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ABSTRACT

Rapid prototyping [RP] or 3D printing [3DP] have existed for some time now. One of the
major deficiencies of 3DP is the accuracy of the printed three dimensional parts. Even beyond
that is the lack of studies that have been designed to measure the 3DP components. Measuring,
verifying and determining the accuracy of 3DP parts is the focus of this study. As the accuracy is
measured and approaches those of CNC machined parts, it will drive the development of
additional additive manufacturing [AM] machinery. In this project a component is created in a
solid modeling package. A solid model of the part and an engineering drawing is developed
along with an STL file, which will allow for the printing of the part on four 3D Printing
machines. The four 3DP machines selected for this study include: Stratasys Dimension 768,
Mojo Professional 3D Printer, da Vinci 1.0 3D Printer and Makerbot Replicator Desktop 3D
Printer. The parts are printed using sparse and solid fill techniques on the differing 3DP
machines. The accuracy of the printed parts as varied over the different fill and support
characteristics and be compared to the original solid model’s corresponding engineering
drawings. Descriptive statistical analysis is then carried out on the measured dimensions of the
printed components and compared to the original designed solid model. We find the Stratasys
BTS 768 to be the most stable 3D Printer of the four 3D printers we work with, in terms of print
quality and stability. All the printers have one parameter each for which the maximum Percent
Difference is the highest. However, it is the least in the case of STRATASYS (1.16%) followed
by DaVINCI (3.38%), MOJO (4.8%) and REPLICATOR (7.4%).
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Chapter I
INTRODUCTION

Engineers and experimenters can create new 3-D designs by means of a wide
range of computer-aided design (CAD) or solid modeling packages like Google SketchUp, 3DTin, TinkerCAD, SolidWorks, Inventor, Catia, and Pro/Engineer. Computer-aided design has
significantly improved the traditional production design and manufacturing by developing rapid
prototyping methods such as stereolithography (SLA), selective laser sintering (SLS), and threedimensional printing (3D printing).
STL files produced by 3D modelling systems contain triangular facet representation of
surfaces and have become standard data inputs of rapid prototyping and manufacturing systems.
In rapid prototyping technology, physical objects are produced layer by layer, each layer a 2D
cross-section of the 3D mesh. The 3D mesh is often generated in STL format. Rapid prototyping
[RP] generally refers to techniques that produce finished parts by the addition of solid material
which differ from material removal manufacturing techniques (Kruth, 1998). RP is synonymous
with 3D printing [3DP] and 3D printing is becoming the more current term for the process (MIT,
2000).
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A simple depiction of the printing process is as shown in figure2.

Figure 1 - The Actual 3D Printing Process (Maurya, 2014)
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Figure 2 - Depiction of the 3DP Process (DIMENSION NXG, 2015)

Today’s 3DP materials have much better mechanical, thermal, dimensional properties,
and there is a wide variety of materials that can be processed. Process and material developments
have made 3DP suited to produce hard metal, ceramic and composite parts that are difficult to
fabricate with other techniques. The range of applications includes functional mechanical parts,
medical parts, rapid tooling, micro-fabrication and many more applications. The most common
use for 3DP is to develop prototypes (Accuracy, 2015). The process is depicted in Fig. 3 below.
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Figure 3 - figure shows how Fused Deposition Modeling (FDM) works (Larson, 2013).
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Context of the Problem

There has been little research to verify the dimensional accuracy of 3DP (Accuracy,
2015). This research was designed to help compare the accuracy of four different 3D Printers. In
the present market, the cheapest and most accessible 3D Printers are desktop fused deposition
modeling [FDM] printers. These desktop printers use PLA and ABS plastic, which easily melts
and produces small models or prototypes. FDM printers using ABS plastics were selected for
this study since they are easily available and widely used (3D PROTOTYPES AND MODELS,
2015).

Statement of the Problem

This project was designed to create a sample part in solid modeling software, print the
part using four printers and measure the printed part against the original solid model for the part.
Therefore, this study compares the accuracy of the solid model produced by the four printers.

Statement of Objectives

This project was designed to measure the accuracy of 3D Printers. In order to test 3D
Printers, the following objectives have been developed:


Design a solid model to print using SolidWorks 2015-2016 educational package.



Print a solid model using each these 3DPs.



Measure the printed prototypes using calipers and an optical comparator.



Compare the measurements to the original solid model dimensions.
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Definitions of Terms
STL Files
STL (Stereolithography) is a file format native to the stereolithography CAD software
created by 3D Systems. STL has several after-the-fact backronyms such as "Standard
Tessellation Language" (Burns, 1999).

3D Printing
It is as a process for making a prototype from a three-dimensional digital model by laying
down many successive thin layers of a material (Association, n.d.).

Additive Manufacturing
AM is defined as the process of joining materials to make objects from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing procedures. Additive
Manufacturing refers to a process by which digital 3D design data is used to build up a
component in layers by depositing material (Coykendall, 2012).

Solid Modeling
Solid modeling (or modelling) is a consistent set of principles for mathematical and
computer modeling of three-dimensional solids. Solid modeling is distinguished from related
areas of geometric modeling and computer graphics by its emphasis on physical fidelity
(Freytag, 2005). Physical fidelity is simply the level at which a simulator resembles the
equipment.

12

Determining 3DP Accuracy
Accuracy

Accuracy is the relation of a particular measurement with an accepted standard
(Cambridge, 2016).

Build

Figure 4 - 3DP Material Comparison (3D PROTOTYPES AND MODELS, 2015).

