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INTRODUCTION 

We focus on the design and implementation of a makerspace 
aimed to provide users with experience that is relevant to in-
dustrial and manufacturing processes. This makerspace would 
assist in training and exposing engineering students to state-
of-the-art equipment which they are likely to encounter in in-
dustry. The industrial bent affects the selection of equipment 
and physical space layout, and guides the academic depart-
ments in integrating the makerspace into their curricula. We 
use the NJIT’s new academic makerspace in Newark, NJ to 
exemplify the industry-oriented makerspace and discuss the 
makerspace design choices. 

1. THE EMERGENCE OF MAKERSPACES 

Makerspaces in academia are of great current interest.  One 
way to measure this interest is to look at the number of schol-
arly articles published on makerspaces over time. While not 
an exact measure, the number of articles that include the term 
“Makerspace” in the title, as reported by the on-line service 
Google Scholar, provides a clear view of the trend (see Fig. 
1). To gauge interest in makerspaces within the engineering 
education community, we observe that the first ASEE confer-
ence article that mentioned ‘Makerspace’ in the title was pub-
lished in 2014, and was the only such article that year. In 
2015, the number of ASEE conference articles with ‘Mak-
erspace’ in the title grew to 23, and in 2016 to 48 (source: 
peer.asee.org). 

The term 'makerspace' does not have a universally agreed-
upon definition, but most makerspaces would conform to a 
definition that includes the following elements: a workspace 
for people with common interests; a community that occupies 
the space and engages in collaboration; an opportunity for 
space users to work on individual as well as joint projects;  
exchange of ideas between users, including cross-disciplinary 
collaborations; accommodation of open-ended and self-
driven projects; availability of equipment (low-tech and high-
tech), tools, machinery, computers, imaging devices, and 
other resources; and opportunities to build and test models 
and prototypes. Makerspaces require organizational infra-
structure that allow for safe, secure, and economical opera-
tion, training, space and equipment maintenance, and equip-
ment renewal.  

The emergence of makerspaces is tied to several trends – tech-
nical, economic, political, and social. 

On the technical and economic side – we observe over the last 
15 years the proliferation of software and algorithmic support 
focused on relative 'novices'. This development allowed large 

new audiences to engage in activities that required in the past 
highly trained subject-matter experts.  Areas that were af-
fected include animation [32], music production [15], 3D 
modeling [20], computer vision [17], robot design [11, 31], 
and home design [7]. At the same time, many machine shop 
functions that required 'hard tooling' were complemented and 
sometimes replaced by 'digital tooling' – for example in the 
operation of Computer Numerical Control (CNC) machines 
[6]. 

Additive manufacturing or 3D printing [5] is arguably the area 
which has contributed most to the expansion and appeal of 
makerspaces. While the technology has been available in var-
ious forms since the 1980s, its potential and applications have 
expanded significantly in the last decade. The availability, op-
erability, cost of equipment, and operational expenses of 3D 
printers have improved to the point that they are now within 
the reach of wide audiences, including small machine shops, 
schools, libraries, museums, and even individuals. Moreover, 
there still is potential for expansion of the role of 3D printing 
in areas such as metalworking [10], and in multiple applica-
tion areas. 3D printing is used in makerspaces to build parts 
for electromechanical devices (e.g., robots), models, proto-
types, enclosures, educational devices, and a variety of other 
uses and applications. It also serves to excite potential users 
and students about technology in general and makerspaces in 
particular. 

Makerspace are also the product of emerging social trends and 
changes in educational policies. They are tied to the emer-
gence of the Maker Movement [9], a popular grassroots 
movement that galvanized in the early 2000s. The term 
"Maker Movement" [13] "refers broadly to the growing num-
ber of people who are engaged in the creative production of 
artifacts in their daily lives and who find physical and digital 
forums to share their processes and products with others.” 
Chris Anderson [2] distinguishes between the maker move-
ment and tinkerers, inventors, and entrepreneurs of prior eras 
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by referencing three key characteristics: (1) the use of digital 
desktop tools, (2) a cultural norm of sharing designs and col-
laborating online, and (3) the use of common design standards 
to facilitate sharing and fast iteration. Mark Hatch proposes a 
“Maker Movement Manifesto” that describes makers’ activi-
ties and mind-sets organized around nine key ideas: make, 
share, give, learn, tool up (i.e., secure access to necessary 
tools), play, participate, support, and change. Like Anderson, 
Hatch highlights the importance of the construction of physi-
cal objects as a feature of the maker movement that makes it 
distinct from the earlier computational and Internet revolu-
tions." [13]. 

