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INTRODUCTION 

As additive manufacturing (AM) processes become increas-

ingly popular and accessible technologies for manufacturing 
prototypes as well as end use products, engineers, designers, 

and makers in general must learn the limitations and strengths 

of these processes. To achieve a better result or product from 

AM process, it is necessary to understand the accuracies and 

limits of the AM machines. If a product sensitive to fit and 

function is designed for production by AM, the geometric 

accuracy of printers is significant for the designer to under-

stand, since any minor error of the geometry would directly 

affect the functionality of the prototype. Understanding the 

geometric accuracy of the machines helps the designers 

choose the right AM machine for their requirements during 

the designing process and prevent any prototyping failures. 

Geometric dimensioning and tolerancing (GD&T) is a 

standardized collection of symbols used on engineering 

drawing and 3D models for engineers and designers to 

communicate allowable deviation of the geometry from its 

desired dimensions and geometric characteristics. Using 

GD&T helps designers to communicate effectively, specify-

ing an acceptable range of “mistakes” without affecting the 

products’ functionalities. Because designers already use 

GD&T to quantify allowable error on their parts, it makes 

sense to use this same language to describe geometric inac-

curacy of AM. 

A literature review revealed a lack of comprehensive research 

into validating a predictive model for achievable geometric 

tolerances for AM. Previous research by Shahrain, Didier, 

Lim, and Qureshi [1] and Yang and Anam [2] explored what 

magnitudes of tolerance are achievable, but the measurements 

were provided in only three orientations without offering a 

model to actually predict the potential manufacturing error. In 

the work of Boschetto and Bottini [3], the effect of orientation 

was described but only as deviation from a length dimension.  

The idea of estimating error caused by the stair-step ap-

proximation of geometry by using simple trigonometry 

equation was explored by Arni and Gupta [4] and Budinoff 
and McMains [5]. These works assume that the main driver of 

error in AM manufactured parts is the stair-step approxima-

tion of the geometry (as shown in Fig. 1) and use orientation 

and layer thickness to predict geometric deviations. By im-

plementing this mathematical model, designers and makers 

can determine whether a machine could meet their accuracy 

needs before printing a single part. Simply checking out the 

machine specifications, the designers would have a general 

idea about if the machine is suitable for their projects and if it 

is capable of satisfying any specifications of functionalities. 

However, this mathematical model has not been experimen-

tally validated. 

 
Fig. 1 The stair-step effect on 3D printed parts 

In this study, we focus on experimentally testing this model 

using different types of 3D printers. In university mak-

erspaces, FDM machines such as Ultimakers 3D Printers, 

Makerbot Replicator 2, and Type A Printers are common due 

to their compact volumes, fast printing speed, and low cost. 

Although Selective Laser Sintering (SLS) and Stereolithog-

raphy (SLA) machines are not as prevalent in makerspaces 

because they are expensive, they still can be found in several 

institutions. Conducting experiments with a range of AM 

machines will allow us to better predict achievable tolerances, 

both in makerspaces and in industry.    

MATERIAL AND METHODS 

For this poster, we limit our analysis to flatness measure-
ments only. To compare and analyze the flatness deviation on 

additive manufactured parts, we used two different printers to 

print various shapes (Fig. 2) in different orientations. These 

designs were found from previous work which examined 

surface roughness as a function of orientation in AM parts. In 

the future, we hope to improve these designs to enable easy 

measurement of flatness and other GD&T callouts.     

        

        

Fig. 2 Geometries tested for 3D printing and measurements [6][7][8] 

To measure the flatness of the parts, the parts were scanned 

using a ROMER Absolute Arm, a portable measuring arm for 

part inspection. PolyWorks software was used to obtain 

flatness measurement from scan data. Data from Yang and 

Anam [2] is also used to test the model. The experimental 
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printer parameters are summarized in Table 1. The Type A 

and the Zortrax machines were both located in university 

makerspaces. 

