open source has become recognized as a novel
form of organizing production, led in large part by the growth and increasing integration of
open-source software into digital infrastructure. Emblematic projects such as GNU/Linux
computer operating system and Apache server software have been joined by thousands of
other projects who all adhere to the principles of open access, modification, and redistribu-
tion of the source code [16]. The persistence of open source for over more than 25 years as a
viable mode of organizing production has led scholars of economics and organizational sci-
ence to reevaluate core assumptions in the standard models of innovation and production
[17,64], leading to new insights in innovation incentives, community dynamics, and product
architecture, among others.

As the internet has enabled and accelerated new forms of collaboration and communica-
tion [42], the phenomenon of open-source production has emerged as a somewhat “startling”
phenomenon given the free and open access nature of the good produced at private cost [65].
Scholars of organization science have tended to view open source as a new paradigm for orga-
nizing production [17,66]. Often associated with open-source goods, online communities
are found to exemplify dynamics of knowledge collaboration where participants interact in
ways that may benefit themselves as well as the overall community, such as engaging in col-
lective problem solving [43,67]. These dynamics can take place without preexisting social rela-
tionships [67], and be sources of significant innovation [16,68]. Studies have further clarified
questions related to structural enabling conditions [69], contributor incentives and motiva-
tions [32,66,70–73], community architecture [74–77], the effect of different licensing models
and community size [63], and the subtleties of intellectual property rights [17,78].

While the overwhelming majority of open-source goods are software, here we focus on
physical goods being produced by collaborative communities and released under open-source
licenses [20]. Empirical examples include Arduino, an open-source electronics prototyping
platform [79], DIY biology equipment [80], laboratory equipment including instruments for
microscopy, molecular biology, and electrophysiology [81,82], and 3D printers [83,84]. One
also sees open-source goods being used as platform technologies for the development of other
goods, as in the use of Arduino and 3D printers to make open-source laboratory equipment
[85]. While having physical components such as sensors and motors, most of these goods are
examples of physical objects “entangled” with digital capabilities [86], with software being
critical to the functioning of the product. While open-source hardware is clearly enabled by
IT platforms, “sharing knowledge about atoms is not as frictionless as sharing bits” [20]. The
fact that physical object design is an integral part of the product introduces new challenges for
skills, tools, and infrastructure [20]. It is also important to note that in some circumstances,
covering innovations under open source licenses is a cost that user innovators may not wish
to invest in. This may be especially relevant in contexts where it is understood that users can
modify designs without penalty.

Despite these potential frictions, it has been suggested that models of innovation for open-
source environments could also apply to physical goods [16,17]. Unlike user innovation in
open-source software, where users can freely distribute software through the internet, phys-
ical product innovation is expected to involve firm manufacturers in the production and
physical distribution of products given significant economies of scale [16,87]. While open-
source hardware introduces more challenges, it has been found nonetheless that open design
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processes for tangible objects can be organized to resemble open-source software develop-
ment processes [88], primarily to publish documentation that supports community-driven
product development, as well as to disseminate product innovations that were privately devel-
oped by a firm [20]. A number of studies have explored the behavior, success factors, and
collective dynamics of open design participants onThingiverse, a platform supporting the
sharing of 3D printable designs [89–94]. Importantly, there is evidence of considerable varia-
tion in product and process openness in open-source hardware projects, with varying degrees
of freedom to study, make, distribute, and modify. A main factor contributing to variation in
openness is uneven quality of documentation of various complex components and manufac-
turing processes, including Computer Aided Design (CAD) files, assembly instructions, bill of
materials, guidelines for participation, and associated licenses [96].

Open-source 3D printing companies and communities are part of this evolving and varied
landscape. In general, open-source 3D printers have available the hardware designs for down-
load and modification, and run on open-source software and firmware that similarly can be
freely accessed, modified, and redistributed. In 2007 Adrian Bower and collaborators started
the RepRap project with the vision of making a 3D printer that could replicate itself, and
be open source for anyone to build, modify, and share. Since the first RepRap designs were
released, a growing community has made, modified, and commercialized a large variety of 3D
printers based on the initial blueprints, including proprietary models. For example, Maker-
bot is a company that initially based its product on an open-source RepRap design, then later
removed their hardware, software, and firmware intellectual property from the public domain
[89,95]. Ultimaker provides an example of an initial product design that was co-developed
within the RepRap community, then evolved into being a private product where the designs
remain open and freely disseminated among its user base. This study contributes empirically
to the literature on open source production by exploring the dynamics of user innovation in
the context of open source 3D printer hardware over time.

Research questions and hypotheses
Within the field of user innovation and firm-based user communities, the study of how inno-
vative behavior in user communities evolves over time has to date remained underexplored.
Studies have looked at the role of firms in seeding knowledge in user communities [12], the
interactions between employee and user idea contributions over time [13,47] and how users
may develop and share knowledge over time [14]. While it appears clear that the particular
characteristics and interactions within any given user community affect user contributions to
innovation [14,51,62], more empirical studies are needed to understand the range of poten-
tial behaviors. For example, age in the community has been found to be negatively associ-
ated with the likelihood of contributing knowledge [12], while accumulating product expe-
rience over time has been found to be positively associated with innovation [15,29,30]. We
seek to add clarity by studying whether time spent in the user community is positively asso-
ciated with a users’ contribution to innovation in the Ultimaker user forum. As such our first
hypothesis is:

H1: Increased time in a user community increases the likelihood of a user contribut-
ing to innovation.