The introduction of makerspaces in multiple communities in 
the early 2000s coincided with intensive discussions on cur-
riculum within the engineering education community (mostly 
in the United States). These revealed a widely-held need to 
change the experiences provided to engineering students by 
providing and enhancing the design experience and hands-on 
components of the curriculum (e.g., [8, 22]). The starting 
point was the recognition that engineering education has 
shifted significantly after World War II – from the earlier em-
phasis on practical knowledge and industrial relevance to a 
more scientific and research-focused curriculum. While the 
1990s have seen some shifts toward engineering design (last-
year 'capstone' design projects; first year design projects; la-
boratory experience throughout the curriculum), there is still 
considerable pressure on engineering departments to 'swing 
the pendulum' further toward practice and design. Project 
based learning [8] was highlighted as one approach to imple-
ment this desired shift. Makerspaces are increasingly recog-
nized as another principal vehicle for implementing the en-
hanced design component of the engineering curriculum [34]. 

2. MAJOR TYPES OF MAKERSPACES 

The landscape of makerspaces is still evolving, but it is pos-
sible to recognize several varieties among the facilities that 
use 'makerspace' in their name.  A popular categorization is 
into Fablabs, Hackerspaces, TechShops and Makerspaces 
[28]. We use here a different categorization, based on the type 
of users and owners, namely: (1) Communal makerspaces; (2) 
Academic makerspaces; (3) Library and museum mak-
erspaces. 

COMMUNAL MAKERSPACES (SMALL AND LARGE-
SCALE FACILITIES) 

Principal Users: subscribers to the makerspace (individuals 
and/or corporations)  
Owner: varied models, including a cooperative of users, a 
nonprofit parent organization, an incorporated nonprofit 
makerspace organization, or a commercial corporation  

Communal makerspaces come in a large number of varieties 
and models – for a partial list of communal makerspaces see 
[25] and [18] (the list in [18] includes more than 2000 facili-
ties). Most communal makerspaces use a subscription model 
and may charge separately for training, workshops, and mate-
rial.  Some are associated with incubators for startups and may 

be run by local government. Others are extensions of mak-
erspaces run by schools or libraries. Some are nonprofit or-
ganizations that include fundraising as a charitable organiza-
tion and applications to foundation grants as part of their eco-
nomic model. 

Within the communal makerspaces, we distinguish large scale 
operations (and chains of makerspaces) with more than $2M 
worth of equipment per location. These organizations offer 
advanced machine shop and fabrication facilities, as well as 
associated classes and training. They are often involved with 
workforce training and, in addition to individuals, have com-
mercial corporations as customers and members. Examples in 
the United States are the TechShop chain (www.techshop.ws) 
and Idea Foundry (www.ideafoundry.com).  

ACADEMIC MAKERSPACES 

Principal users: students and instructors in a single col-
lege/university 
Owner: college/university 

In 2015 Barrett at al. [3] identified makerspaces in 40 of the 
127 universities that were among the "top 100" (actually 127) 
universities in the 2014 "Best Undergraduate Engineering 
Programs Rankings" of the magazine US News and World 
Report. The makerspace technologies that Barrett et al. re-
viewed included 3D Printers, Laser Cutters, Wood Shop, 
Metal Shop, Electronics, Textile, Computers, and White 
Boards. Almost all universities whose makerspaces were cov-
ered offered 3D printing and more than half offered laser cut-
ters. The review did not include Computer Numerical Control 
(CNC) machines, which are increasingly popular in academic 
makerspaces (e.g., [1]).   

Our own visits to academic makerspaces revealed significant 
diversity in the way they are organized and administered. 
Some makerspaces were highly integrated into the academic 
curriculum, becoming part of formal classes and laboratories 
and used in last-year 'capstone' design activities. Others were 
used primarily by self-organized groups of faculty and stu-
dents, emphasizing entrepreneurship. Some makerspaces 
were dominated by user clubs and communal student activi-
ties while others served more like extended machine shops. 
There is also great variety in sizes and personnel -- from a 
single class-room size facility with several 3D printers and 
drilling machines, to multi-story buildings staffed by profes-
sional supervisors and equipped with advanced metrology 
equipment and machinery.  

We are especially interested (see section 4) in industry-ori-
ented makerspaces that provide students with access and ex-
perience that parallel the experience of practicing engineers 
in industry. 

LIBRARY AND MUSEUM MAKERSPACES  

Principal users: patrons of library/museum 
Owner: library/museum 

Makerspaces in libraries and museums have been developed 
over time as patron services. 



