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Abstract: Additive manufacturing (AM), also known as 3D printing, has gained significant interest
due to the freedom it offers in creating complex-shaped and highly customized parts with little
lead time. However, a current challenge of AM is the lack of geometric accuracy of fabricated parts.
To improve the geometric accuracy of 3D printed parts, this paper presents a three-dimensional
geometric compensation method that allows for eliminating systematic deviations by morphing the
original surface mesh model of the part by the inverse of the systematic deviations. These systematic
deviations are measured by 3D scanning multiple sacrificial printed parts and computing an average
deviation vector field throughout the model. We demonstrate the necessity to filter out the random
deviations from the measurement data used for compensation. Case studies demonstrate that printing
the compensated mesh model based on the average deviation of five sacrificial parts produces a part
with deviations about three times smaller than measured on the uncompensated parts. The deviation
values of this compensated part based on the average deviation vector field are less than half of the
deviation values of the compensated part based on only one sacrificial part.

Keywords: additive manufacturing; 3D printing; geometric compensation; geometric accuracy;
3D scanning

1. Introduction

Additive Manufacturing (AM) is known for its many advantages in design and manufacturing [1]
and its importance has been growing steadily for the last three decades now [2]. However, like any
other manufacturing process, the parts produced by AM deviate from their nominal designed geometry.
Some industries call for tighter tolerances and more accurately produced parts to ensure top quality
and superior performance. Normally, 3D printing these parts necessitates expensive 3D printers, as the
lower cost machines will be unreliable [3]. In this case, the compensation to improve the geometric
accuracy of the final part provides a very interesting opportunity by allowing the use of less expensive
machines, one to two orders of magnitude cheaper, to produce sufficiently accurate parts.

It is also clear that the 3D printing community was instrumental in filling the gaps of
manufacturing cycles of Personal Protective Equipment (PPE) at the beginning of the COVID-19
pandemic [4,5]. As most machines in this community are of lesser quality and are not professionally
maintained and calibrated, the geometric accuracy of printed parts is low. Having an automated and
inexpensive way to improve the quality of these parts would be essential in the future to rely on this
community in case of emergency.

Bochmann et al. [6] named several sources for the geometrical inaccuracies of the AM processes,
including the mathematical errors in the conversion from a 3D model into a surface mesh by the 3D
modelling software, the process errors, which includes the deviations due to the positioning inaccuracy
of the machine and deformations induced by the layering of the part (i.e., the staircase effect), and the
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material-related deformations due to the characteristics of the materials used, such as shrinkage
or warping. Some of the most common 3D printing technologies are Fused Deposition Modelling
(FDM) (also known as Fused Filament Fabrication (FFF)), Stereolithography (SLA), Selective Laser
Sintering (SLS), and Multi Jet Fusion (MJF) [7]. The FDM, SLS, and MJF processes require the printing
material to be heated close to the fusion temperature for consolidation into a desired geometry,
and, similarly, the SLA process requires a laser to polymerize and solidify liquid resin to obtain a solid
part [8]. These changes in the state of matter (i.e., solid to semi-liquid to solid, and liquid to solid)
result in material shrinkage [9-11] that reduces the geometric accuracy of the finished part and causes
residual stresses to accumulate in the part, which can lead to warpage [12].

Researchers have proposed different error compensation approaches to improve the geometric
accuracy of AM parts, mainly using a predictive model. Tong et al. [13] proposed a method inspired
by the techniques used for machine tools to reduce geometric errors, by creating a parametric error
model of the volumetric errors of the machine and compensating the machine’s movement accordingly.
The error model was obtained based on the measurement of a printed artifact. The machine used in their
paper is an SLA 3D printer and the measurement of the artifact’s deviation is done using a contact probe
on a Coordinate Measuring Machine (CMM). They initially used a 2D artifact. Then, they extended
their previous work by using specially designed 3D artifacts and measuring them by CMM to obtain the
parametric error model in 3D [14]. The inverse of this error model was then applied to the STL model
and later also to the slice files [15] for compensation. Lyu and Manoochehri [16] proposed a parametric
error model of the FDM machine augmented by including the effects of interactions between the
printing temperature, infill density, and layer thickness. Their error model was obtained based on the
CMM measurement of a printed artifact. By using a CMM, the inspection and compensation rely on
the limited number of measurements possible to take.