To deepen our understanding of user behavior, we then study user engagement with parts
of the forum corresponding to different modules of the 3D printing system over time. This
aims to capture breadth of understanding related to a product. Product engagement and
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needs awareness have been linked to an increased likelihood to contribute to innovation,
given that if a user understands his needs in different parts of the product system, there is a
greater likelihood that that user can contribute to innovation that is of value for the firm [33].
With this in mind our second hypothesis is:

H2: Comprehensive engagement with the product increases the likelihood of a user
contributing to innovation.

In exploring these two hypotheses, this study adds to the field of user innovation by com-
plementing the strong focus on user attributes with a focus on behaviors of a user population
over time. Taken together, these could lead towards a holistic approach that integrates the
temporal evolution of user behavior with heterogeneous user attributes so that the potentially
unique behaviors of different groups within a community can be understood over time.

Moreover, our contribution is in illuminating the dynamics of user innovation for an
under-studied part of the open innovation landscape, that of open-source hardware commu-
nities. Informed by the classification of three types of openness in open hardware projects
(the right to look, access and modify, or produce product designs) [96], we note that Ulti-
maker exhibits all three forms of openness. In releasing the hardware, software and firmware
designs and code for their products, and asserting that the company is open to codevelopment
by not claiming IP from other parties [97], Ultimaker offers an important empirical context
for studying the contribution of users in an open innovation product ecosystem.

Methods
Ethics statement
This is a retrospective study of publicly available data posted by users to the Ultimaker forum
between October 2011 to March 2015 [23]. The public data was accessed by the research team
fromMarch 18, 2015 to April 17, 2015. After the data was accessed, the research team de-
identified the data by replacing user and thread identifiers with random numbers generated in
R software. Statistical analysis was conducted using R software versions 2.14.1 to 3.1.2. Anal-
ysis and results only involve anonymized data that do not identify individual users. Given
the public nature of the data and our adherence to ethical guidelines that protect individual
privacy, our research did not require informed consent or Institutional Review Board (IRB)
oversight. The collection and analysis methods complied with the terms and conditions for
the source of the data, i.e. the Ultimaker Forum.

In the following sections we provide a qualitative overview of the empirical context of this
study, providing illustrative examples of user contributions to innovation in the Ultimaker
user forum. This helps to understand the nature of innovation in the user community and
contextualize the quantitative study. Second, we introduce the quantitative data, including
the structure of the user forum, and patterns of user contribution across parts of the forum.
Third, we describe our variable construction. Fourth, we detail our model specification. These
models enable us to study the evolution of behavior in the community over time, and distin-
guish between what are general changes in the community over time versus what is a result of
an individual users’ time in the community.

Empirical context: ultimaker user community
Ultimaker hosts a community forum where users of their 3D printers can voluntarily par-
ticipate. The forum is used for multiple purposes, such as troubleshooting, assembly, fixing
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bugs in the software code, and sharing ways to modify the 3D printer. Employees of the com-
pany Ultimaker are also present on the forum and engage in discussion threads. All Ultimaker
users have access to the source code of the 3D printer, including hardware blueprints, soft-
ware and firmware code. On the forum in the hardware section, there is a category entitled
“Modifications and Hacks” where users can post hacks or improvements to their individual
machines. The production and distribution of new product releases is done by the company
Ultimaker. To better understand user innovation in the context of the Ultimaker user com-
munity, we provide the following illustrative examples taken from the user forum category
“Modifications and Hacks.” While other categories in the user forum are dedicated to building
and operating the 3D printer, “Modifications and Hacks” allows users to post system alter-
ations or new components that augment the printer designed by the company. These par-
ticular examples pertain to innovations in “Ultimaker 2,” the second released version of the
Ultimaker 3D printer.

Feeder system. The feeder system is the mechanism by which 3D printing filament, the
material used, is fed into the nozzle of the printer for extrusion. The following posts are taken
from a thread called “Ultimaker2 Feeder System - Improvements and Ideas” within the cat-
egory Modifications and Hacks, where problems and alternative solutions to the Ultimaker
feeder system are discussed. The thread begins by stating that the rear extruder has a design
flaw, and then goes on to say:

The reason why I’m writing this thread is because I want to illustrate what I believe to be some of the main real rea-
sons behind this problem and also organise efforts from me and other members here to design a true working solu-
tion. If we can design a really better solution to this problem and ultimaker adopts our efforts, then the ultimaker2
will become the first true BULLETPROOF 3D PRINTER!!

So lets pool our ideas and concepts, share files and models...and get a really hard nosed solution to this []
problem ... Ultimaker just added all the official source files for the extruder here!!

This post emphasizes the collaborative aims of the user, and their desire to improve the 3D
printer. Rather than blaming Ultimaker for any perceived issues with the feeder system, the
user frames it as an opportunity for collective user innovation. The availability of the source
files, stated at the end of the post, is clearly important. In the posts that follow, a group of
users begin diagnosing the problems in detail, and sharing design files for alternative feeder
systems.

Later in the thread, a member of the company, responds:

One of the things that I am working on is improving the filament feeder. I read the posts in this thread to get more
familiar with the problem. ... Thanks to all of you for all your feedback and ideas!

One of the possible solutions that we are working on is to eliminate the contact areas between the filament and
the feeder housing. I printed a prototype of my redesign which we are going to test here at Ultimaker. However,
I was wondering if some of you guys (who own an Ultimaker 2) would be interested in testing my redesign. If so,
please let me know.

