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Abstract: In this study, we investigated warpage and corner lifting mini-
mization for three-dimensional printed parts generated by macro-size fused
deposition modeling (FDM). First, the reasons for warpage were theoreti-
cally elucidated. This approach revealed that the thermal deformation and
differential volumetric shrinkage of the extruded molten plastic resulted in
warpage of FDM parts. In addition, low adhesion between the deposited
model and the heated or non-heated printing bed may intensify warpage
further. As a next step, initial small-size and medium-size models were used
to identify parameters to manage and minimize warpage in a way that would
reduce material consumption and running time. Finally, a macro-size model
was built to experimentally investigate and verify the technical solutions
to minimize the warpage of FDM parts. In conclusion, an improved part
with reduced warpage was efficiently produced after detailed consideration
of thermal effects and adhesion force. Potential exists to widen the appli-
cation scope of FDM technology in manufacturing for processes like ther-
moforming that involve mold core fabrication with heating. This technology,
which has applications not only in mechanical engineering but also in related
engineering fields, is convenient and could readily be applied to practical
manufacturing industries.
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1 Introduction

Fused deposition modeling (FDM), which is a filament-based technology, has become a
simple and useful tool for three-dimensional (3D) printing [1]. In FDM, the temperature of
a thermoplastic filament is increased to its melting point and subsequently forced through a
cylindrical spout following the layer-by-layer cross-section of the model. The technique has several
advantages including low maintenance costs, absence of toxic materials, and low-temperature
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operation. However, some of the most commonly observed disadvantages include bad surface
roughness due to seam lines between layers and warpage or corner lifting phenomena. Many
researchers have focused on numerical and experimental investigations of warpage. Numerical
simulation of warpage was utilized to comprehend the interaction between process parameters and
material properties [2]. The authors of this study concluded that an optimizing process must be
performed to lessen internal stresses for the minimization of warpage. Wang et al. [3] concluded
that the main reason for warpage was thermal stress due to temperature gradients. They built a
mathematical function of the warpage to quantitatively analyze the relevant parameters, including
the material linear shrinkage rate «, the stacking section length L, the chamber temperature 7,
and the number n of deposition layers, as a scientific tool for controlling and fine-tuning the
warpage. In addition to studies of thermal stresses, a coupled thermal and mechanical analysis
was used to mimic the FDM process [4] where the agglomeration of residual stresses at the
bottom area of the printing part was the main cause of warpage. The authors suggested that scan
speed and layer thickness were the most important factors that affected warpage. Sood et al. [5]
performed experimental studies on the impact of essential process parameters that included raster
width, air gap, raster angle, part orientation, and layer thickness. They examined the influence of
these parameters on dimensional accuracy. The authors proposed that the printing process must
be based on optimal settings to enhance dimensional accuracy. In other investigations [0], the
authors also examined printing parameters that enhanced the stress accumulation along the paths
of deposition causing more warpage of parts. The functional relation between building parameters
and strength (flexural, impact, and tensile) for the FDM process has also been constructed using
the response surface method for the prediction of warpage. In addition, researchers [7] quantified
experimentally the influences of geometric forms and process parameters on the distortion of
printing parts having thick-and thin-wall characteristics. The authors determined that the internal
thermal stress may combine with the mass distribution to have an impact on dimensional accuracy,
which was an extremely important evaluation index. Other studies [8] showed that sufficiently
high thermal differences might cause warpage of the final printing parts. The authors claimed
that the thermal history [9-11] of the printed path was of significant importance because it was
the greatest determining parameter in the bonding quality between adjacent paths of material.
Furthermore, Chau et al. [12] concentrated on process parameter optimization [13—17]. Parameters
such as extrusion velocity, line width compensation, filling speed, and layer thickness were chosen
as control parameters (input variables), while dimensional error, warp distortion, and printing
time were chosen as outcome responses (evaluation indicators). The optimal results [18,19] were
validated by confirmation experiments utilizing the response surface method in conjunction with
the fuzzy inference system. A study by Peng et al. [20] proposed that a slightly negative air gap
setting and thermal gradients resulted in the distortion of the physical dimensions of the printing
parts. A negative air gap or negative fiber-to-fiber gap [21,22] denotes that the distance between the
centers of two adjacent deposited molten filaments is smaller than the setting value of the height
of the layer. While many investigations of the surface quality in FDM technology were performed,
a way to systematically overcome warpage was needed. Almost all previous investigations that
dealt with the warpage problem were about processing parameters [23]. General investigation for
all relevant processes including pre-processing and processing parameters is needed. An experi-
mental investigation for elucidating the reasons for warpage and minimizing this phenomenon was
therefore performed in the present study.