Huang et al. [17-19] proposed a series of statistical error models to predict the in-plane shrinkage
and out-of-plane deviation of the printed part. Later, they proposed a convolution model to describe
more accurately the deformation of 3D printed parts by processing the 3D model layer by layer and
including the effect of layers on previously printed layers [20]. Machine learning can be used on the
convolution framework to learn on simulation results and compare them with real-life examples to
improve the predictions made by the convolution model. Chowdhury et al. [21] presented an Artificial
Neural Network (ANN) to predict deviations and compensate the original CAD model of the part by
applying the negative values of the predicted deviations. Their ANN model is trained on deviated
models simulated by Finite Element Analysis (FEA) of thermal deviation and strain deformation
on the part. This method would not take into account the machine errors, as it compensates only
for the thermal deformations. McConaha and Anand [22] implemented the geometry compensation
based on scan data of a sacrificial part using a modified version of the developed neural network
of [21]. They used a non-rigid variant of the iterative closest point (ICP) algorithm for the registration
of scan data and the nominal geometry. Xu et al. [23] proposed a compensation framework in
which the nominal model is fabricated and scanned along with some offset models to interpolate the
right amount of compensation to apply to each point of the model. This method assumes that the
needed compensation is inside the offset values. They used physical markers to help the registration
and correlation of the 3D scan data to the reference geometry. Afazov et al. [24] presented an
error compensation method that pre-distorts the nominal surface mesh based on 3D scan data.
They proposed that an initial part should be printed based on the nominal geometry, and then
scanned and inspected for the specified tolerances. If the deviations of the part are out of tolerance,
then the coordinates of the reference surface mesh are updated using distortion inversion. The updated
mesh is then used to print the next part. The mesh morphing approach used in our paper is the same
general model that was used in theirs. However, their compensation is based on the deviation data of
only one part without differentiating the systematic and random deviations.

There is an important gap in the literature of CAD compensation for improving the geometric
accuracy of 3D printed parts. The existing works that use the 3D scan data for CAD compensation



J. Manuf. Mater. Process. 2020, 4, 112 3o0f15

employ the data from a single part and perform the compensation based on all the deviations measured
on that part. When the scan data of a printed part is used to perform compensation, it should be
noted that the deviation measured from each part consists of systematic and random portions of
manufacturing error. Therefore, it is essential to separate the systematic deviation from random
deviations, otherwise, as random deviations are non-repetitive, including them in the compensation
will lead to introducing more deviations in the compensated part.

The original contribution of the method presented in this paper lies in the differentiation between
the systematic and random deviations and their application on a compensated part. The presented
method uses multiple parts and calculates an average deviation vector field over the original CAD
model. Smoothing is also applied over the deviations measured from the scan of each part to
eliminate the high-frequency noise and reduce the adverse effects of random errors compared to
systematic deviations. We demonstrate the proposed compensation scheme on the Fused Filament
Fabrication (FFF) process, but the method can be equally used for improving the geometric accuracy
of the parts manufactured by any other additive manufacturing process.

2. Proposed Method

Figure 1 presents an overview of the proposed method. First, the part is printed N times with
the same material and process parameters. Each printed part is then scanned using an optical 3D
scanner to capture its 3D shape with a sufficiently high degree of accuracy. In the next step, each scan
is aligned with the CAD model of the part and the deviation of each part from its nominal geometry
is measured by comparing the scan data and the CAD model. Thanks to the Laplacian smoothing,
we can denoise the acquired deviation vector field. Next, the mean deviation vector field is computed
based on the N denoised deviation vector fields of the N printed parts. The CAD model geometry is
then modified by morphing based on the mean deviation vector field. The morphing locally moves
the CAD geometry to the opposite direction of the measurement data to compensate for the systematic
errors on the printed part. Finally, the modified CAD is used to print a new part with the same material
and process parameters used for the previous N parts. In this work, we chose to print and measure
five initial parts (i.e., N = 5).

CAD geometry
(STL representation)

T N times
\V4

Print

Vb v Laplacian smoothing on

) Alignment and "
Scan printed part —Ddeviation measurement —>{ the dewﬁ‘tsllc:jn vector

\
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the average vector field
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Figure 1. Outline of the proposed 3D compensation.