The Ultimaker company member further specifies the parts of their new design, and
includes an image of the prototype. In a later post, after which alternative feeder designs
have been proposed and tested by a number of users, the Ultimaker company member
rejoins, stating that they are still following the thread, and that they have tried numerous
options proposed by the users on the thread. The company member then continues with the
following:

Unfortunately for the Ultimaker 2 we are going to have to act within the boundaries of the current tooling (injec-
tion molding dies are quite expensive tools). However I’ll definitely keep all the good ideas that I see on this forum
in mind for a future feeder design.

The new machines are now fitted with a revised version of the feeder housing...Besides that we have performed
some research in order to get more insight into the resistance induced by the various elements in the extrusion
train. I’ve written a test report about the method that we used and about the first results. If anyone would like to
read this report: let me know and I’ll make sure that you’ll receive a copy.
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This exchange clearly illustrates the role that the forum plays for Ultimaker as a company,
both in gathering new ideas from the community, and interacting with users as testers for new
solutions. The explicit sharing of the new designs, manufacturing constraints, and plans for
the future also illustrates the transparent relationship between users and the company when
it comes to innovation. Overall, the exchanges on this thread illustrate how contributions of
the users are of direct value to the improvement of the product as viewed by the host firm.

Heater block. A second example illustrates a user modification that while not directly
absorbed into the core R&D process of Ultimaker, came to be an “add-on” that users can buy
from the company. This is a heater block, a part of the extruder of the 3D printer that heats
the filament as it passes through and out the nozzle. An Ultimaker user invented a new, more
robust heater block in order to print boron carbide filament. Not being designed for such hard
materials, the nozzle on the original heater block wore away quickly. The user developed a
new design that allowed new nozzles to be replaced easily, and posted it on the Ultimaker
forum:

Hi! I have printed some very abrasive home-made filament lately which eats my expensive Ultimaker 2 nozzle a bit
too quickly...So lately I have been putting some effort in finding a better design. Here is the result:

Among other users, a member of the Ultimaker R&D department responded to the post,
thanking the user for his input, clarifying the features of their design, and asking the user
questions in terms of its functionality.

A group of users began to adopt the heater block that allowed nozzles to be easily inter-
changeable, finding an additional use in enabling experimentation with a variety of materials
that required different nozzle diameters. Over time, these users organized the production of
small batch orders. The new heater block is now available from numerous Ultimaker printer
re-sellers, and Ultimaker provides guides for installation as an official “hardware upgrade” for
the Ultimaker 2 model. The new heater block is an example of user innovation that increased
the functionality of the 3D printer for users. Recognizing this, Ultimaker promoted it as an
extension to their product.

The larger dataset on user contributions to modifications and hacks encompasses both core
and peripheral user innovation [98]. The importance of both is evident in the feeder system
and heater block innovations. Core innovations are provided by a principle contributor, as
in the case of the heater block, or a subset of users in the case of feeder system. Other users
contributed peripheral innovations by testing their designs, asking questions and offering
feedback and in some cases, changes to their initial designs. These users play a key role in val-
idating the designs to a certain extent, while also providing important information to the host
firm monitoring the thread.

While members of the company Ultimaker are seen to participate actively in certain
innovation-related forum threads, this is not always the case. Sometimes users share modi-
fications that are of high use-value but there is no apparent involvement from the company.
An example is the multiple threads on designing a heated bed, the platform upon which mate-
rial is deposited. A heated bed can improve print quality by avoiding warping by keeping the
deposited material warm. While later generations of the Ultimaker included a heated the bed,
the first generation did not. This led users to propose designs and query others on the forum
whether there was any interest in a kit. Interestingly, Ultimaker later offered a heated bed kit
as an add-on that could be bought. Thus, while there isn’t direct evidence of the Ultimaker
team interacting with users on this subject, this user need was addressed by the company and
integrated into later designs of their product.

There are also examples of user innovations that are not adopted by Ultimaker as a com-
pany, nor many other users. For instance, a thread on enclosures that seal the 3D printer
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and help keep heat in featured a variety of enclosure solutions, including a top enclosure
and even a heatproof bag that covered the entire printer. While this provoked some inter-
ested responses, there is no evidence of such designs being integrated into later models, or
offered as add-ons. Rather, side panels were integrated into later models, and a more mod-
est front panel enclosure offered as a model add-on. While not all proposed user innovations
are adopted by the host firm Ultimaker, there are many instances where the innovation is of
added value to the users themselves. Participants in the Ultimaker forum may gain from find-
ing and applying innovations from other users, as well as receiving feedback on innovations
proposed by themselves. In each case, the forum provides a medium for users to increase the
utility and functionality of their product.

Description of the quantitative data
Our dataset comes from the open access Ultimaker user forum, where each forum post, asso-
ciated to a unique user ID, was recorded between October 2011 and March 2015 [23]. Octo-
ber 2011 was when the forum was first founded. After the data was collected, the forum was
substantially reorganized, meaning that a longer period of data collection would have resulted
in inconsistent data. As such, we interpret the online behavior of users in the specific context
of the time period that the data was collected. At the time of data collection there were a total
of 2,423 unique user IDs in the forum. Although it is reasonable to assume that all users on
the forum are users of an Ultimaker 3D printer, being a member in the forum is not an oblig-
atory part of owning an Ultimaker 3D printer. There is no fee to join, and the forum is open
to search for non-members, so anyone without a forum membership can browse questions
and answers on the forum. Thus the forum should not be taken as representative of the total
number of users of Ultimaker 3D printers; rather, the forum reflects a community of users
who are interested in contributing their time and interacting with other users of Ultimaker 3D
printers. While not necessarily representative, this community is nonetheless engaging with a
representative set of user topics and concerns related to using a 3D printer, from basic topics
such as how to set up the machine, to more advanced topics such as machine modifications.
Given data is sourced only from within the user community, we cannot control for the effects
of external events on user behavior.