 

 

Library makerspaces. Burke [4] reports on a 2013 survey that 
received responses from of 109 libraries, about half of them 
(51%) public (36% were academic libraries). Close to half of 
the library makerspaces surveyed (46%) were less than one 
year old. The list of most common technologies and activities 
in library makerspaces was led by computer workstations; 3D 
printing; photo editing; video editing; and computer program-
ming/software. Unlike the other types of makerspaces, the tar-
get audience is pre-university students, mostly 8-18 years old. 

Museum makerspaces. Most other types of makerspace have 
a core group of users who work in the makerspace periodi-
cally over months and sometimes years. Museum mak-
erspace, on the other hand, have more transitory clientele. 
Visitors rarely come back for a second visit, or, if they do 
come again it is after several weeks. Users spend a limited 
time in the facility during a typical visit [30]. 

In 2016, the New Media Consortium (NMC) and Balboa Park 
Online Collaborative (BPOC) published a "Horizon Reports" 
focused on museums [26]. The report states that museums are 
"increasingly creating dedicated makerspaces where visitors 
can act on their ideas and engage more deeply with artistic 
and scientific concepts and media." The "time-to-adoption 
horizon" of makerspaces by libraries was considered by the 
report's authors to be one year (an “immediate opportunity” 
for libraries). The top technologies mentioned as offered by 
museum makerspaces were 3D printers, laser cutters, and 
computers. 

We are not aware of a comprehensive study of makerspaces 
in museums. Oats [27] reviews US National Science Founda-
tion (NSF)-supported initiatives in the Exploratorium (San 
Francisco, CA); the Science Museum of Minnesota; and the 
New York Hall of Science [24]. Many museums across the 
United States "have developed spaces aligned with the maker 
movement and have taken part in programs and events such 
as Maker Faires" [27]. 

3. THE INDUSTRY-ORIENTED MAKERSPACE 

We focus on industry-oriented makerspaces in academia, 
which aim to acquaint students with industrial processes, as 
well as industrial-grade training, equipment, and operation 
procedures. In addition to the equipment suite owned by the 
common academic makerspace, industry-oriented mak-
erspaces also include high-end manufacturing equipment, in-
dustrial precision metrology equipment, industrially focused 
software, and other items commonly found in manufacturing 
and production settings. The availability of these elements al-
lows students to learn skills beyond prototyping; gain expo-
sure and comfort with industrial equipment; and build proto-
types and products with improved precision and more chal-
lenging specifications. Additionally, industry-oriented mak-
erspaces expose users to common organizational and safety 
paradigms found in industry such as 5S and lean manufactur-
ing. 

A major objective of developing the industry-oriented mak-
erspace is to assist students, graduates, and the university 
community in addressing and becoming an influential part of 

the changing landscape of manufacturing. There is an ongoing 
debate in many parts of the world, and certainly in the United 
States, about the future of production and manufacturing (e.g., 
[33]). With more than 12 million people employed in manu-
facturing in the United States, generating a quarterly output 
(nominal GDP Q3 2016) of $2.2 trillion, the manufacturing 
sector is of great significance for the engineering sector. This 
importance is underlined by the recognized impact that auto-
mation, computer technology, and networking have (and will 
continue to have) on manufacturing, and on competitiveness 
in manufacturing. 

4. EQUIPMENT FOR THE INDUSTRY-ORIENTED 
MAKERSPACE – CNC EQUIPMENT EXAMPLE 

The equipment found in industry-oriented makerspaces 
should be representative of equipment found in industrial 
manufacturing settings. The CNC example is instructive. 
Many academic makerspaces operate low-end computer nu-
merical control (CNC) equipment. It is useful for prototyping 
projects in softer materials and at slow speeds. It provides use-
ful capabilities for prototyping, the barriers to use are low, the 
equipment provides an easy starting place, and it helps stu-
dents become comfortable in operating automated equipment 
[1]. However, the capabilities of low-end equipment limit the 
industrial applications – equipment of this nature is not typi-
cally found in industrial settings. Industry-oriented mak-
erspaces should therefore expand to include industrial-grade 
counterparts. 

A case in point is the CNC milling machine. An academic 
makerspace typically includes one or multiple low-end CNC 
routers, such as the Carvey Desktop CNC by Inventables 
(www.inventables.com), OtherMill Pro by Other Machine 
Co. (www.othermachine.co), or the BoXZY by KinetiGear, 
LLC. (www.boxzy.com). The aim of offering such machines 
is "to bring CNC machining to the masses via an easy to use, 
cloud based interface housed in an initially uncomplicated 
machine" [21]. These low-cost yet capable machines allow 
students to cut and carve woods, plastics, and possibly soft 
metals like aluminum; they require little prior knowledge to 
setup and are very safe. Using such machines, students can 
learn the basics of loading a 3D model into CAM software, 
holding a work piece in a machine, setting up tools, and cut-
ting a part. 

