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INTRODUCTION 
Makerspaces are designed to enhance creativity and deepen 
learning by engaging students in fun, meaningful and 
open-ended hands-on projects. Equipped with prototyping 
tools and stock materials, these spaces are often effective for 
individual or small group exploration and making.  As stu-
dents participate in these projects, they discover the chal-
lenges and non-linear nature of product ideation, design and 
development – as a result, experiential learning occurs.  
There is an ongoing effort to augment or redesign traditional 
courses and learning using makerspaces. Deploying high 
quality, hands-on experiences in a makerspace for large en-
rolment courses can be more challenging from a time, mon-
ey and space resource standpoint. These courses often need 
to be redesigned to ensure the “makerspace” and learning 
experience is both effective and meaningful.  
The University of Massachusetts Lowell Introduction to 
Mechanical Engineering course has undergone an iterative 
redesign for deployment in our newly commissioned mak-
erspace. The course enrollment is large: 160 students in the 
fall semester and 50 students in the spring semester.  The 
laboratory component of this course is deployed in 9 x 
2-hour sections of less than 20 students. The aim is to pro-
vide a hands-on design-program-prototype experience cen-
tered on computer numerical controlled (CNC) technology1. 
Initially, hobbyist desktop CNCs were deployed to provide 
hands-on milling experiences. The students used these CNCs 
to create molds in machinable wax and then cast silicone or 
paper mache in the molds [1,2]. The next major course de-
sign iteration was to allow students to design, prototype and 
program their own autonomous, multi-axis CNC machines 
[3]. To do this, we developed a Modular CNC Block (Figure 
1)[4,5] that enables freshman mechanical engineering stu-
dents to easily build and program their own autonomous, 
multi-axis, linear motion machines. A similar effort to de-
velop low-cost, modular CNCs is presented by Peek in her 
PhD dissertation [6]. 
In the Fall of 2016 course deployment, some of the projects 
that students developed included: CNC milling machines, 
cake decorators, automatic sandwich and drink makers, 
 
1 The Modular CNC Block was developed during an NSF-TUES 
Type I grant. This material is based upon work supported by the 
National Science Foundation under Grant No. 1245657. Any opin-
ions, findings, and conclusions or recommendations expressed in 
this material are those of the author(s) and do not necessarily reflect 
the views of the National Science Foundation. 

braille printers, condiment dispensers, autonomous checkers, 
autonomous music flutes, etc. Overall, the deployment of the 
Modular CNC Block was deemed successful and appears to 
be scalable to both large and small deployment. 
This paper describes the Modular CNC Block project de-
ployment as follows: (1) the design, development and man-
ufacture of the Modular CNC Block, (2) the deployment of 
the Modular CNC Block in the freshman mechanical engi-
neering course, (3) the outcomes of the project, and (4) dis-
cussion and takeaways from the project. 

MODULAR CNC BLOCK : DESIGN & MANUFACTURE 
Prior to the deployment of the Modular CNC Block, the In-
troduction to Mechanical Engineering course used 
off-the-shelf Shapeoko 2  and Zentoolworks3  desktop CNC 
machines to provide hands on experiences for freshman stu-
dents entering the program [1,2]. These machines, primarily 
targeted toward the hobbyist community, were both robust 
and effective for our Freshman Engineering course. While 
they did not match the level of accuracy of an industrial 
CNC machine, they provided a (much) lower-intimidation 
level and lower learning curve. Our survey of student moti-
vation showed that the students taking this course had high 
intrinsic motivation [1,2,3]. These hobbyist CNC machines 
presented some challenges with regards to scalability and 
(unassisted) deployment in the educational setting, namely 
[4]: (1) the machine kits themselves were time consuming to 
 

2 https://www.shapeoko.com/wiki/index.php/ShapeOko_2 
3 http://www.zencnc.com/ 

 
Figure 1: The Modular CNC Block 
  



  