The architecture of the community forum is organized according to the basic architec-
ture of the 3D printing system, with hardware, software, and firmware as the main sections
of the forum. Within the sections there are forum categories, and within these are threads.
Each post is part of a specific thread, and therefore nested within this overall structure. While
forum categories are set by Ultimaker, users can add new threads and contribute posts. Mod-
ules, categories, threads, and posts are mutually exclusive, meaning that a post can only be in
one thread, a thread can only be in one category, and a category can only be in one module.
Table 1 summarizes the structure of the Ultimaker user forum. As the focus of our analysis,
the category Modifications and Hacks is in the Hardware module and focuses on innovations
related to the product. Other categories of the forum, such as Assembly, Troubleshooting, and
Cura (the software that programs the 3D printer) focus on knowledge sharing and user assis-
tance in setting up and running hardware, software, and firmware modules of the 3D printer.
While the main modules of the 3D printing system are common to many products with dig-
ital and physical architecture, the organization of categories and threads is particular to the
Ultimaker user forum, a caution to generalizability.

Fig 1 illustrates the number of posts per category in the forum. “Cura,” “Troubleshoot-
ing,” and “Modifications and Hacks” are the most active parts of the user forum, where Cura
refers to the core software that runs the Ultimaker 3D printer, Troubleshooting allows users
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Table 1. Ultimaker community forum structure.
Modules Hardware Software Firmware
Categories (total = 12) 1. Assembly 1. Replicator-G 1. 5D

2. Troubleshooting 2. CAD 2. Sprinter
3. Modifications and Hacks 3. Other 3. Alternatives

4. Cura 4. Marlin
5. NetFabb

Thread number 2,164 1,944 193
(total = 4,301)
Post number 22,014 14,665 1,598
(total = 38,277)

Notes: as of March 2015, there were 2,423 unique user IDs in the forum. The user forum is structured according to
the main modules of a 3D printer: hardware, software, and firmware. Each module has categories of threads related
to subjects within these modules. The total number of threads (4,301) is shared across hardware (2,164), software
(1,944), and firmware (193). Each thread is made up of individual posts by users. Hardware has 22,014 posts, software
has 14,665, and firmware has 1,598 for a total of 38,277 posts in the user forum. The category Modifications and Hacks
is in the Hardware module and contains 9244 posts, or 24% of the total number of posts in the user forum. Other
categories of the forum focus on knowledge sharing and user assistance in setting up and running hardware, software,
and firmware modules of the 3D printer.

https://doi.org/10.1371/journal.pone.0321963.t001

to get guidance and help in setting up their printer and using it, and Modifications and Hacks
is associated with user contributions to product innovation. Modifications and Hacks as a
thread category has 24% of the total number of posts in the forum, constituting a major area
of forum usage.

One can also visualize user contributions to different modules of the user forum. An anal-
ysis was done to understand patterns of user activity in yearly time frames by modules in the
forum associated with the main architecture of the 3D printer. Each post is confined to a sin-
gle module, but a user can post across modules. This data structure of users potentially engag-
ing across multiple modules can be well-represented with a bipartite network. Fig 2 applies a
bipartite network approach to representing the data, where level 1 is the user, and level 2 the
module [99]. A link between a user and a module signifies that the user was posting at least
once in that module during the time period observed. This approach lets one visualize to what
extent users post in single modules versus posting in multiple modules. Yellow and white
nodes signify developers and moderators, respectively. In the graphs one can clearly distin-
guish between users who post in one module (in the periphery of the graphs), from users who
post in two or three modules (at the core of the graphs).

As expected, moderators and developers are clustered in the core of the network graphs,
signifying a tendency to post in two or three modules. Yet there is a substantial number of
users also in the core. We see that the number of new users in the periphery and the core
grows over time, signifying increasing numbers of users who post in one as well as more than
one module in the user community. This core-periphery pattern remains relatively stable over
time. We also conducted the analysis with monthly and weekly time frames, with the substan-
tive results being the same. What is not evident is whether users change their position in the
graph over time, migrating from the periphery to the core. To formally test this, we proceed to
the statistical model specification.

In order to test the hypotheses in this study it is necessary to clearly distinguish between
changes that are happening in the community over time from changes in user behavior result-
ing from each individual’s time in the community. The longitudinal trends explored here
are incorporated into our model specifications. An active user signifies a user who posts at
least once in the time frame observed. In parallel, the number of posts in the user forum also
increased over time.

PLOS ONE https://doi.org/10.1371/journal.pone.0321963 April 16, 2025 11/ 26

https://doi.org/10.1371/journal.pone.0321963.t001
https://doi.org/10.1371/journal.pone.0321963


ID: pone.0321963 — 2025/4/8 — page 12 — #12

PLOS ONE Unlocking innovation: the dynamics of user engagement in an open-source 3D printer community

Fig 1. Distribution of posts by category. The number of posts per category of the user forum is shown, with colors signifying whether each category is part
of the hardware, software, or firmware modules. “Cura” (the software that runs the 3D printer), “Troubleshooting” (helping users set up and use their 3D
printer), and “Modifications and Hacks” (adaptations and contributions to product innovation) are the most active parts of the user forum.

https://doi.org/10.1371/journal.pone.0321963.g001

Fig 3 illustrates the number of posts by module in the forum over time. One can observe
from this figure that posts in hardware and software increase over time. Posting behavior in
the firmware area of the forum is much lower. This is reflected on in the discussion section.