Support Material
Support structures enable the printing of models with steep angles and that sections that
require a base to support them. Many sophisticated 3D print designs require materials to be
deposited on a layer where there was not a previous layer, or the designs have steep angles,
which might cause undesired drooping during the print. In these cases, support structures are
needed to ensure objects’ integrity and print quality (3DP News, 2014).
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Product Performance Specification
The Product Performance Specifications for each 3DP is as follows –


Stratasys Dimension 768 - The Dimension BST (Breakaway Support
Technology). The Dimension BST incorporates the same technology as the
Dimension SST (Soluble Support technology) and therefore produces the same
high-quality ABS models. The difference is that the Dimension BST features a
manual support removal process where the designer removes the model from the
system and breaks the support away by hand. Nothing communicates design
ideas faster than a three-dimensional part or model. With a Dimension 3D
Printer, you can bring CAD files and design ideas to life - right from your
desktop. Test form, fit and function - and as many design iterations as you like with functional ABS parts (Polywell Machinery HK, n.d.).



Stratasys Mojo Professional 3D Printer - Mojo prints professional-quality models
at your desk. It is as simple to use as a document printer, yet powered by FDM
Technology to build spot-on, functional concept models and rapid prototypes
in ABS plus thermoplastic (Startasys, n.d.). 3D printing:
1. The Mojo Desktop 3D Printer
2. Startup supply of materials and bases
3. Mojo Print Wizard and Control Panel software
4. WaveWash 55 support removal system
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The da Vinci 1.0 3D Printer - The da Vinci boasts about its size, safety and easyto-use features (XYZ Printing, n.d.).
1. Big - With its robust build size of 7.8 x 7.8 x 7.8 inch (20x20x20cm), the
da Vinci 1.0 is on average 69％ bigger than all competing 3D printers.
2. Safe - CE certified, the da Vinci 1.0 3D printer features a fully-enclosed
design which protects the users from the high temperatures required to
print, and ensures that no external filament movement occurs.



Makerbot Replicator Desktop 3D Printer (Makerbot, n.d.) – Some of its main
product features are as follows –
1. Fifth-generation technology defines the new standard for ease of use,
quality, and reliability
2. New MakerBot Replicator Smart Extruder detects filament absence and
automatically pauses your print.
3. Cloud connectivity allows files to be send via Wi-Fi, Ethernet, or USB
4. 3.5-inch full color LCD display
5. Compatible with MakerBot PLA Filament (Large & Small Spools)
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User Specification
The user specifications for each of the 3DP are as describes below –
Stratasys Dimension 768 (Polywell Machinery HK, n.d.) – The Specifications are as follows -

1. Build Size - Maximum size 203 × 203 × 305 mm/(8 × 8 × 12 inches)
2. Accuracy: +-0.127mm (Depend on Geometry)
3. Machine Size (WXDXH) - 686 × 914 × 1041 mm (27 × 36 × 41 in.)
4. Build Size - Maximum size 203 × 203 × 305 mm /(8 × 8 × 12 inches)
5. Accuracy: +-0.127mm (Depend on Geometry)
6. Machine Size (WXDXH) - 686 × 914 × 1041 mm (27 × 36 × 41 in.)
7. Machine weight - 136 kg (300 lbs.)
8. Materials - ABS plastic in standard white, blue, yellow, black, red, green or steel
gray colors. Custom colors available.
9. Layer thickness - 0.254 mm (.010 in.) or 0.33 mm. (.013 in.) of precisely
deposited ABS and support material.
10. Software and support removal - Catalyst™ software automatically creates any
needed
11. Support structures to complete the part. With Dimension BST, breakaway
support technology allows for easy support removal - simply break away the
supports.
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Mojo Professional 3D Printer (Startasys, n.d.) – The Specifications are as follows 1. Model material:
ABS plus in ivory, white, blue, fluorescent yellow, black, red, nectarine, olive
green or gray
2. Support material:
SR-30 soluble
3. Maximum part size:
12.7 x 12.7 x 12.7 cm (5 x 5 x 5 in.)
4. Layer thickness:
0.178 mm (0.007 in.)
5. Workstation compatibility:
Windows XP/Windows 7
6. Size and weight:
63 x 45 x 53 cm, (25 x 18 x 21 in.); 27 kg (60 lbs.)
7. Power requirements:
100-127 VAC, 6A, 60 Hz or 220-240 VAC, 2.5A, 50 Hz
8. Regulatory compliance:
CE/TUV/KCC/RoHS/WEEE
9. Special facility requirements:
None
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da Vinci 1.0 3D Printer (XYZ Printing, n.d.)– The Specifications are as follows1) Dimensions
i) Product Dimension (WxHxD)
(i) 18.4 x 20 x 22 inch
(46.8 x 51 x 55.8 cm)
2) Package
i) Package Dimension
(i) 22.1 x 23.3 x 27.6 inch
(56 x 59 x 70 cm)
(ii) Package Gross Weight
(iii)26kg (57.3 lb.)
3) Technology
i) FFF (Fused Filament Fabrication)
4) Maximum Build Volume (WxHxD)
i) 7.8W x 7.8H x 7.8D inch (20x20x20cm)
5) Resolution
i) Fine 0.1 mm (100 microns)
(i) Standard 0.2 mm (200 microns)
(ii) Speed 0.3 mm (300 microns)
(iii)Ultra-Fast 0.4 mm (400 microns)
6) Print Head
i) Single Nozzle
7) Nozzle Diameter
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i) 0.4 mm
8) Filament Diameter
i) 1.75 mm
9) Filament Material
i) ABS
10) Display
i) Panel Type
(i) 2.6” FSTN LCM
11) Language
i) Multi Language
12) Connectivity
i) USB 2.0
13) Software
(XYZWare)
i) File Types
(i) .stl, XYZ Format
14) OS Support
i) Windows XP (.Net 4.0 required) and Windows 7 above (for PC)
(i) Mac OSX 10.8 above-bit (for Mac)
15) Note: Standard VGA driver on operating system, or a graphics card does not support
OpenGL 2.1, may cause unknown error in XYZware.
16) Hardware
i) Hardware Requirements (for PC/Mac)
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(i) X86 32/64-bit compatible PCs with 4GB+ DRAM (for PC)
(ii) X86 64-bit compatible Macs with 4GB+ DRAM (for Mac)

