
Injection Molding: Process and Design
Principles for 3D Printed Molds

Nora Bradley, ‘19

Submitted to the

Department of Mechanical and Aerospace Engineering

Princeton University

in partial fulfillment of the requirements of

Undergraduate Independent Work.

Final Report

May 1, 2019

Michael Littman

Luigi Martinelli

MAE 442

Senior Thesis

92 pages

Additional files:

bit.ly/thesis-grabcad



© Copyright by Nora Bradley, 2019.
All Rights Reserved

This project represents my own work in accordance with University regulations.



Abstract

Injection molding is a powerful manufacturing method used to create consistent, low-
cost parts ranging in size from micro-electronic connectors to automotive body panels.
While injection molding is ubiquitous in industrial, high-volume applications, the large
upfront cost of equipment, design work and molds had previously prevented smaller busi-
nesses working with short timeline projects or limited budgets from using this method.
However, advances in rapid manufacturing methods have improved the agility and cost of
mold fabrication. Although these molds have a shorter lifetime than traditional aluminum
or steel molds, they are still useful in a variety of applications.

Princeton University’s Mechanical and Aerospace Engineering (MAE) Department
owns a BOY 35E Procan Alpha injection molding machine which has been largely unused
since it was installed in 2016. This report describes the process required to successfully
operate the BOY 35E, guidelines for mold design, and a comparison of FDM and SLA 3D
printing methods for mold manufacturing. The results of this comparison demonstrate
that SLA printing is an inexpensive, quick and relatively user-friendly method for creating
molds. This comparison was performed on a mold for an involute gear used in the gear
train of a flywheel car project in Princeton University’s required undergraduate course
MAE 321: Engineering Design. My objective was to reduce the time and effort required
for students to learn how to use injection molding by providing exposure to this technique
in an academic setting. I also created a process-oriented operation and troubleshooting
manual for the BOY 35E based on my own experiences with the machine to further
support future users.

My project has improved the accessibility of Princeton’s BOY 35E machine and shown
that injection molding using SLA molds can produce a high quality product in a shorter
period of time and for a lower cost than traditional mold manufacturing methods. These
molds are ideal for low-volume and prototyping applications that are typical of student
work. The application of these methods in a small business setting will facilitate agile and
low cost product manufacturing using injection molding that was previously inaccessible
to these entities.
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1 Introduction

1.1 Overview

Injection molding is a manufacturing process in which a thermoplastic is heated,

mixed and injected into a mold. When the molten plastic cools, it creates a part in

the shape of the mold cavity. The process was �rst patented by Isaiah Hyatt in 1872

and is still widely used to create low-cost parts ranging in size from miniature electronic

connectors to automotive body panels [5]. Injection molding allows manufacturers to mass

produce precise and consistent parts in a short period of time with relatively little waste.

This method is economical compared to similar manufacturing methods like machining,

transfer molding, and casting. However, the high initial cost of equipment, design work

and mold manufacturing are an obstacle for companies that do not have a large source

of capital [17]. New advances in injection molding technology have begun to improve

the agility of the injection molding process. For example, desktop sized injection molding

machines are relatively less expensive, more energy e�cient and produce parts faster than

full sized machines. Computer-based mold manufacturing techniques have reduced the

lead time for a mold from 12-16 weeks to just a few days, and fabrication companies

are increasingly able to create less expensive, low volume molds using materials such

as aluminum, brass, copper and even plastic [5]. These technological developments have

made injection molding more accessible for small businesses and prototyping applications.

A BOY 35E Procan Alpha injection molding machine was installed in Princeton Uni-

versity's MAE (Mechanical and Aerospace Engineering) machine shop in the Summer

of 2016 in order to allow students and faculty to use injection molding for research and

independent work. However, the machine had not been used since its installation due

to maintenance problems related to the setup of the machine and because the machine

did not come with a cradle, the part of the machine which allows molds to be easily

installed and removed. By the time these issues had been resolved, a signi�cant amount

of time had passed since BOY representatives had demonstrated how to use the machine

and the documentation from the training was not su�cient to reconstruct the injection

molding process. Users were not able to easily �gure out how to use the machine based

on the included manual because, although it independently de�nes the functionality of

each button, it does not establish a process that should be followed to setup or complete

an injection molding run.

The objective of this project was to make injection molding more accessible to members

of the MAE Department. First, I learned about the process of injection molding and

how this is performed on the BOY 35E machine. This included research and hands-

on experimentation with the machine to understand how the process parameters can be

adjusted to achieve high quality parts. This component of the project is a continuation
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of Independent Work done by Mark Scerbo (`18) in the Spring of 2018. I documented

the operation of the machine and shared this information with Glenn Northey and Al

Gaillard in person and in the form of a written operating manual, which is included as

Appendix A of this report. After becoming comfortable with the operation of the machine,

I investigated the feasibility of using rapid prototyping methods available to Princeton

students to quickly and inexpensively manufacture molds for use on the BOY 35E. The

mold that I designed to test this method can be used to create a gear for the "�ywheel car"

project completed in the required departmental course, MAE 321: Engineering Design.

If students create gears for this project by injection molding into a 3D printed mold they

will gain valuable experience that will allow them to use this technique for future projects

and independent work.