Variable construction
In this section we statistically test the core hypotheses developed from the literature. These
concern two different behaviors. This first is how time spent in the community relates to inno-
vation. The second is how comprehensive product engagement relates to innovation. Table 2
provides descriptive statistics for the variables used. Independent variables are age in the com-
munity and comprehensive/non-comprehensive product engagement. Control variables are
calendar time, activity level of users, and whether a user is a moderator or developer. The
dependent variable is contribution to innovation.

Dependent variable. The dependent variable in the analysis is a binary variable, with 1
denoting a user who contributes innovation, and 0 denoting a user who does not. Contribu-
tion to innovation is measured by posting activity to threads in the category “Modifications
and Hacks,” where users can post and discuss their own or others’ system alterations. The
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Fig 2. User contributions by module. User contributions to different modules of the user forum (hardware, software, and firmware) are visualized using a bipartite
network graph. Level 1 is the user, level 2 the module, and a link signifies a user posting at least once during the time window. Patterns are visible between users who
post in one module (periphery), and users who post in multiple modules (core). Developers and moderators are demarcated, and are located in the core signifying posts
across multiple modules.

https://doi.org/10.1371/journal.pone.0321963.g002

dependent variable is constructed per monthly interval of age in the community, enabling the
tracking of user behavior over time. Users must post at least once to the category “Modifica-
tions and Hacks” to be counted; the threshold of 1 was chosen given any single post could be
of value concerning product innovation. While posts to the user forum can be understood
as constituting a spectrum of innovation and utility, creating a more fine-grained categoriza-
tion of posts on the basis of their value to innovation was empirically impractical, given the
subjective nature of how useful a particular post is for other users and the Ultimaker com-
pany. For example, contributing a new product idea may be either a significant contribu-
tion, or irrelevant depending on its utility. Even a failed idea could be useful for other users,
signaling that a direction for further product modification is not useful. Similarly, while
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Fig 3. Number of posts by module. The number of posts by module (hardware, software, and firmware) is visualized over time in the user forum. One can see a
substantial increase over time for the number of posts.

https://doi.org/10.1371/journal.pone.0321963.g003

agreeing or questioning a thread on a product innovation may appear to carry lesser weight
than a post proposing a modification, such assurances or queries could be the key to the mod-
ification’s success. As such, contributions to innovation as conceptualized as inclusive of core
and peripheral user innovation [32]. That is, a post within the category “Modifications and
Hacks” may contain a significant new product prototype or modification, or rather may con-
tain supporting information for the refinement of other user innovations [32]. Here we adopt
both types of contributions as valid instances of user innovation.

Independent variables. To study the first hypothesis, that of increased time in the user
community being positively associated to to a users’ contribution to innovation, we use age in
the community as a measure for time spent in the community. Age in the community is thus
the independent variable of interest, constructed by measuring each users’ age in the com-
munity at monthly intervals, starting from each users’ respective join date. Age in the com-
munity ranges from 0 to 40 months, meaning the maximum number of months a user has
spent in the Ultimaker forum is 40, and the minimum 0. In the models to follow, the variable
for age in the community is centered and scaled for computational reasons related to model
convergence.

PLOS ONE https://doi.org/10.1371/journal.pone.0321963 April 16, 2025 14/ 26

https://doi.org/10.1371/journal.pone.0321963.g003
https://doi.org/10.1371/journal.pone.0321963


ID: pone.0321963 — 2025/4/8 — page 15 — #15

PLOS ONE Unlocking innovation: the dynamics of user engagement in an open-source 3D printer community

Table 2. Descriptive statistics: users in the ultimaker community forum 2011-2015.
Total user posts 38,277
Level 1: User observations (monthly) 5,814
Level 2: Unique user IDs 2,423
Variables N Mean SD Min. Max.
Independent variables
Age in the community (scaled and centred) 5,814 .00 1.00 –.65 4.89
Age in the community (in months) 5,814 4.72 7.22 .00 40.00
Comprehensive/non-comprehensive
engagement

5,814 .23 .42 .00 1.00

Control variables
Calendar time (scaled and centred) 5,814 .00 1.00 –2.30 1.35
Calendar time (in months) 5,814 26.17 10.95 1.00 41.00
Activity level of users (scaled and centred) 5,814 .00 1.00 –.38 16.80
Activity level of users (unscaled) 5,814 6.58 14.67 1.00 253.00
Moderator/Developer (coded 1 for Moderator
or Developer; 0 otherwise)

2,423 .04 .19 .00 1.00

Dependent variable
Innovation contributors/non-contributors 5,814 .35 .48 .00 1.00
Notes: The data is structured with two levels, with level 1 being user posts within a monthly time interval, and level
2 being unique user IDs. Independent variables are age in the community and comprehensive/non-comprehensive
product engagement. Control variables are calendar time, activity level of users, and whether a user is a mod-
erator/developer. Contribution to innovation is the dependent variable. Variables are centered and scaled for
computational reasons of model convergence. 38,277 user posts are aggregated as 5,814 observations of users’
monthly behavior. For the statistical models we use two levels of data. Level 1 is monthly measure of innovation for
each user, and level 2 is the unique ID of each user.

https://doi.org/10.1371/journal.pone.0321963.t002

To study the second hypothesis, whether comprehensive product engagement leads to con-
tributions to innovation, a measure of whether each user is non-comprehensive or compre-
hensive during each monthly age interval is added as an independent variable. This is con-
structed as a binary variable, with 1 denoting a user who posts across more than one section
related to the system architecture (hardware, software and firmware), and 0 denoting a user
who posts in only one section, per monthly interval of age in the community. This approach is
related to the study of user contributions by system architecture [100]. If a user posts in mul-
tiple sections within one month, they are classified as comprehensive, and if a user posts in
only one section during a monthly time period, they are classified as non-comprehensive. The
results were checked for robustness to the time interval chosen by running the models with
time measured in weeks. As this did not significantly affect the results of the model, months
were chosen being less sensitive to a low post number per time interval. Given the average
number of posts for a user within a monthly time frame is 39, one can reasonably classify a
user who is posting every time in the same section within a month as non-comprehensive,
and in different sections within this time frame as comprehensive. The use of a monthly age
interval in the community enables the tracking of change in user behavior over time.