Makerbot Replicator Desktop 3D Printer (Makerbot, n.d.) - The Specifications are as follows –
1.

Volume: 9.9 L x 7.8 W x 5.9 H in

2. Filament Diameter: 1.75 mm
3. Build Platform: Glass
4. Product Dimensions: 20.8 L x 17.4 W x 16.2 H in
5. Product Weight: 35 lbs.
6. File Types: stl, .obj,. thing, makerbot
7. Operating Systems: Windows (7+) Mac OS X (10.7+) Linux (Ubuntu 12.04+)
8. Connectivity: Wi-Fi, Ethernet, USB (stick & cable)
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Significance of the Project

Over the past couple of decades, 3D Printing has been growing at a rapid pace and today,
is being used to create models of everyday use items like utensils, furniture, décor items and so
on. In this paper we will be testing the accuracy of four 3D Printers. Our aim is to study and test
models printed on each of these 3D Printers for its print accuracy. By testing each of these
printers for accuracy we detect the presence of any inconsistency if present; thereby ensuring an
improved quality of RP models. Once a consistently high level of accuracy which is equivalent
to conventional machining is achieved, AM processes will become realistic for FDM processes.
Once the print accuracy is studied, it will help customers decide which 3DP best suits them in
terms of print accuracy and cost efficiency as there is very little data to support such decisions at
this time.
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Chapter II
LITERATURE REVIEW
Introduction
Product features, quality, cost and time to market are important factors for a manufacturer
to remain competitive. RP systems offer the opportunities to make products faster and usually at
lower costs than using conventional methods. Several new and promising rapid prototyping
manufacturing techniques will now be discussed.

Print Accuracy of Small 3DPs
At present, there are many desktop 3D printers like the Makerbot Replicator and the
DaVinci 1.0 which are easily commercially available for around $1,000 which let users print
solid models using different types of print materials like PLA and ABS plastic. There are three
main types of build possible which include Solid, Sparse High Density and Sparse Low Density
builds. A solid build tries to fill the model as completely as possible, but cannot fill every corner.
Sparse High Density gives an exterior wall that is typically four roads wide (each road is twice
the slice thickness, so at .010 slice thickness you get a .080 wall) and then skips every other row
inside that, leaving a lattice structure. Sparse Low Density has the same exterior wall but skips
five out of every six rows inside, saving even more material and time. The specifics may change
on different printers or with different materials but it will be generally like these (Tupper, 2013).
There is little objective information on the print accuracy of these machines. This provides the
reasoning for this project.
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Stereolithogrpahy (SLA)

Stereolithogrpahy was the first commercially available 3DP. The material used is liquid
photo-curable resin, acrylate. Under the initiation of photons, small molecules, monomers, are
polymerized into large molecules. Based on this principle, the part is built in a vat of liquid resin
as shown in the figure X where? (Bartolo, Stereolithography, 2011)
SLAs have four main parts: a tank that can be filled with liquid plastic, photopolymer, a
perforated platform that is lowered into the tank, an ultraviolet (UV) laser and a computer
controlling the platform and the laser. Stereolithography is one of the most popular 3DP
processes, involving the solidification of a liquid photosensitive polymer by a laser beam
scanned across its surface (Bartolo, Stereolithography, 2011).

In the initial step of the SLA process, a thin layer of photopolymer (usually between
0.05-0.15 mm) is exposed above the perforated platform (Palermo, 2013). The UV laser hits the
perforated platform, "painting" the pattern of the object being printed.
1. The UV-curable liquid hardens instantly when the UV laser touches it, forming
the first layer of the 3D-printed object.
2. Once the initial layer of the object has hardened, the platform is lowered,
exposing a new surface layer of liquid polymer. The laser again traces a cross
section of the object being printed, which instantly bonds to the hardened section
beneath it.
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3. This process is repeated again-and-again until the entire object has been formed
and is fully submerged in the tank.
4. The platform is then raised to expose a three-dimensional object. After it is rinsed
with a liquid solvent to free it of excess resin, the object is baked in an ultraviolet
oven to further cure the plastic (Bartolo, Stereolithography, 2011).