assemble, with each system (electrical and mechanical sys-
tems combined) taking over 15 hours. While manageable 
when grant support was available, this barrier hinders de-
ployment at other sites aiming to replicate the effort without 
similar support. (2) The hobbyist CNC machines did not of-
fer the freshman the opportunity to build and deploy ma-
chines – as a result, some students did not fully appreciate 
the operational principles involved in modern manufactur-
ing. Additionally, we found that students at times had a low-
er level of respect and patience for the CNC machines due to 
their hobbyist nature. (3) The number of unique parts used in 
each machine was relatively high – resulting in it being 
challenging to have untrained students assemble machines in 
a time effective manner (i.e., during lab time).  
After the phase I deployment of hobbyist CNC machines, we 
proposed that it would be beneficial to pursue an in-house 
CNC design that could be assembled by the incoming 
freshman students and to construct a functional multi-axis 
CNC machine. The goal would be to design specifically for 
a large enrolment educational deployment rather than more 
traditional design criteria such as: motion accuracy, small 
footprint, high-speed feedrates, etc. In order to address the 
needs of an educational setting, the following design criteria 
were established [4]:  
1) Reduce the cost of the CNC machine: 
a) Minimize the unique part count and purchase off-the-shelf 
(OTS) bulk parts. The design goal was to use ten or fewer 
OTS parts to leverage bulk purchase discounts. 
b) Minimize the number of custom parts. The goal was to 
design a single, complex injection molded part that could be 
produced in large numbers thereby amortize the cost of 
manufacturing tooling. The result – the Modular CNC Block 
– is a clamshell block that forms the core building blocks of 
an assembled CNC machine. 
2) Reduce the assembly time: 
a) Use similar parts/fasteners. The goal was to use a single 
fastener type, one single linear motion shaft diameter and 
common, lower cost parts. This reduces the time required to 
sort and isolate correct fasteners/parts.  
b) Minimize the need for specialized tools. Our goal was to 
use only simple tools such as screwdrivers, pliers, etc. 
c) Reduce the number of fasteners, complex assemblies, and 
setscrews.  This reduction will minimize the time required 
for repetitive fastening tasks. 
3) Permit flexibility of design for multi-axis machines 
a) Modularize the design. The goal was to develop a single 
axis design that could be replicated and joined to other axes 
in to produce unique machine designs and capabilities. 
The result of the ideation and design process based on these 
guiding principles was the use of a Modular CNC Block. 
The block is termed “Modular” because it (1) is used to an-
chor the linear guide rails for the CNC motion at each end of 
the axis, (2) is the active motion component on a linear axis, 
and (3) serves as the housing for the NEMA 17 motor (cap-
tive or non-captive) that drives the linear motions. These 
primary functions are illustrated in Figure 2. In the first de-

sign iteration a single block was designed to achieve these 
different functions. The design required machining perpen-
dicular holes through large blocks of Delrin. This initial de-
sign was simplified by recognizing that manufacturing the 
block would be easier if the block was comprised of two 
clamshell halves that were fastened together. Despite the 
need for fasteners to perform this assembly, the de-
sign-for-manufacture of the custom block was achieved.  

A rudimentary prototype of the Modular Block system was 
constructed using the Hobbyist desktop CNCs. With a 
working proof of concept, the Modular CNC Block was re-
fined and prototyped extensively using the 3D-printing ca-
pability in the UMass Lowell Makerspace. This prototyping 
process permitted rapid version testing and redesign turna-
round times. Initially, the prototyping effort was focused on 
block functionality, enhanced modularity and overall effica-
cy. Over time, the prototyping process evolved to assess de-
sign-for-manufacturing considerations such as injection 
molding draft angles, injection molding base plate hole tem-
plates, sprue positioning, part size, reinforcement ribbing, 
hole bosses, etc. Approximately 3-4 months of physical pro-
totyping was performed to refine the design. 
In conjunction with the rapid prototyping, a series of com-
putational simulations were performed to assess the part 
strength (SOLIDWORKS FEA4) and the injection molding 
properties (Autodesk MoldFlow5) [3]. The part strength was 
assessed to ensure strengthening ribs, hole bosses and part 
thickness were sufficient to withstand both everyday use as 
well as extreme load situations. We were concerned about 
blocks breaking, but were also concerned with potential in-
juries that could be sustained to students – as such, we de-
veloped a block that was sufficiently strong to withstand ex-
treme use. Injury prevention was incorporated into the de-
sign by (1) selecting lower power stepper motors and (2) de-
signing-in low torque motor-threaded rod coupling failure.  
Moldflow results [3] were used to determine that shot size, 
molding pressure, mold fill-time, parting lines, weld lines, 
and gate positions were both within safe limits as well as the 
in-house manufacturing capabilities. 

 
4 SolidWorks, Dassault Systemes 
5 MoldFlow, Autodesk Inc. 

 
Figure 2: A single linear axis assembly. 
  