In the following subsections, we describe each component of the proposed approach in detail,
and in the same order that they are to be executed.

2.1. Printing Sacrificial Parts Based on the Original CAD Model

The first step is to print the part N times with the same material and process parameters. Each of
the printed parts has some systematic errors on it and some random errors. The reason for printing
these multiple parts is to capture, in the next steps, the map of systematic errors on the same part
being printed with the same material and process parameters. The more parts that are printed and
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analyzed, the more reliable would be the acquired map of systematic errors because, with more parts,
the effect of individual random errors on the mean is lower. However, there is a trade-off between cost
and accuracy. Printing many sacrificial parts can be costly, while the estimate of the systematic errors
based on them will be more accurate. In this work, we print five parts, as it appears to be an optimal
number considering the cost and accuracy according to our experiments.

To print the part, its 3D CAD model in any CAD/CAM software is exported in Standard
Tessellation Language (STL) file format [25]. This file format is used to enable direct manipulation
of the data that the slicer, the 3D printing software, will use. The CAD model in the STL format
is the CAD surface geometry tessellated into triangles, described by the unit normal vector and
vertices of the triangles. The CAD/CAM software (e.g., CATIA) allows the user to set a resolution
for the resulting triangular mesh when exporting the model in STL format. The use of a finer mesh
reduces the approximation errors of the model and makes the morphing as local as possible later on.
However, the ability to handle very high-resolution mesh depends on the computing power available
to the user.

2.2. Part Inspection

Once each part is printed, it has to be inspected first by comparison against the original CAD
model to recognize any deviations on the part. To ensure a complete inspection throughout the part,
we should capture high-density surface measurement data. To this end, the part is digitized using an
optical 3D scanner such as a structured-light scanner or laser scanner. The scanned data are collected
as a point cloud.

Registration and Deviation Measurement

The point cloud data from 3D scanning and the CAD model are not originally located in the same
coordinate frame. To be able to compare the scanned data and the CAD model, they must be brought to a
common coordinate frame via a registration (aka alignment) algorithm. Therefore, accurate registration
of the scanned data and the CAD model is a critical step to ensure a reliable geometric deviation
measurement. We use the Iterative Closest Point (ICP) algorithm [26] for registration, which is one of the
most popular registration methods. The ICP algorithm consists of the following four steps:

1. For each point of the scan data, find the closest vertex on the CAD (STL) model as its
corresponding point.

2. Find the rigid body transformation (translation and rotation) that minimizes the mean of squared
distances between the corresponding pairs of scan point and CAD vertex.

3. Apply the transformation of Step 2 to the scan data.

4. If the change in the mean of squared distances between the scan points and CAD vertices falls
below a pre-specified threshold, stop. Otherwise, iterate from 1.

Once the scan data and the CAD model are properly aligned, for each vertex of the CAD STL
model, we find the closest point of the scan data. Then, we compute the vector vf ., from the CAD
vertex to its corresponding closest point of the scan. The deviation vectors from CAD to scan at all the
vertices of the CAD mesh form the deviation vector field vf,.

2.3. Random Error Reduction Strategies

The deviation vector field obtained by comparing the scanned data of a printed part to the CAD
geometry will have two types of deviations: systematic deviations, which are repeatable and can
be detected on multiple parts printed by the same machine with the same parameters, and random
deviations, which are also present in every single part, but are different on each one of them [27].

The random errors are from both the manufacturing process and the 3D scanning process itself [28].
It matters little to differentiate between the two sources, but it is important to make sure that the
compensation that is applied to the CAD geometry is based on actual systematic deviations and not
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on random noise. To do so, two tools are applied to reduce the adverse effects of noise and random
variations in the data: (1) smoothing (denoising) the deviation vector field acquired from the scan data
of each single part, and (2) averaging the deviation vector fields of multiple parts.