Figure 5 - Graphic Depiction of FDM 3DP (CMU, 2015)

Objects made using stereolithography generally have smooth surfaces, but the quality of
an object depends on the quality of the SLA machine used to print it. The amount of time it takes
to create an object with stereolithography also depends on the size of the machine used to print it.
Small objects are usually produced with smaller machines and typically take between six to
twelve hours to print. Larger objects, which can be several meters in three dimensions, take days.
Need reference
Z-corp-style Powder and Glue
24
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Powder and Glue 3D Printing is a process originally developed at MIT. It originally used
solid powder material that is deposited in layers that are successively solidified by ink-jet
printing droplets of binder onto the powder material: Today, MIT has licensed the process to six
companies, each one authorized to develop and commercialize it for different applications. 3-D
printers can print with accuracy down to 16 micrometers, which is smaller than the finest human
hair. Z-Corp patented this early type of gluing particles together to create RP (MIT, 2000).
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Figure 6 - Z Corp 3D Printing Process (Z Corp, 2015)
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FDM Technology

Stratasys founder Scott Crump invented FDM Technology more than 20 years ago, and
Stratasys has continued developing a range of systems. Fused Deposition Modelling (FDM) has
grown to one of the most popular RP processes (Bottini, 2014).
Use of FDM machines have surpassed those of 3D Systems' SLA machines in terms of
availability and low expense. FDM builds parts by depositing a stream of hot viscous material
onto a base plate or previously deposited material. Solidification of the molten material is
obtained by natural cooling of this material; so theoretically any thermoplastic or heat fusible
material can be used (Bottini, 2014). If necessary, a support in a different material (e.g. softer
sparser plastic) use to support wide overhanging parts.

Explanation of the FDM Process
3D printers that run on FDM Technology build parts layer-by-layer from the bottom up by
heating and extruding thermoplastic filament. The process consists of the following 3 stages:
1. Pre-processing: Build-preparation software slices and positions a 3D CAD file and
calculates a path to extrude thermoplastic and any necessary support material.
2. Production: The 3D printer heats the thermoplastic to a semi-liquid state and deposits it
in ultra-fine beads along the extrusion path. Where support or buffering is needed, the 3D
printer deposits a removable material that acts as scaffolding.
3. Post-processing: The user breaks away support material or dissolves it in detergent and
water, and the part is ready to use.
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Figure 7 – FDM layered Deposition (Mohammad Shojib Hossain1, 2014).

Build speed of industrial FDM equipment (Stratasys) has been increased by up to 500%
by applying a new patented two-axis high speed motion control system that moves each of the
two extrusion heads for part and support material independently. Each extrusion head is
supported with air cushions and electro-magnets directly to a common XY platform. The electromagnetic unit in such head also acts as two linear stepper motors to move the head in X and Y.
Such system eliminates the masses and inertia of classical superposed X and Y guideways and
drives, hence allowing high accelerations, high speeds (up to 254mm/s instead of 38 mm/s while
extruding, 508 mm/s for repositioning) and an accuracy of +l pm/mm (KULJANIC, 2005).
A similar fused polymer material extrusion process forms the basis of the low-price
Genisys desk-top machine from Stratasys, which is based on an earlier IBM development. This
machine uses a more traditional table and gantry axis configuration moving the single extrusion
head. Wall-like supports and part are made from same material. Wafers of a wax-like polyester
compound are fed from a feeder cassette (no wire coil as in FDM) into a pressurized heating
device and an extrusion pump (Venuvinod, 2004).
28
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Part quality and accuracy have improved by more intelligent tool path generation
software, build strategies and machine control software avoiding overlaps and gaps between
adjacent streams of extruded material. A study investigated the influence of the build styles on
the mechanical properties of FDM parts and proved the benefit of post-infiltration of adhesive to
improve those properties.
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Selective Laser Sintering

Selective laser sintering (SLS) produces parts by fusing or sintering together successive
layers of powder material. Models in this field are mainly related to lasers, optics, temperature
control materials. The Bayerisches Laser Zentrum in Germany developed a dual-beam system
for laser sintering. This dual-beam has a central high power beam for sintering and a surrounding
low density beam for preheating the powder in order to reduce thermal stresses.

Figure 8 – Depiction of Selective laser Sintering (Custompart.net, 2015)

.
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Using high power laser (for example, a carbon dioxide laser) SLS can be used to to fuse
small particles of plastic, metal ,ceramic , or glass powders into a mass that has a desired threedimensional shape (Levy, 2010). The laser selectively fuses powdered material by scanning
cross-sections generated from a 3-D digital description of the part (for example from a CAD file
or scan data) on the surface of a powder bed. After each cross-section is scanned, the powder bed
is lowered by one-layer thickness, a new layer of material is applied on top, and the process is
repeated until the part is completed.
Because finished part density depends on peak laser power, rather than laser duration, a
SLS machine typically uses a pulsed laser. The SLS machine preheats the bulk powder material
in the powder bed somewhat below its melting point, to make it easier for the laser to raise the
temperature of the selected regions the rest of the way to the melting point.
One of the strongest features of SLS is that it is able to process a very wide range of
materials such as standard polymers, metals, ceramics, foundry sand, etc. in a direct way (i.e.
sacrificial binder not mandatory), while yielding excellent material properties (i.e. close to those
obtained with other manufacturing methods). SLS shows great potential for AM, but is typically
very expensive.
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Additive Manufacturing(AM)
Introduction

AM is a suite of emerging technologies that fabricate three-dimensional objects directly
from digital models through an additive process, typically by depositing and “curing in place”
successive layers of polymers, ceramics, or metals. Traditional manufacturing processes
typically involving subtraction are represented in the following: cutting, and shearing. Casting,
welding and molding are examples of additive processes (Ford, 2014). This is depicted in figure
9.

Figure 9 – A Representation of the steps involved in the Additive Manufacturing Process (ESA,
2015).