Control variables. Calendar time, user activity level, and the status of a user as a mod-
erator/developer versus general user are included as control variables. Calendar time is con-
structed as a continuous variable in monthly intervals. As discussed in the above section on
longitudinal trends, calendar time is added in order to clearly distinguish between changes
that are happening in the community over time from changes in user behavior resulting from
each individuals’ time spent in the community. Including calendar time in the models also
controls for unobserved events in the forum that may affect user behavior. Activity level,
an important measure in online communities [101] is a measure of the number of posts a
given user makes per monthly age interval in the community and controls for the effect of
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users who post infrequently as well as high posting users, that is, the heterogeneity of intrin-
sic activity levels for different users. Activity level also controls for unobserved socialization.
The status of a user as either a moderator/developer is as binary variable, coded 1 if the user
is designated as a moderator or developer in the forum, and 0 if the user is not. Developers
are employed by Ultimaker, and thus have different incentives in contributing to the forum.
Moderators are designated by the community and appear to be users that have high levels of
contribution and are recognized for their expertise [44]. The effect of both moderators and
developers is controlled for in order to focus the analysis on typical user behavior. In all mod-
els, calendar time and activity level are centered and scaled for computational reasons related
to model convergence.

Model specification
A key concern for studying both hypotheses is the need to distinguish between the longitu-
dinal trends occurring in the user community versus changes occurring in individual behav-
ior over time. A regression-based approach can statistically test our hypotheses and accom-
modate the distinction between longitudinal community trends and individual behavior. To
address this we use a hierarchical generalized linear model for repeated binary response data
[102]. Model choice is motivated by the multilevel nature of the data, as users often make
multiple posts and should not be treated independently. More specifically, a logistic model for
binary data is appropriate because the dependent user behavior in each time period is coded
as 0 or 1 as described above. In all models, random intercepts are included for each user ID
to account for interdependence of observations. Level one of the model constitutes obser-
vations of users per age interval in the community, totaling 5,814 observations. Level two of
the model constitutes unique user IDs, totaling 2,423. We thus model 5,814 observations of
2,423 unique users in the Ultimaker forum over the period of 2011-2015. A logistic random
intercept model is estimated, expressed in the following form:

logit(Pij) = 𝛾0 +
r
∑
h=1

𝛾hxij +U0j (1)

The model expresses the log-odds, or logit of Pij, as a sum of a linear function of explana-
tory variables. Pij is the probability of contributing innovation for time window i and user j.
In all models, 𝛾0 denotes the model intercept; xij denotes explanatory and control variables
for each time window i for user j, summed to r for the number of variables in the model. 𝛾h
denotes the coefficient fit for each variable h to r. We now proceed with fitting the model to
the empirical data.

Results
Table 3 summarizes the results of modeling the effect of age in the Ultimaker community on
the likelihood of contributing innovation, as well as the relationship between comprehensive
product engagement and contribution to innovation. The results are organized to first provide
a baseline control (Model 1) before introducing each independent variable (Models 2 and 3).
The final model (Model 4) combines all variables of interest with the complete controls. All
models were tested for potentially influential observations (using Cook’s distance) or prob-
lematic multicollinearity of the variables. Neither of these issues were found to significantly
affect the results.

Regarding the empirical results, we see in Model 1 that the activity level of users is a signif-
icant control (coefficient estimate of 2.153 and p-value < .001) and continues to be significant
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Table 3. Hierarchical logistic regression predicting the effect of age in the Ultimaker community and
comprehensive product engagement on the likelihood of contributing innovation, 2011-2015.

Model 1 Model 2 Model 3 Model 4
Coefficient S.E. Coefficient S.E. Coefficient S.E. Coefficient S.E.

Age in the community – – 0.402*** (0.065) – – 0.399*** (0.063)
Comprehensive
engagement

– – – – 1.56*** (0.130) 1.550*** (0.129)

Calendar time control –0.025 (0.059) –0.291*** (0.073) 0.023 (0.056) –0.214** (0.068)
Activity level of users 2.153*** (0.154) 2.160*** (0.148) 1.321*** (0.144) 1.351*** (0.144)
Moderator/Developer 2.223* (1.005) 1.681 (0.905) 1.544 (0.851) 1.109 (0.822)
Constant –2.269*** (0.302) –1.877*** (0.196) –2.303*** (0.176) –2.071*** (0.154)
Deviance 5682.5 5644.6 5533.5 5493.3
Note: This table provides estimates from hierarchical generalized linear models for repeated binary response data,
estimating the likelihood of contributing innovation. The dependent variable across all models is a binary measure
of user contribution to innovation in a given time period (1 denoting contribution). Regressors are age in the com-
munity and comprehensive engagement with the product. All regressions control for calendar time, activity level of
users, and whether the user is a moderator/developer. Model 1 is the baseline control model. Model 2 tests for the
effect of age in the community on the likelihood of contributing innovation, model 3 tests for the effect of compre-
hensive product engagement on contributing innovation, and model 4 includes both explanatory variables. In all
models, random intercepts are included for each user ID. N=5,814 monthly observations nested in 2,423 unique user
IDs. Standard errors are in parentheses. *p < .05, **p < .01, ***p < .001 (two-tailed tests).

