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Abstract. Additive manufacturing technologies, among which is 3D printing, is
one of the fundamental pillars of industry 4.0, since it allows to obtain prototypes
and manufactured parts in a fast, versatile and economical way. To ensure the
quality of production, it is necessary that all parts obtained through any manu-
facturing process meet the specifications of the design. However, it is not enough
for a certain part to meet the dimensional design specifications, but most parts
manufactured on the same machine must do so. This paper proposes two pattern
models to study the reproducibility and for the correction of the scales that must
be applied to a commercial 3D printer to obtain printed parts by fused filament
deposition (FDM).
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1 Introduction

In the environment of industry 4.0, additive manufacturing (AM) represents one of the
most important technological trends since it allows obtaining small batches of products
with a high degree of customization [1]. AM technologies bring these two characteristics
together and have the potential to be at the center of the industry’s development for years
to come. In fact, they are currently already implanted in very important industries, such
as automotive, naval, military, electronics or medical [2–4]. Additive manufacturing is a
manufacturing technology that represents a breakthrough since it allows the construction
of parts with geometries that are difficult or impossible to achieve through traditional
processes [5]. To do this, the different AM technologies divide the digital 3D models
into layers and the piece is obtained by adding, layer by layer, of material [6, 7].

The main goal of this article is to propose a procedure to determine the corrections
that must be applied in an AM machine to obtain parts accurately. In this case we will
study the particular case of 3D printing, since it is one of themost accessible technologies
on the market. To do this, in this document we will carry out a metrological study on
samples manufactured by 3D printing and we will perform the measurement with a
profile projector.
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2 Materials and Methods

2.1 Material Measures

In literature, material measures with simple geometry (usually parallelepipeds) have
been proposed, from which the distance between the outer faces was measured. Based
on the concept of manufacturing custom measurement standards set out in [8], Two
different models are proposed, one to study the reproducibility of the 3D printer and
another for the correction of its scales. They are based on a stage micrometer, which
is a measuring instrument widely used in the field of dimensional metrology for the
calibration of optical measuring instruments (such as microscopes or profile projectors).
This geometry allows to have more measurement points, which allows to lower the
measurement uncertainty.

In this case, it was proposed that the material standards be calibrated with a profile
projector with reflected light, to simplify the calibration process. Therefore, the charac-
teristics of the measuring instrument have been taken into account in the design of the
measurement standards. To perform the measurements correctly, the maximum possible
contrast is required at the measuring points. This is usually achieved with corners at
90º, without roundings or chamfers. The lower the angle of the chamfer, the lower the
contrast and therefore the quality of the measurement will worsen due to the inability of
the operator to distinguish the edges of the structures well.

Design for the Study of the Reproducibility of the 3D Printer
This design has a parallelepiped base 100 × 100 mm and height 15 mm. The pitch, i.e.
the nominal distance between grooves, is 12.5 mm wide forming a grid (see Fig. 1 left).
The cross-section of the grooves could be also observed in Fig. 1 (right).

Fig. 1. Reproducibility material standard (left) and its cross-section (right).

The reproducibility study shall consist of determining the average step and standard
deviation on 10 samples manufactured under the same conditions.

Design for the Correction of the Scales of the 3D Printer
This design consists of a cube 100 mm side and with a grid on each side (see Fig. 2).
It has eight vertical and horizontal V-shaped grooves (with a 60º angle). The nominal
pitch between the grooves is 10 mm.
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Fig. 2. Scale correction material standard

2.2 Manufacturing of the Parts

The parts will be manufactured on an ANYCUBIC i3 MEGA 3D printer. As for the
printing conditions, it must be taken into account that the printing parameters signifi-
cantly affect the dimensional quality of the manufactured parts. In this case, the material
used as filament is PLA, Considering the parameters proposed in literature [9, 10], the
samples will be printed at 200ºC, with a printing speed of 30 mm/s and producing layers
0.2 mm high.

2.3 Measurement of the Samples

A calibrated profile projector of horizontal axis profiles of the brand NIKON, model
H14B and with serial number 10129 that allows the illumination of the samples both
diascopically (by transmitted light) and episcopically (by reflected light) The measure-
ment fields of the projector are CX = 200 mm, CZ = 100 mm y α = 360º and its
resolutions are EX = EZ = 0.001 mm taken digitally and Eα = 1′ taken analogically.
For this experiment a 100X amplification will be used.

For themeasurement of parts in generalwith profile projectors, the typical uncertainty
calculated with Eq. (1) must be considered (L is expressed in meters):

u = (1.25 + 1.25 · L)μm (1)

Measuring Strategy
The measurement will be carried out in a one-dimensional way, that is, only measure-
ments will be taken on the X axis of the profile projector. The distance between the
midlines of the grooves that are in an upright position will be determined. Measures will
be taken according to the schemes in Fig. 3.

Once the distances with the profile projector have been determined, the part is
measured with 90º, 180º and 270º turns.

Measuring Strategy
Below is a correction model for the scales of the 3D printer, based on [11]
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Fig. 3. Measuring strategy.

where (x, y, z) are the corrected measures, (p, q, r) are the raw data obtained from the
measurement process, the factors Cx, Cy y Cz are those that correct the deviations of the
measurements in each axis with respect to the nominal value and the factors θxy, θxz y
θyz are those that correct the perpendicularity deviations between the axes.

3 Results

3.1 Study of Reproducibility

Table 1 shows the results of this experiment.

Table 1. Process axis results of reproducibility patterns.

Measurement Value Units

Average step in X-axis 12.518 mm

Standard deviation in X-axis 0.014 mm

Difference from nominal −0.018 mm

Average step in Y-axis 12.475 mm

Standard deviation in Y-axis 0.018 mm

Difference from nominal 0.025 mm

Average step 12.497 mm

Standard deviation 0.027 mm

Difference from nominal 0.003 mm

Average percentage errors in X-axis 0.098%

Average percentage errors in Y-axis 0.114%

Global average percentage errors 0.111%
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3.2 Study of 3D Printing Process Scales Correction

Figure 4 shows the error maps corresponding to each face. The vectors represent the
direction in which errors are made on each axis of each face.

Fig. 4. Error maps of each face of the correction material standard.

3.3 Study of Corrections to the Printing Process

Through a least squares adjustment, the corrections to be applied on each face are
determined. It is important to note that each face allows us to estimate the corrections
corresponding to two axes of the machine and that, for each pair of axes, we have two
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estimates of each correction factor. Therefore, the correction factor is the average of the
two estimates. The correction matrix is:
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⎤
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The uncertainties associated with each correction factor are those shown in Table 2:

Table 2. Uncertainties associated with correction factors.

Correction factor Value

Cx 0.0025

Cy 0.0034

Cz 0.0042

θxy = θyx 0.0031

θxz = θzx 0.0040

θyz = θzy 0.0065

4 Conclusions

In this work it is proposed to manufacture two designs of material standards to study
the reproducibility and calibrate the axes of a 3D printer. These material stantards have
been measured with a profile projector with low uncertainties. This procedure can be
adapted for other additive manufacturing machines and measuring instruments.
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