Originally conceived as a way to make prototypes, additive manufacturing has improved
to the extent that it is increasingly used to deliver final products. Recent improvements include
enhancements of the speed and performance of additive manufacturing machinery, an expanding
range of input materials, and falling prices for both machinery and materials.
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Process
Additive manufacturing begins with computer-aided design (CAD) solid modeling
software that takes a series of digital images of a design or object and sends descriptions of them
to a professional-grade industrial machine. The machine uses the descriptions as blueprints to
create the item by adding material layer-upon-layer. Then hundreds of added layers, which are
measured in microns, or thousands until a three-dimensional object emerges. Raw materials may
be in the form of a liquid, powder, or sheet and are typically plastics and other polymers, metals,
or ceramics. Figure 11 explains the AM process in brief (Ford, 2014).

Figure 10 – A depiction of how the AM Process is carried out from start to finish (AMCOR,
2016).
33
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Chapter III
PROCEDURE

Restatement of the Problem

There is insufficient evidence to measure the accuracy of 3D printers. This project is
designed to create a sample part in solid modeling software, print the part and measure the
accuracy of the RP machine against the original solid model for the Stratasys, MOJO, Makerbot,
and Da Vinci 3D printers.
Restatement of Objectives
To perform this research, the following objectives have been developed:


Design a solid model to print using SolidWorks 2015-2016 educational package.



Print a solid model using each these 3DPs.



Measure the printed prototypes using calipers and an optical comparator.



Compare the measurements to the original solid model dimensions.
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Steps of Execution
A Solid Model was designed to be printed by the four 3D Printers and then measured using
an optical comparator and a digital caliper to test them for accuracy by comparing them to the
original model.

1. Design a component to be tested in solid modeling software.

We design a solid model in Solidworks 2016. The model is shaped as a rectangle with
dimensions 1.25 X 2.00 inches. At one edge of this model, we have cut out an isosceles triangle
and on the opposite side of this edge, we have created a hollow cylinder running through the part
with an outside diameter of 0.75 inches and an inside diameter of 0.50 inches, please refer Fig.
11 and 12 below.

Figure 11 - Solid Model of Test Part
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Engineering Drawing

Figure 12 - Engineering drawing of the test part with dimensions.
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Four machines were selected to print the part on.


Stratasys Dimension 768



Mojo Professional 3D Printer



da Vinci 1.0 3D Printer



Makerbot Replicator Desktop 3D Printer

2. Measurement of the Solid Model.
We will make use of an Optical Comparator to measure our 3DP Solid Model. The steps to
carry out measurements using an optical comparator are as follows –


Place the bolts in the comparator vise vertically.



Turn the Power ON (red button)



Turn the Lights ON



Set the Working Distance (Focus) with traveling in the Z axis.



Align one of the screen centerlines with the crests of the thread.



Now move the center point, i.e. where the two centerlines cross, to top of one of the
crests.



Zero-out the digital read-out by pressing the X and the Y buttons



Travel using (X, Y) axis and locate the top of the crest point on the thread on the opposite
side. Note the opposite thread is not exactly opposite so use the nearest one,



Refocus the image for accuracy.



Record your measurements below



Repeat the procedure from steps 5 to 10 for the valleys.
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A. We measure the 3DP solid model using an optical comparator and check the readings
observed for accuracy.

1. Set up the model properly on the optical comparator, preparing it for taking accurate reading.

Figure 13 - Set-up Solid Model in the Optical Comparator
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2. The internal diameter of the model is observed to be 0.25606 inches.

Figure 14 - Measure the Inner Diameter of the Solid Model

3. The length of the cut-off parallel side of the model is observed 0.36693 inches.

Figure 15 - Length of Cut-off Parallel side is measured
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4. The breadth of the solid model is observed to be 0.60413 inches and,

Figure 16 - Breadth of Solid Model is measured

5. The length of the solid model is observed to be 0.99768 inches.

Figure 17- Length of the Solid Model is measured.
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B. We measure the 3DP solid model using a digital caliper and check the readings observed
for accuracy.

1. The length of the solid model is observed to be 0.997 inches.

Figure 18 - Length of the Solid Model is measured.

2. The breadth of the solid model is observed to be 0.627 inches.

Figure 19- Breadth of the Solid Model is measured.

3. The length of the cut-off parallel side of the model is observed 0.369 inches.
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Figure 20 - length of the cut-off parallel side of the model is measured

4. The internal diameter of the model is observed to be 0.25606 inches in example.

Figure 21- internal diameter of the model is measured
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The reason two different measuring apparatus were selected was to verify the
measurement of each devices and also make sure that the reading being tabulated and analyzed
are accurate. The Digital Caliper has a measuring capacity to the third decimal place and the
Optical comparator has a measuring capacity to the fifth decimal place. Hence, these were
selected.
Research Design
The following research design was developed and applied to the models printed in the
study:


10 parts were printed in groups of 5 on each 3DP. The four machines selected to print the
part were:
1. Stratasys Dimension 768
2. Mojo Professional 3D Printer
3. da Vinci 1.0 3D Printer
4. Makerbot Replicator Desktop 3D Printer



The parts were measured and compared to the original design specifications.



The measurements were analyzed in terms of standard deviation to show how closely
packed the data was.



Ranges for measurements were developed and plotted graphically.



Means for measurements were determined and plotted against the original design
specifications.



