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Abstract: 3D printing belongs to the emerging technologies of our time. An important aspect re-
garding the potential applications of 3D printed objects is their dimensional accuracy. Especially in
case of the most often used fused deposition modeling (FDM) technique, dimensional differences
between the digital model and the printed object are common and depend not only on the printer’s
accuracy, but also on the printing parameters as well as the chosen material. Here we report on the
dimensional accuracy of FDM printed objects with sharp inner or outer corners, dependent on the
printing parameters. We show that different adhesion assistants lead to a variation of the dimen-
sional accuracy and can this be used to optimize this parameter.

Keywords: 3D printing; fused deposition modeling (FDM); angular accuracy; dimensional accu-
racy

1. Introduction

Originally used for rapid prototyping, additive manufacturing technologies have
long emerged into rapid tooling and production. While some of these 3D printing tech-
niques necessitate highly sophisticated equipment and processes, enabling even metal
additive manufacturing [1], polymer printing methods like fused deposition modeling
(FDM) or stereolithography (SLA) are most often used in the low-cost sector [2].

Generally, FDM printing and similar methods are highly suitable for the production
of single objects with complicated shapes, enabling faster manufacturing of lightweight
products [3,4]. On the other hand, the mechanical properties as well as the dimensional
accuracy of such objects are often inferior to those produced by injection molding [5,6].
This is why several researchers have investigated possibilities to improve not only the
mechanical properties [7,8], but also the dimensional accuracy of FDM printed objects.

Nancharaiah et al., e.g., showed that low layer thickness can improve the dimen-
sional accuracy, while a negative air gap between neighboring strands—often used to
improve the mechanical properties of FDM printed parts-reduces the dimensional ac-
curacy [9]. Garg et al. concentrated on postprocessing acrylonitrile butadiene styrene
(ABS) parts by cold vapor treatment with acetone and found significantly improved
surfaces at the cost of only small dimensional changes [10]. For ABS and poly(lactic acid)
(PLA), Zharylkassyn et al. also suggested a small layer thickness of 0.1-0.2 mm, low
extrusion temperatures and part orientations of 0° and 90°, while they also underlined
the effect of the part geometry on the dimensional accuracy [11]. Comparing ABS and
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PLA specimens, Akbas et al. reported on a higher accuracy of PLA samples, while also
mentioning an increase of the part dimensions with increasing printing temperature, but
decreasing dimensions with increasing feed rate [12].

One factor which has scarcely been investigated is the adhesion assistants, i.e., brim,
skirt and raft. While brim or raft are often suggested as a tool to avoid warping [13-15],
their influence on the dimensional accuracy of specimens which could also be printed
with a simple skirt is normally not described.

Here we report on measurements of the dimensional accuracy for specimens with
sharp inner or outer (concave and convex) corners, depending on the different adhesion
assistants as well as other printing parameters, using FDM printing with PLA and ABS.

2. Materials and Methods

Specimens were printed by an Orcabot XXL (Prodim, Helmont, The Netherlands)
with a nozzle diameter of 0.4 mm, nozzle temperature of 210 °C (PLA) or ABS (230 °C),
printing bed temperature of 60 °C, layer thickness of 0.2 mm and 20% infill (linear, ori-
entation +45°). Printing materials were PLA (Filamentworld, Neu-Ulm, Germany) and
ABS (Filamentworld). The printed samples had a width of 10 mm, a height of 5 mm and
lengths of 100 mm (“long”) or 20 mm (“short”). The shapes are concave or convex, as
shown in Table 1. Specimens were printed with a skirt (no contact to specimen), a brim (1
layer, 3 mm width, contact with specimen), or a raft (3 layers below the specimen which
is printed in a distance of 0.2 mm, i.e., detachable from the specimen). All samples were
printed in triplicates.

Table 1. Definition of different specimens printed for this study. Heights of 5 mm and widths of 10
mm are identical for all cases, while lengths are 100 mm (“long”) or 20 mm (“short”).

Specimen Concave Convex

Long > ‘ ‘ < < D
Short \ ’

Dimensions were measured using a micrometer caliper (all values below 35 mm) or
a vernier caliper, respectively. For angle measurements, microscopic images were taken
using a digital optical microscope VHX-600D by Keyence (Neu-Isenburg, Germany), and
the angles were evaluated using ImageJ 1.53e (National Institutes of Health, Bethesda,
MD, USA).

3. Results and Discussion

Generally, sharp corners are hard to print with the FDM technology since the nozzle
width defines the minimum detail width which can be printed. Figure 1 shows exem-
plarily short convex and concave specimens, printed from ABS. The undesired rounding
of the inner and outer edges is clearly visible.
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(a) (b)

Figure 1. Short ABS samples, printed with a skirt: (a) concave; (b) convex. Scale bars indicate 1 mm.
This effect does not change if a brim or raft is used as adhesion support, as Figure 2

shows exemplarily for convex specimens printed from ABS. Nevertheless, it can be ex-
pected that brim or raft will change the dimensional and angle accuracy.