This project was inspired by my experience as a Mechanical Engineering intern at

CityTaps, a social entrepreneurship startup based in Paris, France. I worked at CityTaps

between June 2017 and May 2018, during which time I focused on the industrialization of

the company's product, a smart water meter. The device is currently being piloted in cities

in developing countries, such as Niger and Burkina Faso. The product integrates a physical

water meter as well as Internet of Things (IoT) communication technology [8]. In order

for these components to be protected from the elements as well as tampering and fraud,

it was necessary to enclose them in a secure but inexpensive casing. CityTaps determined

that injection molding was the best method to make these casings, but struggled with

the implementation of this process. It was challenging for a small company to �nance

the large upfront investment required for mold design and manufacturing. CityTaps was

also not ready to make this investment because they planned to make changes to the

product design based on the outcomes of the pilot project implementations. If rapid

prototyping methods had been used to manufacture the casing molds, CityTaps could

have saved money on the molds for the �rst production run of their smart water meter

while preserving the ability to modify the casing design in the future. As rapid prototyping

methods like 3D printing continue to develop, injection molding will become a more agile

and a�ordable tool for prototyping and small scale manufacturing.

1.2 Process Fundamentals

1.2.1 Injection Molding Machine

Injection molding machines vary in size from manually operated tabletop models

to massive, industrial machines with the capacity to churn out thousands of parts a day.

However, all modern plastic injection molding models include the same basic components.

Pellets of a thermoplastic material are stored in a hopper and dispensed into an injection

chamber which is surrounded by heating bands. The plastic is softened by the heaters

2



and mixed by a large screw. During the injection step of the process, the screw pushes

the material out of the nozzle located at the front of the chamber and into the mold.

Figure 1.1: Schematic drawing of injection molding ma-
chine.

Each side of the mold is mounted on a cradle and platen, connecting it to the machine.

The side of the mold through which the plastic is injected is stationary while the other

side can be moved forward and backward. A hydraulic or electric clamping unit, located

behind the moving platen, holds both sides of the mold �rmly closed when the plastic

is injected. The plastic remains in the mold under pressure until it has solidi�ed, at

which point the mold opens and the part will be removed from the machine. Typically

the moving side of the mold is concave and the stationary side is convex. The cycle

time is de�ned as the total time required to complete the injection molding process once.

In industrial applications manufacturers aim to minimize cycle time in order to increase

e�ciency and pro�tability.

1.2.2 Mold

Molds vary in complexity from a single cavity to a sophisticated assembly of moving

plates and pins. Mold design can be challenging for a novice engineer and it is di�cult

to modify a mold after it has been made. Therefore, creating molds using 3D printing

methods, which are faster and less expensive than the traditional method of using a

Computer Numerical Control (CNC) router, can dramatically reduce the level of risk for

manufacturers.

Depending on the size of the part and rate at which it will be manufactured, some

molds may have multiple cavities connected by channels called runners. Runners connect

to the cavities at one or more gates, which are intended to make the �nal product easy

to remove from the runner without inhibiting the rate at which the cavity �lls. Plastic

3



left in the sprue, the channel connecting the nozzle and the mold, also must be removed

from the completed part. These parts are labeled in Figure 1.2.

Figure 1.2: Gate, runner and sprue after removal from
an injected molded part [30]

The intersection of the two sides of the mold is called the parting line. The majority of

the image to be molded is typically in the B (moving) side. Since the cooled part remains

in this side when the mold is opened, it also contains the ejection system. Ejector pins

are used to apply a force to the completed part to push it out of the mold, but may

leave marks on the �nal product. Guide pins mounted on the A side that correspond to

bushings on the B side may be used to ensure that the mold is properly aligned [6]. The

mold parts are labeled in Figure 1.3.

Figure 1.3: Mold Schematic [6].
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1.2.3 Polypropylene

Polypropylene (PP) was the only material used for injection molding in this project.

It is an engineering grade thermoplastic that is widely used in manufacturing of consumer

products (Figure 1.4). PP is well suited to injection molding due to its low cost, high

elongation and wear resistance [28]. PP is a semi-rigid material (a 92 on the Rockwell

R hardness scale) although a part's resistance to a compressive force varies based on the

design of the part [23]. PP has relatively high shrinkage properties and voids may occur

if the walls of a part are too thick, leading to shrink marks [28].

Figure 1.4: Polypropylene Molecule [12]

2 Machine Operation

2.1 Past Work

In the BOY 35E, molds are attached to a cradle which is mounted on the platen.

The cradles make it easier to change out the mold, create space for the ejection system,

and ensure that the A and B sides of the mold touch. The space between the two molds

must be between 200 and 500 mm (7.89 - 19.7 in). When the machine was installed in the

MAE shop, representatives of the company brought a set of cradles and molds in order

to perform a demonstration on the new machine. BOY representatives lent these parts

to Gaillard, who modeled the design in Creo before returning them to BOY. Gaillard

completed the manufacturing of these parts in Spring 2018. A full model of the cradle

assembly is available on GrabCad at http://bit.ly/thesis-grabcad or on the Princeton

MAE Server in the folder (\\mae-data\design\injection-thesis).

Note that since the BOY 35E machine was manufactured in Germany the injection

machine settings are expressed in SI units. However, the cradle was designed using English

units and hardware. Therefore, measurements related to the cradle and mold will be

expressed in English units.
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