The data was stored and transformed into descriptive statistics in a spreadsheet.
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Descriptive Statistics

Descriptive Statistics as defined by the Online Stat Book (Lane, Online Statistics
Education: An Interactive Multimedia Course of Study, 2008)states, “Descriptive statistics are
numbers that are used to summarize and describe data. The word "data" refers to the information
that has been collected from an experiment, a survey, a historical record, etc. (By the way, "data"
is plural. One piece of information is called a "datum.") If we are analyzing the designed model,
for example, a descriptive statistic might be the average length of the model.”
In our Descriptive Statistical analysis, we will take into consideration the following
factors –
Standard Deviation

The variance and the closely-related standard deviation are measures of how spread out a
distribution is. In other words, they are measures of variability (Lane, Online Statistics
Education: An Interactive Multimedia Course of Study, 2008).
The variance is computed as the average squared deviation of each number from its
mean. For example, for the numbers 1, 2, and 3, the mean is 2 and the variance is:

The formula (in summation notation) for the variance in a population is

where μ is the mean and N is the number of scores.
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When the variance is computed in a sample, the statistic

(where M is the mean of the sample) can be used. S² is a biased estimate of σ², however. By far
the most common formula for computing variance in a sample is:

which gives an unbiased estimate of σ². Since samples are usually used to estimate parameters, s²
is the most commonly used measure of variance. Calculating the variance is an important part of
many statistical applications and analyses. It is the first step in calculating the standard deviation.
The standard deviation formula is very simple: it is the square root of the variance. It is the most
commonly used measure of spread.
An important attribute of the standard deviation as a measure of spread is that if the mean
and standard deviation of a normal distribution are known, it is possible to compute the
percentile rank associated with any given score.
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Chapter IV
Results & Findings
The data was tabulated for our 3D Printed Solid Models. These were then measured and
the descriptive statistical analysis were performed on the data collected to verify and determine
the accuracy of each 3D Printer and also comment on the most accurate 3D printer.
Measurements for the Length, Width, Height, Inner and Outer Hole Diameters were
taken and tabulated for the 10 prints of our designed solid model in each of our four 3D Printers.
It can be observed in these tables that the measured values for the parameters are
distinctly close to the designed original solid model which has the following parameters –
1.

Length = 1.0000 inch.

2.

Breadth = 0.6300 inch.

3.

Height = 0.5000 inch.

4.

Inner Diameter = 0.2500 inch.

5.

Outer Diameter = 0.3800 inch.
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The following measurements were tabulated for the printed solid models –
Table 1: Measured Dimensions for the MOJO using the Optical Comparator.
MOJO
S.
No.

Length
(inches)

Width
(inches)

Height
(inches)

Inner diameter
(inches)

Outer Diameter
(inches)

1

0.99803

0.61031

0.50276

0.26516

0.39314

2

1.00220

0.60866

0.50110

0.26571

0.38652

3

0.99862

0.61945

0.50075

0.25878

0.38962

4

0.99980

0.61280

0.49890

0.23992

0.37972

5

1.00209

0.60906

0.55039

0.26564

0.38714

6

0.99996

0.60905

0.50000

0.27484

0.38370

7

1.00142

0.61031

0.50276

0.26224

0.38312

9

0.99063

0.60681

0.50004

0.26587

0.38082

10

0.99709

0.61559

0.50449

0.25669

0.38512
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Table 2: Measured Dimensions for the Stratasys using the Optical Comparator.

S.
No.

Length
(inches)

Stratasys
Support material height is 0.075inches
Width
Height
Inner
Outer
(inches)
(inches)
Diameter(inches) Diameter(inches)

1

1.00167

0.63356

0.51823

0.24943

0.38012

2

0.99751

0.62914

0.52000

0.24541

0.37962

3

1.00263

0.63347

0.52218

0.24912

0.37951

4

0.99932

0.63912

0.51903

0.24542

0.38053

5

0.99812

0.63418

0.51532

0.24813

0.38012

6

1.00612

0.63341

0.51523

0.25062

0.37619

7

1.00321

0.62931

0.50821

0.24741

0.37732

8

1.00331

0.62913

0.50941

0.24609

0.37804

9

1.00353

0.63109

0.51304

0.24851

0.37943

10

1.00325

0.63053

0.54026

0.24419

0.37105

In a similar manner, tabulated measurements for the DaVinci and Replicator using an
Optical comparator are shown in table 3 and 4 respectively. Along with these, we measured all of
the following 3D prints using a digital caliper to get a different set of reading for cross checking,
these can be seen in tables 5, 6, 7 and 8 which are tabulated in APPENDIX A.
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Results

Mean Comparison
Sr. No.
Target (Print)
Dimension
MOJO
STRATASYS BTS
768
DaVINCI
REPLICATOR

Length

Width

1.00000

0.63000

Inner
Diameter
0.2500

Outer Diameter

0.99879
1.0015

0.61124
0.632

0.262
0.2471

0.3862
0.3779

0.9956
0.9979

0.6087
0.6357

0.2485
0.2315

0.3853
0.3853

0.3800

The Mean comparison gives us a clear graphical view of how the 3D Prints Measured using
the four 3D Printers, differ from the values of the original designed Solid Model.

