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Abstract

Studying surface texture and morphology is essential to developing Additive Manufacturing (AM). Assessing the quality of part layer
compounds in the process will assist with adjusting process parameters for optimal part quality in the manufacturing process. For
this purpose, Material Jetting (MJT) system has been used to manufacture objects at various platform locations (swathes) to examine
the surface morphology, including surface roughness and texture. Due to the rotating disc used as the build platform, the studied
parts showed a different surface morphology from parts printed using other material jetting machines. To study the surface texture,
we generated high-resolution surface mesh grids after scanning the surface using a coordinate measuring machine (CMM) and a 3D
scanner. The surface topography was decomposed into scan lines using a fast Fourier transform (FFT). The power spectral density
(PSD) of a surface was calculated and compared to roughness to discuss the surface topography. Signal processing demonstrated
that different textures can be fabricated by tuning the printing position conditions. As a result of determining the surface texture and
roughness characteristics in conjunction with 3D printing parameters in the design process, it was possible to categorize the build

platform regions based on their surface textures.
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1. Introduction

Material Jetting (MJT), as reported in the ISO/ASTM
52900:2015, fabricates objects by jetting materials onto a build
platform in either a Drop on Demand (DOD) or continuous
manner. The jetting process is similar to that of a standard inkjet
printer. Polylet, Multi Jet Printing (MJP), Objet, and Xlet's
NanoParticle Jetting (NPJ) are the fundamental processes in
MJT. Thanks to high-resolution MJT 3D printers, manufactured
objects show detailed appearance attributes, such as texture,
color, gloss, and gonio-chromatic effects [1, 2].

MJT-based products not only depose resins in CMYKW (cyan,
magenta, yellow, black, and white) but can also print different
materials. It is now possible to 3D print MJT materials with vastly
different properties, such as a rigid, glassy polymer and a soft,
rubbery material with elastic moduli that differ by nearly three
orders of magnitude at room temperature [1]. Therefore, MJT
has been adopted to produce a wide range of prototypes with
complex shapes and appearances, as well as functional polymers
such as scaffolds for tissue engineering, multi-material
structures, and memory shape polymers for 4D printing [3]. MJT
objects are semi-translucent, complicated in appearance, and
represent a mixture of textures by applying ink in layers [2].
Thus, the detailed properties are difficult to capture by
conventional methods. Still, it is possible to achieve satisfying
results by decreasing the influence of errors in the measurement
process and following a reproducible workfellow.

Some of the MJT printers, such as the Stratasys J55, use a
rotary disc as the build platform for 3D printing. The rotating tray
decreases the size of the MJT 3D printer, which allows it to be
used at home or in an office due to the reduced dimensions.
However, it impacts surface morphology and appearance. The

spatial frequency components of additively manufactured
surfaces include texture profile, form, waviness, and roughness
[4]. Each of these components has a unique origin and influences
the appearance and functionality of the product distinctly. The
waviness may indicate machine vibration. The form is typically
the result of poor manufacturing system performance, and the
profile can be identified by layer-by-layer manufacturing. In
contrast, surface irregularities caused by printing and material
removal errors generate roughness [5]. Considering surface
morphology is essential in creating functional surfaces such as
super-hydrophobic and super-hydrophilic surfaces, surfaces
with structural colors, and bio-inspired/bio-mimetic surfaces [6].
Accordingly, the role of surface textures in 3D-printed polymers
has been studied and addressed for tribological behavior [7] and
biomechanical [8].

Although the appearance of 3D-printed parts is qualitative,
subjective, and controversial [9, 10], instrumental texture
measurements can be used to indirectly evaluate the
performance of AM methods based on their topography as a
quality control concept [11].

The coordinate-measuring machine (CMM) is a valuable tool
used to measure the geometrical characteristics of physical
objects [12]. Holmberg et al. [13] investigated the changes in
surface  morphologies during machining using optical
microscopy and full width at half maximum (FWHM)
assessment. Texture evaluation enables the reconstruction of
AM profile and the execution of appearance evaluation and data
registration. Fast Fourier Transform (FFT) analysis filters out
high-frequency waves to uncover the underlying signal. Calta et
al. [14] employed the 1D FFT of the line profile of track height to
measure the periodicity of surface characteristics, ignoring the
start and end of the scanning track to eliminate inaccuracies
produced by boundary effects.


http://www.euspen.eu/

In this context, the structure of the study aims to present a
novel approach to studying surface morphology by investigating
texture profiles and surface roughness on MIT surfaces. The
procedure described in the next section as the experimental
procedure, involves 3D scanning, optical profilometry, and CMM
testing. A rotary MJT system has been used to manufacture
objects at different platform locations (swathes). The outcome
of the experiments has been presented in the results and
discussion section. It opens opportunities for high-quality
structures through high-fidelity printing and reduces the post-
processing requirement, as discussed in the conclusion section.