https://doi.org/10.1371/journal.pone.0321963.t003

across all models. The variable for moderator/developer is marginally significant in Model 1
(p < .05) but does not remain significant in Models 2-4 when the key explanatory variables
are introduced. Calendar time is not statistically significant in Model 1, but is significant
in later models (Model 2: p-value < .001 and Model 4: p-value < .01) when the variable for
age in the community is included. This suggests that the variables for age in the community
and calendar time are capturing distinct temporal mechanisms as suggested in the variable
descriptions.

Recall that Hypothesis 1 regards the effect of time spent in the user community on con-
tribution to innovation. In order to judge the empirical support for Hypotheses 1, we focus
on the results fromModels 2 and 4 because they include the variable for age in the commu-
nity. We see that age in the community has a positive coefficient and significant p-value in
both models (Model 2: coefficient estimate 0.402, p-value < .001; Model 4: coefficient estimate
0.399, p-value < .001). This provides empirical support for the first hypothesis that increased
time spent in the community is positively associated with a user’s contribution to innovation.

These results are also presented visually in Fig 4, where each data point represents a mea-
sure of a user as either a contributor or non-contributor to innovation per monthly age inter-
val in the forum. Vertical jitter is added to the data points around 0 and 1 to make the results
more interpretable. The figure helps us visualize the relative density of data points, as contrib-
utor or non-contributor, as the user ages in the community. The positive relationship is evi-
denced by fitting a logistic curve to the likelihood of contributing to innovation according to
age in the community.

Recall that Hypothesis 2 regards the effect of comprehensive engagement on contribu-
tion to innovation. To judge the empirical support for Hypothesis 2, we focus on the results
fromModels 3 and 4 as they include the variable for comprehensive engagement. We see
that comprehensive product engagement has a positive coefficient and significant p-value in
both models (Model 3: coefficient estimate 1.560, p-value < .001; Model 4: coefficient esti-
mate 1.550, p-value < .001). This provides empirical support for the second hypothesis, that
users who engage more comprehensively with their product by posting across sections of the
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Fig 4. Likelihood of contributing to innovation according to age in the community. The relationship between contribution to innovation and
age in the community is visualized by fitting a logistic curve to the data, with data points representing a measure of a user as either a contributor
(1) or non-contributor (0) to innovation. We can observe a positive slope to the curve, indicating that the proportion of users who are contributing
innovation rises over time with age in the community.

https://doi.org/10.1371/journal.pone.0321963.g004

user forum associated with different parts of the 3D printing system, are more likely to also
contribute to innovation.

Model 4 allows us to view the effect of both explanatory variables in the same model.
Model 4 indicates that both age in the community and comprehensive product engage-
ment have a positive relationship with contribution to innovation and are both positive at a
p-value of < .001. This suggests these variables are capturing distinct aspects of a user’s prod-
uct knowledge. It is also evident in Model 4 that being a moderator or developer does not
appear to relate to the likelihood of contributing innovation. This clarifies that users, rather
than firm employees or designated moderators, are the primary contributors to innovation in
the Ultimaker user forum.

Discussion
The first finding of this study is that the more time a user spends in the user community, the
more likely they are to contribute to innovation. This supports hypothesis one. This means
that users, inclusive of typical and lead users, can be viewed as potential sources of innovation
that firms may want to cultivate over time through a hosted user community. This finding
for the user community can be consistent with a range of different underlying mechanisms
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that we can associate with individual users, such as users accumulating knowledge from their
profession or learning about related technology [15,29,30], or being influenced by their peers
in the community [59]. A particularly compelling mechanism at the individual level is that
as users spend more time in the user community, and their experience with the product
increases, their understanding of their own user needs also increases. Greater product engage-
ment and needs awareness have been linked to an increased likelihood of contributions to
innovation [33]. This accords with the support found for hypothesis two, that more compre-
hensive product engagement leads to contributions to innovation. Comprehensive product
engagement, measured by looking at the extent to which a user is interacting with multiple
components of their 3D printer, is found to be positively associated with contributions to
innovation. This suggests that a more holistic, or integrated understanding of a product leads
to a greater likelihood of making contributions to innovation. As such, this study adds further
support for the idea that accumulated product experience over time is positively associated
with innovation [12,15]. These findings offer a theoretical contribution to the study of user
innovation by complementing the focus on user attributes with the behavior of a user com-
munity over time. Our study thus provides an important step in moving towards a more holis-
tic approach that integrates the temporal evolution of user behavior with heterogeneous user
attributes. Nonetheless, when interpreting the data one should be aware of the limitations of
assuming causality in the observed relationships.

At a practical level our findings suggest the importance of accounting for the potential of
users to contribute innovation with time spent in a community. Developing a comprehen-
sive understanding of how use-related knowledge may help or inhibit innovation is critical to
avoiding the risk of overlooking certain segments of the user community as potential sources
of innovation. While identifying lead users with specific knowledge and capabilities has inno-
vation benefits [3,6], so too does ensuring users remain engaged in a community over time.
A prime implication is the importance of user retention in firm-hosted user communities.
It is important to create meaningful and ongoing value to a broad base of users, as many of
these may emerge as user-innovators given enough time and experience with their product.
This may be particularly pertinent to open-source products, where the right to freely mod-
ify and adapt products for user needs is enjoyed by users. In facilitating users to engage with a
host firm over time, the design of the community forum is paramount. Providing a dedicated
section for modifications and hacks encourages users to engage in this subject, channeling
community interactions inclusive of those with the host firm on product innovation. While
providing a platform for community interaction on product innovation, it also enables the
host firm to more easily capture useful contributions to innovation.