Standard Deviation Comparison
Sl. No.
MOJO
STRATASYS BTS
768
DaVINCI
REPLICATOR

Length

Width

0.00337
0.00276

0.00376
0.00313

Inner
Diameter
0.00915
0.00202

0.0057
0.00197

0.0097
0.00457

0.00506
0.00366

Outer Diameter
0.00468
0.00277
0.00306
0.00287

The Standard Deviation of STRATASYS BTS 768 as depicted in the table above is the least
for maximum of the dimensional parameters. Least values have been highlighted in GREEN.
The Accuracy of STATASYS is higher as depicted in the data above.
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Standard Deviation Comparison
0.01
0.00915

0.0097

0.009
0.008
0.007
0.0057

0.006

MOJO

0.00506
0.00457

0.005
0.004

STRATASYS

0.00468

DaVINCI

0.00376
0.00337

0.003

0.00366

0.00313

0.00276

0.00306
0.00287
0.00277

REPLICATOR

0.00202

0.00197

0.002
0.001
0
Length

Width

Inner Diameter

Outer Diameter

Range Comparison
S. No.
MOJO
STRATASYS BTS
768
DaVINCI
REPLICATOR

Length

Width

0.0116

0.0126

Inner
Diameter
0.0349

0.009
0.019
0.007

0.01
0.031
0.015

0.006
0.016
0.013

Outer
Diameter
0.0134
0.009
0.009
0.009

The range is the difference between the highest and lowest measurement in a data set and
is the simplest measure of spread. So we calculate range as:
Range = maximum value - minimum value
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The Range of STRATASYS BTS 768 as depicted in the table above is the least for most of the
dimensional parameters. Least values have been highlighted in GREEN. The Accuracy of
STATASYS is the highest as depicted in the data above.
Range Comparison
0.0350

0.0349

0.031

0.0300
0.0250
0.0200

0.019

MOJO

0.016

0.015

0.0150
0.0100

0.013

0.0126
0.01

0.0116
0.009
0.007

STRATASYS

0.0134

REPLICATOR

0.0090.0090.009
0.006

0.0050
0.0000
Length

Width

DaVINCI

Inner Diameter
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Conclusion
Based on the tabulated measurements of the solid model prints of all four of the 3DP’s
selected and the descriptive statistical analysis performed on these measurements, we get the
following data 

STRATASYS has minimum Percent Difference for 2 out of the 4 parameters which
include: Width, and Outer Diameter.



MOJO has minimum Percent Difference for 1 out of the 4 parameters, i.e. Length.



DaVINCI has minimum Percent Difference for 1 out of the 4 parameters, i.e. Inner
Diameter.



REPLICATOR has higher Percent Differences for all the 4 out 4 parameters



STRATASYS has only 1 parameter (Inner Diameter) for which the Percent Difference is
greater than 1%. It is 1.16%



MOJO has 3 parameters (Width, Inner Diameter and Outer Diameter) for which the
Percent Differences are greater than 1%. They are 2.98%, 4.8% and 1.63%



DaVINCI has 2 parameters (Width and Outer Diameter) for which the % Differences are
greater than 1%. They are 3.38% and 1.39%



REPLICATOR has 2 parameters (Inner Diameter and Outer Diameter) for which the
Percent Differences are greater than 1%. They are 7.4% and 1.39%



All the printers have 1 each parameter for which the maximum Percent Difference is the
highest. However, it is the least in the case of STRATASYS (1.16%) followed by
DaVINCI (3.38%), MOJO (4.8%) and REPLICATOR (7.4%)

52

Determining 3DP Accuracy

Chapter V
Conclusion & Discussion
In this research, our goal was set on verifying and determining the accuracy of four
different 3D Printers namely, the MOJO, Stratasys BTS 768, the DaVinci 1.0 and the Makerbot
Replicator. We designed a Solid Model in Solidworks and printed ten copies in two sets of five
prints each on all four 3DPs. The length, height, width and the inner and outer diameter of each
of the printed models were then measured using both a Digital Caliper and an Optical
Comparator and were tabulated. These tabulated readings were then analyzed using descriptive
statistical analysis and the mean, standard deviation and range were calculated and compared to
the original solid model.
Based on this statistical analysis, there were inaccuracies in almost all of the printed solid
models and they were then compared to each other to determine which printer had the most
accurate print.
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Upon comparison, we find that the Stratasys BST 768 was the most accurate 3D Printer
between the four we selected as it has the least deviation in print accuracy when compared to the
original solid model.
1.4

Comparison of Solid Model and Printers

1.3
1.2
1.1

1

1.0015

0.99879

0.9979

0.9956

1
0.9

Length

0.8
0.7

0.630

0.61124

0.632

0.6087

0.6
0.5
0.4
0.3

0.3862

0.38
0.25

0.262

0.3779

0.3853
0.2485

0.2471

Width

0.6357

Inner Diameter

0.3853

Outer Diameter

0.2315

0.2
0.1
0
Solid Model

MOJO

STRATASYS

DaVINCI

REPLICATOR

Suggestion for Future Work

The work designed in the project has been carried out to be able to verify and determine
the print accuracy of commercially available 3DPs. Both professional quality and hobbyist 3DPs
were analyzed for print quality. The results presented here demonstrate that there is still significant
inaccuracy in 3D printed solid models. Soon we should have reasonably accurate 3D Printers
available commercially that will be accurate to one thousandth of an inch and which can then be
used to take 3D Printing to the next step of Additive Manufacturing. Future studies need to be
performed after the 3DP have run significant times and have encountered wear.
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Some of the Observations of the Researcher are below 1.

The professional quality 3D Printers held better tolerances than the hobbyist 3D Printers.
Defining professional quality 3DPs are over $5000.

2.

The quality of prints start wearing off with ageing of the 3DP. This is noticeable in the
prints taken on the Stratasys BST which is 8 years old, we see that around the edges and
width, the print is very stable and accurate, but along the length, it’s fairly unstable in
comparison. While the other printers are relatively new with the Mojo being used right
out of its box, the Stratasys still performs better in an overall comparison.

3.

More research needs to be done with an increased number of prints (like 50 prints on
each printer) which are then measured and analyzed statistically to support the
researcher’s claim.

4.

Similar research needs to be conducted using different print materials like PLA plastic
and nylon as the results observed could possibly differ.