2. Experimental procedure

Specimens were created using acrylate-based materials and
photoinitiators in a Stratasys J55 3D printer. A J55 placement
zone comprises three equal-width areas: inner, middle, and
outer (see Figure 1A). For optimal placement and faster
construction, the innermost side of the rotary disc should be
used first. The influence of printing location (swath) on the
texture formation is investigated using a full factorial
experimental design. For this purpose, nine specimens, including
three parts for each swath, were manufactured in sizes of 60 x
13 x 3.5 mm for texture evaluation and 3D scanning, as well as
40 x 30 x 3.5 mm for roughness measurements. White as-
printed parts with a glossy on matte (GoM) finish between the
colored and white layer were selected for 3D scanning (Figure
1B).
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Figure 1A. Rotary build platform and parts positions on three different
swaths, B. as-printed specimens for texture evaluation, and C. trial
specimens for 3D scanning (scale bar 10 mm).

Specimens have been scanned in width (Z-axis) and length (X-
axis) directions (Figure 2B) using a ZEISS DuraMax CMM machine
equipped with ZEISS VAST XXT tactile scanning probe and ZEISS
CALYPSO 2021 software. The measurement was conducted with
a step width of 20 um, a probe radius of 1.5 mm, and 2.4 um
accuracy in the measuring length of 30 mm in XYZ directions. A
desktop 3D scanner (AutoScan Inspec, Shining 3D) was used in a
dimmed condition. The samples were mounted on a turntable
and rotated eight times, once every 45°, to provide a 360°
panorama. Using a projector that produced structured light
patterns allowed a scanning accuracy of 10 um. Two 5.0-
megapixel CCD cameras are installed in the scanner and used to
measure distorted sizes. Multiple scans from different angles are
used to compile the registered point cloud. After combining the

scans in UltraScan 2022, the model was exported in OBJ format
to SolidWorks Visualize (v2021). A Keyence VH-ZST microscope
(20X to 2000X) is used to measure the surface roughness and
display surface morphology.

Results from the CMM were compared with the object's 3D
coordinates in the computer-aided design (CAD) part. Once the
CMM data was gained, it was processed in Gwyddion (v2.59) to
calculate the layer heights, thicknesses, and topography. To
investigate the height distribution, we employed FWHM, the
width measured at the half level between the peak of the line
and the continuum, using the Gauss function to fit the height
distribution curve. OriginPro v9.5 was employed for data
analysis.

ISO 11562 [15] specifies the use of a 1D Gaussian filter to
extract surface contour reference lines by a weight function,
s(x), defined as follows

509 = e (-n(2)) £y

where x is a spatial domain variable as the distance from the
maximum of s(x), A. is the cutoff wavelength, and the constant
value of a delivers 50 % transmission characteristic at A.. The
equations below show that the power output is normalized as
the space-integral squared amplitude (TISA), where time
represents space in standard annotations.

Pxx(ejm) = Y=o rxx(m)e_jwm (2)
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where Pxx(ej‘“) is the spectrum or power density (PSD),
Txx (M) acts as the auto-correlation function for the response
signal, At is the sampling interval, R, and I,,, are the real and
imaginary elements of the transform data, and nis considered
as the length of the response sequence. The following function
is used to mitigate leakage.

N/Zazow(m?  (4)

where w(n) = 1for0 < n < N — 1, and 0 for the other range.

3. Results and Discussion

J55 printers produce rigid, brittle 3D-manufactured
components that are slightly bent over a short period [2]. As
shown in our previous study [16], a closer examination of the
several built models reveals some minor damage and glue to the
pieces. As shown in Figure 2A, the semicircle pattern is visible in
the surface texture images associated with the 3D-printed
layers. Therefore, the scanning strategy is crucial for establishing
the appropriate traceability of measurements on CMMs (Figure
2B).