2.3.1. Smoothing

High-frequency noise is initially present in the scan data. Smoothing the vector field vf,, can
reduce the noise that would be transferred to the compensated part. The noise attenuation is performed
through a diffusion process. Laplacian smoothing is applied, which is considered as the time integration
of the heat equation on a mesh [29]. It is then possible to solve the discrete heat diffusion equation
on the CAD model’s mesh to smooth the vector field vf,, [30]. The solution of this equation is a
new vector field vf,, ,,11 that is smoother than the previous vector field vfe . Equation (1) is then
solved iteratively from m = 1 to m = 10, where vf,, 1 is the original vector field of deviations before
smoothing. A = 0.05 is used and L is the discrete cotangent Laplace-Beltrami operator as described by
Bunge et al. [31]:

Ufer,erl = (I + /\L)Ufer,m (1)
2.3.2. Averaging the Deviation Vector Fields

Once each deviation vector field of the five scans is smoothed (denoised), an average vector field
Ufaver is computed from the smoothed vector fields to extract the systematic deviations. To do so,
deviation vectors measured at every vertex of the CAD STL model from the five scans are averaged.
The average vector at each vertex is calculated component-wise. In other words, the mean of five values
for each one of the three coordinates X, Y, Z is calculated as the coordinate of the average deviation
vector. The average vectors at all the vertices form the average deviation vector field v f;y er.

2.4. Morphing

The morphing procedure is performed on a copy of the CAD model surface mesh. Equation (2) shows
the mathematical representation of the morphing:

VNEWmesh = VCADmesh — ©fav,er (2)

VNEwMESH is the compensated CAD mesh, Veappmesy is the original CAD mesh, and vf;y .- is the
average deviation vector field.

In essence, we move the CAD surface mesh inward where the systematic deviations bring the
printed part’s surface outside the nominal, and we move it outward where the part’s surface is inside
the nominal, with the exception of the following;:

e  The algorithm does not move the points of the bottom surface, in order to allow a good printing
surface. Their position remains the same as it was before the compensation.

e  The algorithm eliminates the deviations on the mesh that are bigger than a realistic predetermined
range. This range is fixed at 500 pm as the range of deviations for FDM 3D printers is usually
smaller [32].

The final surface mesh obtained after compensation can then be sliced using the same parameters
and printed using the same printer with the same material.

3. Results and Discussion

3.1. Experimental Setup

To verify the effectiveness of the proposed method, we printed a test part of the National
Institute of Standards and Technology (NIST) five times using an Ultimaker 3 (Ultimaker, Geldermalsen,
The Netherlands) 3D printer (Figure 2) with white 2.75 mm PLA filament from Ultimaker. The adopted
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part is CTC 5 [33], shown in Figure 3. The part was scaled uniformly to a reasonable size to print.
The outside dimensions of the part are 75.00 x 79.52 x 70.47 mm. CATIA allows the export of the
part’s CAD model in the STL file format by imposing a step (i.e., maximum edge length) and a
maximum chord deviation. In this work, the step was set at 0.5 mm and the maximum chord
deviation at 0.001 mm. This allowed to minimize the deviation between the STL and the original
CAD model and make it negligible in our experiment [34]. The exported STL model was sliced using
Ultimaker Cura with the fast default profile and the layer height set to 0.04 mm. With the negligible
part file errors, the deviations of the printed part are mostly due to the machine’s imprecision and
the material shrinkage. Table 1 presents the process parameters used for printing the original and
compensated parts.

Each printed part was visually inspected first to make sure that no burrs, stray filaments, or major
defects were present and then scanned using an ATOS Core 200 (GOM, Braunschweig, Germany) 3D
scanner (Figure 4). The scan data are then exported from GOM Scan (the scanner’s data acquisition
software). The resulting scan data are made of about 300,000 points at a density of 28%?. The scanner
is able to detect every detail on the surface of the part, even the track of the printer’s nozzle (Figure 5).
However, the holes on the sides and the bottom are harder to scan. A study of the 3D scanner’s
accuracy in [35] demonstrated an accuracy of 10 pm in length measurement and, more interestingly
for us, 2 ym in the probing error of form measurement.

The proposed algorithm is coded in Python 3.6. External libraries, namely the Trimesh [36] for
mesh processing, and the Libigl python bindings [37] for the quick computing of the distances are used.

Table 1. Printing parameters for the original and compensated parts.