5.

In this research, prints were taken in two sets of 5 prints each. The measurements and
print accuracy may differ if individual prints are taken which means that ten individual
prints are taken. The main reason to test this is the 3DPs wear and also its accuracy over
taking multiple prints of the same solid model prototype.

6.

The color of print material could also result in different measurements.

7.

Studies need to be done with large and small parts to see if the size of the part relates to
print accuracy.
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APPENDIX A: LIST OF TABLES
Table 3: Measured Dimensions for the DaVinci using the Optical Comparator.

DaVinci
S. No. Length
(inches)

Width
(inches)

Height
(inches)

Inner
Outer Diameter
Diameter(inches) (inches)

1

0.99894

0.60937

0.48244

0.24937

0.38931

2

0.99811

0.61110

0.48059

0.24437

0.38872

3

0.99244

0.61283

0.48685

0.24563

0.38261

4

1.01020

0.63047

0.47768

0.23894

0.39074

5

0.99193

0.60413

0.48768

0.24740

0.38542

6

0.99291

0.61764

0.46854

0.25488

0.38352

7

0.99646

0.60780

0.48531

0.25236

0.38341

8

0.99453

0.59953

0.48894

0.25311

0.38661

9

0.99177

0.59980

0.47969

0.25346

0.38104

10

0.99453

0.59909

0.47516

0.25079

0.38613
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Table 4: Measured Dimensions for the Makerbot Replicator using the Optical Comparator.

S. No.

Replicator
Support material height 1-5 0.45inches and 6-10 is 0.038 inches
Length (inches) Width(inches)
Height (inches) Inner
Outer Diameter
Diameter(inches) (inches)

1

0.99832

0.63723

0.49845

0.23514

0.38502

2

0.99513

0.64132

0.49731

0.23598

0.38412

3

0.99861

0.64515

0.50119

0.23017

0.38952

4

0.99514

0.63319

0.49639

0.23179

0.38713

5

0.99854

0.63015

0.49615

0.23706

0.38532

6

0.99852

0.63528

0.50443

0.23271

0.38921

7

0.99834

0.63798

0.50000

0.23162

0.38532

8

1.00254

0.63162

0.50713

0.22451

0.38216

9

0.99913

0.63317

0.49913

0.23172

0.38732

10

0.99812

0.63524

0.53973

0.22962

0.38021
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Table 5: Measured Dimensions for the MOJO using the Digital Caliper.
MOJO
S.
No.

Length
(inches)

Width
(inches)

Height
(inches)

Inner diameter
(inches)

Outer Diameter
(inches)

1

0.998

0.610

0.502

0.265

0.393

2

1.002

0.608

0.501

0.265

0.386

3

0.998

0.619

0.500

0.258

0.389

4

0.999

0.612

0.498

0.240

0.379

5

1.002

0.609

0.550

0.265

0.387

6

0.999

0.609

0.500

0.274

0.383

7

1.001

0.610

0.502

0.262

0.383

9

0.990

0.606

0.500

0.265

0.380

10

0.997

0.615

0.504

0.256

0.385
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Table 6: Measured Dimensions for the Stratasys using the Digital Caliper.

S.
No.

Length
(inches)

Stratasys
Support material height is 0.075inches
Width
Height
Inner
Outer
(inches)
(inches)
Diameter(inches) Diameter(inches)

1

1.001

0.633

0.518

0.249

0.380

2

0.997

0.629

0.520

0.245

0.379

3

1.002

0.633

0.522

0.249

0.379

4

0.999

0.639

0.519

0.245

0.380

5

0.998

0.634

0.515

0.248

0.380

6

1.006

0.633

0.515

0.250

0.376

7

1.003

0.629

0.508

0.247

0.377

8

1.003

0.629

0.509

0.246

0.378

9

1.003

0.631

0.513

0.248

0.379

10

1.003

0.630

0.540

0.244

0.371
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Table 7: Measured Dimensions for the DaVinci using the Digital Caliper.
DaVinci
S. No. Length
(inches)
1
0.998

Width
(inches)
0.609

Height
(inches)
0.482

Inner
Outer Diameter
Diameter(inches) (inches)
0.249
0.389

2

0.998

0.611

0.480

0.244

0.388

3

0.992

0.612

0.486

0.245

0.382

4

1.010

0.630

0.477

0.238

0.390

5

0.991

0.604

0.487

0.247

0.385

6

0.992

0.617

0.468

0.254

0.383

7

0.996

0.607

0.485

0.252

0.383

8

0.994

0.599

0.488

0.253

0.386

9

0.991

0.599

0.479

0.253

0.381

10

0.994

0.599

0.475

0.250

0.386
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Table 8: Measured Dimensions for the Makerbot Replicator using the Digital Caliper.
Replicator
Support material height 1-5 0.45inches and 6-10 is 0.038 inches
S. No. Length
(inches)

Width
(inches)

Height
(inches)

Inner
Outer Diameter
Diameter(inches) (inches)

1

0.998

0.637

0.498

0.235

0.385

2

0.995

0.641

0.497

0.235

0.384

3

0.998

0.645

0.501

0.230

0.389

4

0.995

0.633

0.496

0.231

0.387

5

0.998

0.630

0.496

0.237

0.385

6

0.998

0.635

0.504

0.232

0.389

7

0.998

0.637

0.500

0.231

0.385

8

1.002

0.631

0.507

0.224

0.382

9

0.999

0.633

0.499

0.231

0.387

10

0.998

0.635

0.539

0.229

0.380
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