Figure 2C depicts the 3D view of the printed surface after
rasterization. Analysis of the XYZ coordination indicates that the
distribution of Z heights of the surface asperities is less than 17
um. As a result of the slight bending of the parts that typically
occurs a few days after printing, which was observed in our
previous work [9, 16], there is a concentration of missed
scanned meshes in the middle of the models. This can be
attributed to possible post-curing exposure to natural light.

High-resolution optical images of the specimens can be seen
in Figure 3. The glossy and translucent appearance of MJT
products, along with the curvature resulting from UV
absorbance during storage, make it difficult to study them using



an optical profilometer (see Figure 3A). The mean parameters of
the area roughness in Table 1 were calculated based on the
surface topography analysis on a region of 2.5 x 2.5 (mm), as
shown in Figure 3B.
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Figure 2A. 3D-scanned model of the printed parts, B. CMM setup for the
contact scanning strategy (yellow grid) on the scanned area (purple
area). A specific sample holder (the piece in white) is 3D-printed to
decrease the bending effect through the length of the specimens. C. 3D
model of the surface morphology through the CMM-scanned area, with
the exaggerated scale bars showing the height distributions over height
direction.

According to Table 1, MJT can produce an exceptionally
smooth surface. The surface roughness was influenced by the
location of printing on the build platform. The smoothest surface
was obtained in the middle swath (S,=1.02 um), followed by the
outer (S;=1.16 pm) and the inner (S,=1.65 um) swaths. Due to
the slightly positive skewness (S«) values of all specimens, there
were more peaks and asperities than valleys on the surfaces. As
a result of high kurtosis (Sy), these profile peaks were slightly
sharp.

Figure 3A. Periodical layers as seen under the optical microscope, and B.
selected surface area for roughness measurement.

Table 1 Mean surface roughness results

Area roughness parameter”
Swath Sa(um) | Sq(um) | S Sku
Inner 1.65 2.21 0.15 3.2
Middle 1.02 1.42 0.03 2.2
Outer 1.16 1.90 0.08 2.9

* Sai Height deviations from the Mean Reference Plane of the
measurement area (A); Sq: Root mean square of surface heights; S:
the skewness and Sku: the kurtosis of the surface

Figure 4A depicts the FFT analysis applied to height grids and
a deeper look at additively built layers generated using CMM
data (Z height). It indicates FWHM and the mean layer height of
different swaths display a meaningful correlation, in which
FWHM (3.8 um) and the minimum arithmetic means of layer
height (5.7 um) were within the middle swath. Figure 4B shows
clear peaks for the averaged data, validating the periodicity of
the layers and their related surface texture in the investigated
parts. Averaging the distances between the PSD peaks gives an
arithmetic mean of the periodic gap between layers. According
to Figure 4C, as the radius of the build location increases, thinner
layers result from 305 pum to 303 um. An increased centrifugal
force on the outer region of the disc allows the printhead to
build closer layers as it moves from the inner to the outer edge
of the tray. However, CMM results for mean layer height and
FWHM in Figure 4C followed the same trend as the roughness
measurement results in Table 1.

4. Conclusions

This morphology study was conducted on the surface
roughness and texture of polymer parts manufactured by
material jetting technology. It provided a method for
determining the surface morphology and appearance of
components printed on various areas of a rotary disc tray as a
build platform. CMM results indicated the minimum arithmetic
mean (5.7 um) and maximum FWHM (3.8 um) of Z height values
were within the middle swath, indicating a meaningful trend in
the swath selection. The optical profilometry surface roughness
results followed the same trend, with the lowest roughness
observed in the middle swath and the roughest in the inner
swath. The PSD results confirmed the periodicity of the layers
and determined their widths. As the print head moved from the
inner to the outer area, the thickness of the layer decreased
from 305 um to 303 um, and closer layers were printed. This can
be due to increased centrifugal forces along the radius of the
disc. Accordingly, the middle swath on the build platform
produced smoother surfaces. However, it required more time to
print in this area than in the inner swath. Implementing 3D
printing technology under optimized conditions resulted in parts
with enhanced surface quality in the middle swath. Since the
MIJT technology with a rotary tray now makes it possible to
create prototypes for home and office use, these findings can
lead to a better knowledge of the surface texture in these
printers and fewer post-processing operations.
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