Several makerspaces increased their capabilities by adding 
CNC equipment such as a Tormach Personal CNC mill 
(www.tormach.com), a Roland MDX-540 
(www.rolanddga.com), or a Knee Mill converted for CNC op-
eration. Such equipment has additional features which typi-
cally enable the machines to cut more challenging materials 
and at higher speeds. However, using these machines require 
that students learn more software and be familiar with the ba-
sics of material cutting parameters, work holding, and CAM. 
Mills of this kind are suitable for small shop spaces and occa-
sionally are found in industrial settings. 

Industry-oriented makerspaces may take an additional step 
and install equipment like the Vertical Machining Center 



 

 

(VMC) (manufactured by DMG Mori, Doosan, Haas, Har-
dinge, Hurco, Makino, Mazak, Okuma, and Toyota among 
others). VMCs are representative of milling equipment found 
in industrial plants. These machines allow for the creation of 
production quality parts in a vast assortment of engineering 
materials with the accuracy and precision of production level 
equipment.  In order to operate them, students will need to 
master first the skills learned while operating lower-end 
equipment, have professional supervision, and receive addi-
tional VMC-focused training. Using VMCs, students would 
understand better how real-world parts are built, and are af-
forded the ability to increase their skill arsenal with produc-
tion capable machinery. 

4.1 FROM PROTOTYPING TO PRODUCTION – EQUIPMENT 
AND METROLOGY 

The increased capabilities of industry-oriented makerspaces 
enable more ambitious educational objectives. They allow fo-
cus on production in addition to prototyping. This focus on 
production takes advantage of industrial-grade equipment for 
example: injection molding presses, automation robotics, au-
tomatic electronics assembly equipment, automated measure-
ment equipment, and process control equipment.  

An area which in our observation is sometimes underempha-
sized in academic makerspaces is metrology. In our visits to 
academic makerspaces, we sometimes found well-developed 
spaces with substantial capabilities to build and prototype de-
vices and sub-systems, but less sophisticated capabilities to 
measure precisely and verify what has been built. Industry-
oriented makerspaces with advanced metrology capabilities 
(e.g., CMM and Optical Measurement) promote the under-
standing and use of industrial standards for metrology. They 
do so through training on metrology (including measurement 
errors, measurement uncertainty, and measurement stand-
ards), and teaching and maintaining standards of calibration 
and traceability (e.g., [23]) 

4.2 EXAMPLE: THE NJIT MAKERSPACE 

The NJIT Makerspace is a state-of-the-art industry-oriented 
makerspace with equipment ranging from small 3D printers 
to large 5-Axis machining centers; workspaces range from 
small collaborative areas to large industrial prototyping 
spaces. 

4.2.1 LAYOUT AND FUNCTIONAL OUTLINE 

Fig. 2 and Fig. 3 show the first and second floor layout of the 
NJIT Makerspace labeled with its functional areas. The facil-
ity is 22,000 sq. ft. comprised of spaces ranging from light 
duty collaborative areas to industrial shop space. The first 
floor contains primarily industrial equipment while the se-
cond floor contains lower capability yet more accessible 
equipment and collaboration spaces.  

4.2.2 COMPLEXITY-BASED PHYSICAL ARRANGEMENT  

The NJIT Makerspace is divided into two levels: (1) an intro-
ductory/intermediate project area and (2) an advanced project 

 
Fig. 2 First Floor Layout of the NJIT Makerspace 

 
Fig. 3 Second Floor Layout of the NJIT Makerspace 

area, which provides more advanced industry-oriented equip-
ment. 
The introductory/intermediate project area is located on the 
second floor of the facility (Fig. 3) and allows users to engage 
in prototyping projects through open access to a broad range 
of equipment with low usage barriers. Students build concep-
tual prototypes and explore the initial phases of the creative 
and engineering design cycles. This area includes open access 
to a wide range of hand tools, power tools, and common me-
trology instruments, along with equipment for CO2 laser cut-
ting, FDM and stereo lithography 3D printing, desktop CNC 
routing and milling, printing, CAD, basic wood shop, and 
electronics soldering and test and measurement equipment. 
This level includes open and private collaborative spaces for 
group work, and project storage. 
The advanced project area is located on the first floor of the 
facility (Fig. 2) and provides increased industrial and preci-
sion metrology capabilities, giving users the ability to create 
prototypes and test products with the actual technologies used 
in a production environment. This area differs from a tradi-
tional shop environment in its proximity to the introduc-
tory/intermediate project area and its emphasis on collabora-
tive learning and community. Students are encouraged to 
learn, share knowledge, and receive training on the use of 
equipment. In addition to dedicated staff for training and su-
pervision, students who have demonstrated a mastery of skills 
are encouraged to become peer mentors who help members of 
the makerspace community learn and utilize the equipment. 
The advanced project area provides open access to a wide 
range of tools (access is restricted for specific tools and equip-
ment) including power tools, and metrology instruments; CO2 