Table 1 Parameters of the different 3D printers used 

After obtaining experimental flatness data, the mathematical 

model for estimating error is applied: 

      𝜀 = (ℎ + ∆𝑧)|cos(𝜃)| + ∆𝑥𝑦 sin(𝜃)                   (1)  

where ε is the expected error, h is layer thickness, xy- and 

z-precision are Δz and Δxy respectively, and θ is the angle 

between the face normal and the build direction. A refined 

equation specifically for FDM is applied as:  

    𝜀 =
ℎ

2
+ (

ℎ

2
+ ∆𝑧) |cos(𝜃)| + ∆𝑥𝑦 sin(𝜃)                   (2)  

We can use this predicted error to compare with the experi-

mental error. 

RESULTS 

Due to complications with some of our printed parts, only 

limited measurements were possible. We were only able to 

use measurements from the part shown in Fig. 2(c). Fig. 3 

compares predicted and experimental flatness taken from a 

part printed using the Zortrax printer, while Fig. 4 shows data 

from Yang and Anam [2] using a Sinterstation 2500+. For 

orientations with multiple measurements, the average ex-

perimental flatness error and its standard error are shown. 

 
Fig. 3 Diagram of Zortrax average flatness error  

 
Fig. 4 Diagram of average flatness error from Yang and Anam [2]  

In addition to the collection of data, our experimentation lead 

to some insights about FDM processes. The PLA material 

was transparent to the laser making it difficult to laser scan 

the printed parts. The scanner penetrated the part, measuring 

infill structure below the actual surface of the print, making 

flatness measurements impossible. 

During 3D printing process, some inevitable failure or limits 

of some of the printers used, specifically Type A Printers, 

also came up. While trying to print some relatively more solid 

parts by changing the infill distance to a small number, the 

printers seem not work well and the prints failed after a short 

printing time. Also, filament breakage is another inevitable 

factor that causes failure and is observed during printing. 

Another difficulty was that, due to the thermal property of 

PLA material, warping is a huge driver of dimensional ac-

curacy. Even though it is not included in our model, it is no-

ticeable during 3D printing process (Fig. 5) and should be 
considered as one of the factors that affects the geometric 

accuracy of the prints.  

 
Fig. 5 Warping can be observed on the left side of the print  

DISCUSSION 

Because we had limited experimental measurements, it was 

hard to extract a specific trend of the experimental error from 

the diagram plotted. It is clear that the experimental and pre-
dicted error are of similar magnitude. Similarly, by analyzing 

the data from Yang and Anam’s paper, we can see that the 

predicted error is similar in magnitude as the measured error. 

However, it is difficult to tell if the relationship between 

flatness error and orientations is as predicted. 

In future experiments, we will attempt to obtain more prints 

using various AM machines with different technology that we 

have not experimented on yet, such as SLA and PolyJet, as 

well as advanced FDM machines, such as Dimension 1200es 

Printers and Fortus Printers, which can also be commonly 

found in makerspaces. We will also test on different materials, 
such as infused PLA and different types of ABS, with diverse 

printing parameters. Further experimentation will help lead to 

a refined model, which will help makers and engineers pre-

dict achievable tolerances. 

CONCLUSION 

Our analysis shows the mathematical predictive model for 

flatness error in FDM processes is useful for predicting the 

magnitude of achievable flatness tolerances based on speci-

fications of the printer, but the experimental data does not 

closely follow the predicted trend for different angles. In fu-

ture work, we plan on making more measurements and con-

tinuing to refine our experimental approach to refine the 

predictive model. 

 

 Type A  Zortrax  Sinterstation 2500+ [2] 

 
 

Material PLA ABS Nylon 11 

h 0.4/0.12 mm 0.2 mm 0.05 mm 

xy-precision 0.00657 mm 0.0015 mm 0.06 mm 

z-precision 0.00625 mm 0.0015 mm 0.06 mm 

Technology FDM FDM SLS 
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