‘\'\.\\'\'...tu\\n.

(a) (b)

Figure 2. Short concave ABS samples, printed (a) with a brim; (b) on a raft. Scale bars indicate 1
mm.

Next, the dimensional deviations of the short PLA samples are compared. As Figure
3 shows, the heights are generally larger than in the CAD model, while the lengths are
generally smaller than desired, and the widths are similar to the model. Regarding the
lengths, a raft increases the deviation from the desired value as compared to skirt and
brim, while no clear trend can be recognized regarding width and height. The stronger
lengthwise shrinking of samples printed on a raft can be attributed to the more flexible
adhesion on the raft as compared to the fixation on the printing bed, allowing for
stronger relaxation upon cooling, as well as faster cooling due to the larger distance of the
first layer to the heated printing bed.
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Figure 3. Length deviations of short PLA samples: (a) convex; (b) concave.

The results of dimensional measurements on ABS samples are depicted in Figure 4.
For this material, the length deviations are slightly smaller than for PLA, while the width
deviations are slightly larger. For the concave specimens, printing with a brim is disad-
vantageous regarding widths and heights. For all other samples, no large differences
between specimens printed with skirt, brim and raft are visible.
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Figure 4. Length deviations of short ABS samples: (a) convex; (b) concave.

Next, the angles are measured for the aforementioned samples. Figure 5 depicts the
values of the short PLA samples, with the angles defined as 1 (upper left angle in Table
1), 2 (lower left angle), 3 (upper right angle) and 4 (lower right angle), respectively. In
most cases, the standard deviations are large enough to include a deviation of zero, so
that no clear trends are visible. Correspondingly, no significant differences between the
different adhesion assistants are visible.
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Figure 5. Angle deviations of short PLA samples: (a) convex; (b) concave.

For the samples printed from ABS, the results are similar, as Figure 6 shows. Again
most deviations are compatible with zero. The few values for which this is not the case,
according to their standard deviations—e.g., ABS short concave, Angle 1 of the specimens
printed with a brim—, do not show real deviations between measured and modeled an-
gles, either. This can easily be recognized by imagining rotating the sample by 180°
around the out-of-plane axis. Due to the infill orientation of +45°, this is a symmetry op-
eration for these samples, so that Angle 1 and Angle 4 should be identical, as well as
Angle 2 and Angle 3. Comparing these pairwise nominally identical angles clearly shows
large differences, suggesting that here no systematic deviation of the measured angles
from the modeled ones occurs, but arbitrary deviations are responsible for the observed
differences. The angles are thus not further taken into account in the examinations of the
long samples.
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Figure 6. Angle deviations of short ABS samples: (a) convex; (b) concave.

For the long samples, widths and heights were measured at two positions per sam-
ple. The results for the PLA specimens, printed with skirt and brim, are depicted in Fig-
ure 7. Rafts were not further taken into account due to their high length deviations for
PLA samples (cf. Figure 3). In both geometries, convex and concave, the deviations are
quite similar to those found for the short samples, although the longer samples enable
longer cooling times of previous layers before the subsequent layer is printed on it. While
insufficient cooling durations of PLA layers are a well-known problem for objects with
small lateral cross-sections, this problem does not seem to occur here, i.e., the short
specimens are large enough to allow each layer cooling down before the next layer is

started.
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Figure 7. Length deviations of long PLA samples: (a) convex; (b) concave.



Eng. Proc. 2022, 4, x FOR PEER REVIEW 6 of4

For ABS, on the other hand, the deviations of the measured lengths from the mod-
eled ones are slightly larger than in case of the short specimens, as Figure 8 shows. This
can be attributed to the well-known strong shrinkage of ABS upon cooling which often
leads to warping for thicker samples. Width and height deviations are similar to those
found for the short ABS samples, as expected.
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Figure 8. Length deviations of long ABS samples: (a) convex; (b) concave.

4. Conclusions

ABS and PLA rectangular samples with additional concave or convex edges were
FDM printed and investigated in terms of dimensional and angular accuracy.

All in all, no clear impact of the adhesion assistant on the dimensional accuracy of
3D printed PLA and ABS objects could be found. The measured angles did not show
significant deviations from the modeled ones, in spite of the inaccuracies depicted in
Figures 1 and 2 which are based on the principle of the FDM technique and related to the
used nozzle diameter. These results show that for similar dimensions and materials, the
adhesion assistant can be freely chosen without impeding the desired dimensional ac-
curacy. The small standard deviations of the geometrical deviations between printed
samples and modeled shapes suggest that these deviations can be leveled out by inves-
tigating a test print and subsequently designing the model dimensions accordingly.
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