 

 

and fiber laser cutting and marking; metal, FDM, stereo li-
thography, selective laser sintering, multi-material, and large 
format 3D printing; 3, 4, and 5-Axis CNC milling; Y-Axis 
CNC turning; manual milling and turning; large format CNC 
table routing; 5-Axis water jet; wire EDM; Industrial metrol-
ogy with scanning CMM, optical measurement, acoustic 
measurement, 3D laser scanning, and vision inspection; TIG, 
MIG, and stick welding; injection molding; and automated as-
sembly for electronic PCBs. 

4.2.3 ELECTRONICS PRINTED CIRCUIT BOARD DESIGN 
COURSE 

We provide a case study on the integration of some manufac-
turing equipment from NJIT’s industry-oriented makerspace 
into an electronics Design for Manufacturing (DFM) course 
in Engineering Technology. Electronic design for manufac-
turing encompasses a wide range of subjects, in this course 
we focus on the knowledge and skills needed for a student to 
take an electronic design from a schematic to a production 
ready printed circuit board and associated CAD package. 

The NJIT Industrial Makerspace contains a fully equipped 
low volume production and prototyping facility for surface 
mount and through-hole printed circuit boards. The following 
equipment and software is utilized in the course: Altium De-
signer electronics CAD package, a multi-layer PCB prototyp-
ing system, a manual stencil printer, a manual pick-and-place, 
an automatic pick-and-place, and a 3-zone conveyor style re-
flow oven. 

In the course, students learn the typical design cycle of a pro-
duction printed circuit board beginning with schematic cap-
ture. Students implement a schematic from a reference design 
and are taught to use simulation and verification tools to ver-
ify their implementation. 

Next, students are introduced to the PCB design process, PCB 
design rules, and design parameters for production PCBs. Stu-
dents implement a simple PCB from a reference design in the 
CAD software and fabricate the PCB using the Makerspace’s 
multi-layer PCB prototyping system, manual pick-and-place, 
and reflow oven. 

At this point, students have learned to design and prototype a 
simple PCB for testing purposes. Next, the course focuses on 
the design and implementation of a PCB for production and 
teaches fundamental production knowledge and best practices 
in electronics DFM. 

Students are introduced to the following major topics relating 
to DFM for electronic PCBs: bill-of-materials, engineering 
change orders, reference designators, panel and board fiduci-
als, board panelization and tooling, stencil design for single 
and double-sided boards, reflow profiles and processes, board 
depanelization methods, PCB testing methods, IPC standards, 
PCB assembly strategies, assembled PCB testing methods, 
solder types and properties, PCB mechanical considerations, 
and more.  Students are then required to build a complete 
CAD package which specifies the manufacturing of a panel-
ized PCB, the population of components on the PCB, and the 

testing and verification procedures for the bare and assembled 
PCB. They are graded on the completeness and accuracy of 
their CAD package. 

Lastly, students will physically produce their completed de-
signs using the Makerspace’s low volume production line 
which includes a stencil printer, automatic pick-and-place, 
and reflow oven. To streamline the process students are re-
quired to design a product within a given set of parameters 
and can only choose parts from a specified list of components 
which are setup on the pick-and-place. 

The use of industrial fabrication and assembly equipment and 
the emphasis on completing a design from prototype to pro-
duction ready is enabled by the use of the Makerspaces indus-
trial equipment. This adds tremendous value as students leave 
this course ready to enter the PCB design and production in-
dustry with actual hands on experience using production level 
equipment. 

Overall, the inclusion of relevant manufacturing equipment in 
NJIT’s industry oriented makerspace serves a broad purpose, 
it enables the prototyping of high end systems by the mak-
erspaces users, it exposes students to relevant industry equip-
ment, and it allows for training and course work using indus-
trial equipment. This broadens our ability to educate students 
on industrial topics and expands what our students are able to 
learn and do at the university. 
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