  

Once the Modular CNC Block was prototyped and analyzed, 
aluminum molds were fabricated. This process involved 
converting SolidWorks CAD files to MasterCAM CAM files 
for CNC milling. A Haas VF4 SS CNC machine was used to 
mill the mold cavities (Figure 3) and the mold plates for the 
injection molding. This process took ~50 hours of tooling 
development time. 
With the molds fabricated, polished and assembled, the in-
jection molding process was initiated. A short shot progres-
sion is shown in Figure 4 to illustrate the approximate mold 
fill progression.  The approximate cycle time for a single 
Modular CNC Block (half) was 1-minute.  This cycle time 
lends itself to moderate-scale manufacturing – we molded 
approximately 2,000 Modular CNC Blocks in a period of ~2 
weeks.   
The Modular blocks, along with 9 other off-the-shelf parts 
are easily assembled to yield a relatively precise linear mo-
tion axis. Due to the anchoring holes in the blocks and the 
perpendicular sliding axes, additional (orthogonal) axes can 
be easily added to the assembly to create multi-axis motion. 
The parts list for a single axis is presented in Table 1. 
 
Table 1: The parts required for a single CNC axis assembly 

1. 18” x 3/8” 01 Drill Rod for Linear Rails (x 2)  

2. 12” x  ¼”-20 Zinc plated threaded rod (x1) 

3. ¼”-20 Square nut for antibacklash nut (x2) 

4. 2” x 3/8” Heavy duty heat-shrink tube (x1) 

5. #8-32 x 2-1/4” Bolts (x12) 

6. #8-32 Hex Nuts (x12) 

7. #8 Washers (x24) 

8. Velcro tie-down strap (x1) 

9. NEMA 17 Motor (x1) 

10. Modular CNC Block (x6) 

 
The Modular CNC blocks’ motion is driven using common-
ly available NEMA 17 stepper motors that are controlled 
using an off-the-shelf GSheild controller6 running GRBL7. 
This controller accepts standard GCode commands via a 
USB serial interface. As a result, the controller is easily 
programmed using serial print commands from standard 
(Matlab/ Python) programming languages. This peripheral 
communication is a good introductory example for students 
learning programming. 

MODULAR CNC BLOCK: CLASSROOM DEPLOYMENT 
The CNC blocks form the foundation of the Mechanical En-
gineering Freshman hands-on experience in the UML Mak-
erspace. The blocks were first deployed during Fall 2016. 
Each student in the course (>160 total students) started as-
sembly of their own linear axis during the first lab period 
(1hr 50 minutes). In subsequent weeks, students learned how 
to program the block motion using Matlab (Mathworks, Na-
tick, MA). During the course, students used Matlab (1) every 
week for homework (2) to perform Matlab Onramp exercis-
es and (3) nearly every week to perform examples in lecture. 
The initial 5 weeks of the course provided axis assembly 
support as well as simple interface and programming in-
struction as follows: 

• Week 1: Get to know your laboratory peers, labor-
atory safety rules, build your own linear axis. Ap-
proximately 150 linear axes were successfully as-
sembled during week 1, Fall 2016 (Figure 5). 

• Week 2 & 3: In groups of 2 students, explore 
Matlab to program the block motions. This includ-
ed assessing the position/distance traveled, the axis 
velocity and the axis acceleration. Topics intro-
duced basic error handling, serial interface commu-
nication, and basic string vs. numeric data types. 

• Week 4:  Perform a three-point beam bending ex-
periment using Mark-10 materials testers8. Plot the 
results using Matlab. This laboratory exercise also 
required students to use Matlab’s user interactive 
ginput function (determining the x,y screen lo-
cation of a mouse click).  

• Week 5: Perform a 2-axis laboratory experiment in 
which basic deposition printing is performed. A sy-
ringe with Tygon® tubing is inserted in one axis to 
form a syringe pump. A second axis is used to 
move the dispensing end of the tubing. The system 

 
6 https://github.com/synthetos/grblShield/wiki 
7 https://github.com/grbl/grbl/wiki 
8 http://www.mark-10.com 

 
Figure 3: One of the two aluminum mold inserts used to in-
jection mold the Modular CNC Block mounted on a mold 
plate in the Haas VF4 SS CNC machine. 
  

 
Figure 4: The short-shot molding progression illustrates 
how the mold is filled with plastic during the injection 
molding process. 



  

was used to “print” soap in lines to assess how sy-
ringe piston velocity and print axis velocity impact 
the soap deposition on a plate. This experiment was 
performed to introduce the concepts of multi-axis 
motion, mass flow rate, etc.  

Following these initial experiments, the students were given 
a competency assessment that ensured they had a basic grasp 
of the Modular CNC Block operation and would therefore be 
positive contributors to a group cornerstone project.  The 
competency assignment was to program a mouse-driven in-
teractive tool to precisely move a single axis a certain dis-
tance, i.e., the user should be able to use a mouse to click a 
point on an image of a scale <2 inches to the right or left of 
the centerline and the linear axis should move the appropri-
ate distance in the desired direction. A large majority of stu-
dents were able to complete this competency assessment in 
the lab period in which it was assigned, with remaining stu-
dents completing the task (some with guidance/assistance) 
within the next week’s laboratory period. 
During the second half of the semester, students formed 
teams of 3-5 students and performed a cornerstone project, 
most using at least 3 independent motion axes. The corner-
stone project required integrating multiple linear motion ax-
es into a single machine that "solved a problem" or "manu-
factured parts to solve a problem." This problem statement 
was relatively broad as was the student response. During the 
semester, we also intermittently surveyed students to gain 
insight into student success at learning programming. 