A further contribution of this research is based on the empirical setting itself, where user
innovation is studied as it relates to an open-source physical product. By studying the dynam-
ics of an open-source hardware community, this work contributes to a better understanding
of the role that user innovation plays in the broader open innovation landscape beyond soft-
ware [22]. Our study complements the study of communities sharing 3D printable designs
[89–94] with a focus on user innovation related to 3D printer hardware and engagement
across hardware, software, and firmware modules. More specifically, our study provides
insight into the phenomenon of users beginning their engagement with a product by first
focusing on areas like machine set-up and troubleshooting, and over time evolving their
engagement to focus on contributions to hardware innovation. In the case of Ultimaker, this
is facilitated by access to hardware blueprints as well as software and firmware source code.
This is significant given that most studies of user innovation in an open-source environment
have focused on software, with the majority of studies of physical goods being limited to those
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that are proprietary in nature. While the dynamics between users and manufacturers are sim-
ilar to traditional examples of user innovation, given that the manufacturer produces and
sells the good, and the user modifies or hacks it, the users have access to the source code and
blueprints of the entire product architecture, and are actively contributing modifications at
that level. The contributions of user innovators in this product environment thus constitute a
boundary case between user innovation in traditional physical goods and open-source soft-
ware. Our study underlines the need to add greater nuance to the study of user innovation
in open-source communities, considering a variety of organizational arrangements between
firms, a user communities, and user-producer communities that share a common interest in a
products’ development.

Future research
When using observational data of user contributions over time it would be beneficial to have
additional controls, such as user experience or expertise prior to their participation in the
user forum. This would strengthen the interpretation of the results in this study, as well as
allow the integration of user traits and characteristics with the temporal evolution of user
behavior. This would enable one to study patterns of contributions to innovation over time
for different user types or characteristics, perhaps uncovering different temporal signatures.
More specifically, an important research question is the extent to which the characteristics of
users, such as their traits, status, and knowledge [7], drive contributions to innovation in a
user forum over time. Further study is also suggested to directly test the theoretical mecha-
nisms underlying the positive relationship found between time spent in the user community
and contributions to innovation. A more causal interpretation of the data could be enabled by
randomizing the explanatory variables of interest. This would clarify whether experience with
the product is an important mechanism as suggested. With this further understanding, firms
could be more purposeful in how they cultivate and engage with different types of users over
time, with benefits both to the firm and the user community. An important area is the consid-
eration of potential feedback loops between user contributions to innovation, firm adoption,
and user engagement [? ].

Online forums are a dynamic space where user behavior is constantly evolving. Given our
data is from 2011-2015, we interpret the behavior in the context of standard online behavior
at that time. Further research into the dynamics of online communities over the past decade
would enrich the findings and conclusions of this study. Analyzing subsequent innovations in
the Ultimaker community after 2015 could further validate the generalizability of the findings.
Moreover, in this study user innovation is only explored in the context of hardware modifi-
cations and hacks. This is due to empirical data availability, where the user forum does not
constitute a place for sharing software modifications. These limitations should caution wider
generalizability. As a topic for future research, a broader exploration of user innovation in the
Ultimaker product ecosystem could include software and firmware user-developer communi-
ties. Specific questions include whether there is an overlap between user innovators in hard-
ware, and user-developers in software and firmware, as well as the extent to which these dif-
ferent communities exhibit different behavioral patterns. Further empirical study is needed to
understand how user communities, user-producer communities, and the firm interact when it
comes to software, hardware, and firmware innovation and integration, as these involve both
digital and physical materiality [86] as well as different development processes and product
interfaces. This is evidenced by the differing patterns of user contribution to firmware, ver-
sus hardware and software, in the Ultimaker user forum. Specific research questions include
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the extent to which physical materiality alters the nature and extent of user innovation in inte-
grated physical-digital product ecosystems. Products such as 3D printers provide an oppor-
tunity to explore how the development and integration of both physical and digital goods
components takes place in an open-source environment.

This paper supports the need for further research into the development of innovation
behavior in user communities while also signalling the importance of advancing user innova-
tion scholarship in the domain of open-source goods production [17]. More specifically, key
questions remain on the relationship between user communities, user-producer communities,
and the firm regarding product innovation in open-source physical goods. Greater under-
standing is needed in how the firm that produces the final product works with extended user-
producer communities and their user community, and adopts product innovations advanced
by both. In-depth community analysis could also reveal the role of embedded lead users [103]
in both user-producer and user communities, the roles and behaviors of members that span
these communities, and those that focus their time and attention in only one. Research is
also needed into the motivations for occupying different community roles such as forum
moderators, and the impact this may have on product innovation.

Finally, the empirical setting of open-source physical goods also opens possibilities of
studying instances of user entrepreneurship, where companies are started by users of the
product [104]. The question of how user entrepreneurship relates to the choice of an open
source versus proprietary development path is interesting given the contrasting examples of
Ultimaker and other 3D printer models on the market [89]. The question of whether user
entrepreneurs choose to keep their product open, or whether they patent or restrict infor-
mation for future product development, offers considerable prospects for furthering research
into the costs and benefits of adopting open-source models of production.
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