Printing temperature 215 °C

Printing speed 70 mm/s
Cooling 100%
Support None
Infill type Triangles
Infill density 10%
Plate adhesion None
Layer height 0.04 mm
Nozzle diameter 0.4 mm

Figure 2. Ultimaker 3, 3D printing the part in PLA.
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Figure 4. 3D scanning setup with ATOS Core.

Figure 5. Scan data of the printed part.
3.2. Comparative Analysis

The comparison between the scan data of each printed part and the original CAD model yields
the geometric deviation of the part. The colormaps of the deviations of the five printed parts (A-E)
with respect to the original CAD model is presented in Figure 6. The deviation values on the colormaps
are signed L2-norms of the deviation vectors. The sign of these values represents the direction of
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the deviation. A negative value means the deviation vector points to the inside of the geometry
and vice versa.
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Figure 6. Deviation colormaps of the five original printed parts, ranges are in pum.
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The results of Sections 3.2.1 and 3.2.2 validate the proposed compensation approach using the
average deviation obtained from five parts and compare it to the compensation based on only one
part. To this end, two compensated parts are obtained and compared. The first one only uses the
deviation vector field of Part B for its compensation. The deviation vector field obtained from the scan
was smoothed by the presented Laplacian smoothing before the morphing. The selection of which
part to use for the compensation was random so as to not affect the result. The second one uses the
average of all of the five parts’ deviation vector fields as proposed in this paper.

3.2.1. Deviation Analysis

Part B, the part based on which the first compensated part was obtained, can be seen in Figure 6.
It has an average absolute error of 53 um and a standard deviation of 60 pm. The 99th percentile
of the absolute errors is at 318 pum. There is a clear deviation on the cylinders and other round
features. There are some random deformations that are not repeated in other colormaps of Figure 6
(e.g., the yellow patch at the bottom of the top cylinder). The compensated part based on these
deviations is displayed in Figure 7.

Side 1 Side 2

[um]

Figure 7. Deviation colormap of the compensated part based on part B, range is in um.

The average absolute error of this compensated part is 52 um and the standard deviation is 48 pm.
The 99th percentile is at 221 pm. Compared to Part B, the average absolute error of the compensated
part shows no improvement, but the standard deviation and the 99th percentile show an improvement
of 20% and 31%, respectively.

Table 2 presents the values of the average of absolute errors, standard deviation, and the 99th
percentile of absolute errors for each of the five initial parts and the two compensated parts. The average
absolute error of all the five original parts (of Figure 6) combined is 51 um with a standard deviation
of 57 um. The average 99th percentile is at 311 um. It can be observed in Figure 6 that the deformation
on the cylinders is present in every colormap, with a slight difference between them. It is then clear
that there is a systematic deviation there that should be eliminated. The average deviation colormap
and the standard deviation colormap are displayed in Figures 8 and 9. The average colormap shows
deformation patterns similar to the ones on each individual part of Figure 6. The low values on
the standard deviation colormap confirm that the manufacturing process typically causes similar
deviations in the same regions of the part.
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Table 2. Average of absolute errors, standard deviation, and 99th percentile of absolute errors of the
original five parts (A-E) and the two compensated parts.

Average of Standard  99th Percentile of

Absolute Errors  Deviation Absolute Errors

(um) (um) (um)
Compensated part based on the average deviation of 5 parts 23 20 98
Compensated part based on deviation of part B 52 48 221
Part A 52 62 330
Part B 53 60 318
Part C 51 57 309
Part D 49 54 288
PartE 48 54 309

Side 1 Side 2

Figure 8. Average deviation colormap of the five original printed parts, range is in pm.

Side 1 Side 2

Figure 9. Standard deviation colormap of the five original printed parts, range is in pum.
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The compensated part based on the average of the five original parts is presented in Figure 10.
It is clear that the cylinders show no deviations like the original parts and the deviations are smaller
on the horizontal surfaces. The average absolute error of the compensated part is 23 um and the
standard deviation is 20 pm. The 99th percentile is at 98 pm. These are an improvement of 55%,
65%, and 68%, respectively.
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Random deviations are still clearly visible on the compensated part. These are, in part, from the
manufacturing of the compensated part and the measurement, but also from the random deviations
that are non-negligible in the average deviation vector field and are included in the compensation.

Side 1 Side 2

[Hm]

u

300

225

150

75

0

-75

-150

-225

-300
|

Figure 10. Deviation colormap of the compensated part based on the average of five parts, range is in pum.