MODULAR CNC BLOCK: OUTCOMES 
The integration of the CNC Blocks was successful at intro-
ducing mechanical engineering freshman to the Makerspace, 
the discipline, computer programming and the University. 
This project enabled a large-scale, hands-on, semester long 
activity that challenged students. 
Students responded well to the project and showed interest 
and passion toward the cornerstone project. Students devel-
oped a large array of projects, including: vending machines, 
claw-pick-and-place machines, autonomous slide whistle 

with bellows, laser controlled cake icing decorator, sand-
wich spread machine, clothing stain remover, braille print-
ers, CNC mills, vegetable/pizza choppers, condiment dis-
pensers, etc. An example is presented in Figure 6. 

We performed a student self-reporting survey to assess 
whether this hands-on approach was effective at increasing 
computer-programming ability. This anonymous, 7-coded 
likert-scale survey examined how students’ self-reported 
programming skills evolved during the semester. We de-
ployed the survey five times during the semester (approx. at 
the end of weeks 1, 4, 7, 10 and 13). The survey examined 
basic, intermediate and advanced programming skills. 
Basic Skills Survey Reponses 
The survey examined how respondents’ self-reported profi-
ciency in basic skills such as: declaring variables, perform-
ing mathematical operations, declaring/using vectors, using 
built-in functions, and plotting (types and formatting). The 
reported results for the questions associated with basic skills 
were averaged and are presented as a percentage in Figure 
7. Because the survey was anonymous, we were unable to 
track individual’s skill proficiency progression.   

 
Figure 7: The average responses for the Basic Programming 
Skills self-reported proficiency.  

The results indicate that the students reported increases in 
basic programming skills through the semester. By the end 
of the semester almost 90% of respondents reported posi-

 
Figure 5: ~150 individual linear axes were successfully as-
sembled during the first week of the course. Ample storage 
in the makerspace was required. 
  

 
Figure 6: A multi-axis condiment-dispensing machine. 
  



  

tively about their basic programming skills, 14% slightly 
good, 37% moderately good and 38% extremely good. This 
is a promising result that indicates the hands-on approach 
taken in the course is effective in increasing students’ basic 
programming proficiency. 
Intermediate Skills 
A similar average response metric was taken for the ques-
tions pertaining to intermediate programming skills which 
include: logical operators, if statements and (for) loops. The 
results are presented in Figure 8. 

 
Figure 8: The average responses for the Intermediate Pro-
gramming Skills self-reported proficiency. 

Once again, the results show that students were able to im-
prove their self-reported proficiency in the intermediate 
skills. This result is promising, with slightly less than 80% 
of respondents reporting a positive proficiency (13% - 
slightly good, 24% - moderately good or 40% - extremely 
good) in intermediate programming skills at the end of the 
semester. 
Advanced Skills 
One of the programming related goals of the Modular CNC 
Block was to allow students to explore advanced program-
ming topics on their own. Groups examined how to: develop 
their own functions, include nested loops, connect periph-
erals, communicate via USB, use interactive inputs, perform 
file I/O, use matrices and develop multi-function programs. 
The averaged responses for the advanced skills survey ques-
tions are shown in Figure 9.  
The results show a marked improvement in self-reported 
proficiency in advanced programming skills. By the end of 
the semester, 67% of respondents reported positively (23% 
slightly good, 21% moderately good and 23% extremely 
good). The result suggests that respondents explored ad-
vanced topics to implement their projects. Many groups used 
additional peripheral devices such as webcams in their cor-
nerstone projects. Ultimately these projects required students 
use some level of advanced programming skill (arrays, con-
necting and reading data from peripheral devices, etc.). 
 

 
Figure 9: The average responses for the Advanced Pro-
gramming Skills self-reported proficiency. 

MODULAR CNC BLOCK: TAKEAWAY & CONCLUSIONS 
The design and deployment of the Modular CNC Block has 
been both an exciting and rewarding experience. The stu-
dents appear to enjoy the project and show interest in com-
pleting the project. The programming survey we imple-
mented shows that the programming learning objectives of 
the course are achieved. Overall, the Modular CNC Block 
project is scalable to large class sizes and offers students a 
meaningful freshman makerspace experience.   
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