3.2.2. Tolerance Analysis

A Geometric Dimensioning and Tolerancing (GD&T) analysis is also performed, using GOM
Inspect software, on each printed part. The tolerance features can be identified in the drawing of
Figure 11. The tolerances are not the ones originally defined on NIST CTC 5 part. We have specified
these tolerances merely for the sake of case studies of this paper. The standard used for tolerancing
is the ASME Y14.5 2018 [38]. As it can be seen in Figure 11, the cylindricity tolerance is defined for
cylinder A, the position tolerance is specified for the centroid of the 10 holes on the bottom surface,
named as element group B, and the angularity tolerance is defined for plane C with respect to plane D

as datum.
| /I

[m el

Figure 11. Drawing of the part with the toleranced features to inspect. Unless otherwise specified,
dimensions are in mm.
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Table 3 presents the specified tolerance values for each of these tolerances and the corresponding
deviation values obtained from the scan of each of the printed parts, namely, the initial five parts (A-E)
and the two compensated parts.

Table 3. The values of the specified tolerances on the part, and the corresponding deviation values
obtained from the scans for each of the five initial parts, the compensated part based on part B, and the
compensated part based on the average of five parts. The values are in pm.

Element Cylinder A Element Group B Plane C

Datum Plane D

Property Cylindricity Position Angularity
Tolerance 150 200 100
Deviation of Compensated part based on the average deviation of five parts 125 179 98
Deviation of Compensated part based on part B 165 194 156
Deviation of part A 285 499 108
Deviation of part B 282 455 103
Deviation of part C 244 499 117
Deviation of part D 179 502 125
Deviation of part E 273 471 122

It can be seen in Table 3 that the five original parts (A-E) are out of tolerance for all three
features. The compensated part based on part B is out-of-tolerance for two tolerances. Cylinder A
is out of tolerance because the compensation included a random deviation from part B. The yellow
patch mentioned earlier in Figure 6 was compensated; its inverse, a blue patch, is visible in Figure 7.
This patch, as it is not a high-frequency error, was not filtered by the Laplacian smoothing.

Finally, it can be seen in Table 3 that the compensated part based on the average deviation of the
five original parts is in-tolerance for all inspected features. The compensation is clearly effective in
removing deviations on cylindrical shapes. The reduction in cylindricity deviation, compared to the
average of the five original parts is 51% for cylinder A. The position deviation of holes B is reduced by
61% and the angular deviation for plane C is reduced by 15%.

4. Conclusions

The proposed method of surface mesh compensation based on 3D metrology feedback adjusts
the CAD model to oppose systematic deviations. The main sources of these deviations are material
shrinkage and residual stress-induced deformations, as well as the positioning errors of the machine.
We proposed the compensation based on the average deviation vector field obtained from the scans of
multiple printed parts to ensure that the compensation is performed only for the repeated systematic
deviations and not the random deviations of a single part. The use of an optical 3D scanner allows for
quick digitization of the printed parts. Local deviations can be easily measured since a high-density
point cloud is obtained through optical 3D scanning. The presented Laplacian smoothing can filter out
the high-frequency noise of the scans.

The case study results confirm that random deviations have an adverse impact on the
compensation outcome if not mitigated by compensating based on the average deviation of multiple
parts. The compensation based on the deviation of only one part shows a lower capacity to reduce
deviations as the improvement of geometrical accuracy was only 31%. This was not enough to bring
the deviations of the compensated part within all specified tolerances.

The proposed approach of compensation based on the average of five parts is able to improve
geometrical accuracy by 68% based on the 99th percentile of absolute deviations. The proposed
compensation based on the average of five parts could successfully bring the deviations of the
compensated part within the specified tolerance values.
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Abbreviations

The following abbreviations are used in this manuscript:
AM Additive Manufacturing

PPE Personal Protective Equipment

FDM Fused Deposition Modelling

FFF Fused Filament Fabrication

SLA Stereolithography Apparatus

CAD  Computer Aided Design

FEA Finite Element Analysis

ICP Iterative Closest Point

STL Standard Tessellation Language

GD&T  Geometric Dimensioning and Tolerancing

CMM  Coordinate Measuring Machine
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