In the remainder of this paper, Section 2 introduces the materials and methods used in our
study. Section 3 describes the main results and discussion for the experimental process. Finally,
the conclusions are presented in Section 4.
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2 Materials and Methods
2.1 Fused Deposition Modeling (FDM)

The FDM technology was developed in the late 1980s and was commercialized in the early
1990s [24,25]. It offers several advantages, including nontoxic materials, unlimited geometric com-
plexity, use with many types of materials, short operation cycle, easy changes of material, low
processing temperature, small-size equipment, and low maintenance expenses [20,26]. In a normal
FDM process, the heated nozzle plastic melts and extrudes a plastic by following the layer-by-
layer cross-section of the part, which results in various layers of combined little strands as shown
in Fig. | [27]. Consequently, the final printed model is formed by a matrix of little strands
with the exception of the peripheral shell. Therefore, the constructed part can be observed as a
porous model.

The FDM process is a layered manufacturing technology. It builds the desired 3D models
directly from the computer-aided design (CAD) files or stereo lithography (STL) file. Therefore,
the main disadvantages of this technology are due to seam lines between every two nearby small
strands. These seam lines inherently induce a low surface quality or may even cause a loosening
of layer-layer adhesion. Another important drawback is due to the thermal conductivity for
polymeric materials utilized in the FDM technology. Furthermore, the polymer FDM parts’ ability
to withstand low heat prevents the widespread utilization of the FDM process.
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Figure 1: Illustration of a commonly used FDM technology [2§]
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2.2 Warpage in FDM

Thermal deformation and differential volumetric shrinkage of the extruded polymer melt
mostly induce warpage in FDM models [29,30] just like the common warpage defects observed
in injection molding technology. The inner core of the printed model usually has a greater
temperature because of quicker cooling in the outermost shell or the peripheral layers as shown
in Fig. 2. This imbalance in cooling induces inconsistent shrinkage, and therefore deformations
lead to warpage or corner lifting. A loosening of adhesion between the built model and building
bed may enhance the corner lifting or warpage more.

(a)
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Figure 2: Corner-lifting or warpage phenomenon in FDM: (a) Top view of the FDM part, (b) side
view of the FDM part, and (c) side view of the deformed model

2.3 Fabrication of Specimens

As a first step, 3D models were designed using a commercial CAD software program (Solid-
Works). An initial small-size model was used to identify initial parameters. Medium-size model
was used to reduce material consumption as well as running time. Minimizing corner lifting in
the final large-size model was the target goal of this investigation as shown in Fig. 3. Next,
the designed modeling 2D CAD sketches were converted to folders for differently formatted
files (including STL) that are commonly utilized for 3D additive print. The STL files were then
transformed into printable or buildable 3D files by splitting the designed parts into finite layers
using the 3D printing software. The software also determined the appropriate deposition paths
for the printing. The models were then printed out using ABS filaments on a commercial 3D
printing machine (Cubicon Single) [30]. It should be noted that with an exact range of 0.025-
0.6 mm, the utilized 3D printing machine resulted in somewhat poor printing quality. The models
with the low surface-quality were purposely chosen to illustrate the performances of the proposed
post-processing approach.
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Figure 3: Three types of FDM specimens used in this study

3 Results and Discussions

In the pre-feasibility printings, corner lifting could be easily observed, even with the initial
small-size samples. This defect prevented the 3D printing machine from being efficiently used as
shown in Fig. 4.

Figure 4: Corner-lifting/warpage phenomenon in FDM

Hence, several pre-processing steps were carried out to efficiently enhance the stickiness
between the printed model and the printing or building bed as follows: (i) The initial Z-height of
the FDM equipment was carefully calibrated to print an initial layer sufficient for the extruded
strand to cling onto the building bed with ease; (ii) the current building bed was covered by a
polyimide tape with high heat resistance; (iii) the polyimide tape was painted using an ABS glue
to form a thin ABS film to increase the stickiness of the extruded ABS strand onto the building
bed as shown in Fig. 5; (iv) additional things were added to the model, for example, mouse ears
and/or brims for better adhesion of the outermost layers and the corners to the printing bed;
and (v) supplement drops of ABS glue were added between the mouse ears and/or brims to
increase stickiness.

The relative parameters were also thoroughly handled during printing to miniaturize the
thermal deformation and differential volumetric shrinkage as follows: (vi) The lowest possible
printing or building temperature was set, which is needed for a reliable fabrication, but also
generates good interlayer stickiness (250 °C for the current ABS wire); (vii) the part was printed
at a low velocity (60 mm/s for the current case) for the built model to cool down evenly; (vii) the



2918 CMC, 2021, vol.68, no.3

building velocity was adjusted to the sole floor layer (first layer), which was slower in comparison
to the cardinal printing velocity for increasing the stickiness of 30 mm x s~! for the current cases;
and (ix) the printing bed temperature was controlled at 110 °C, a little above the glass transition
temperature of ABS polymeric material (about 105 °C), to let the fabricated model cool down
more evenly.

Figure 5: The use of ABS glue on additional mouse ears

These nine important results served as the guidelines for us to utilize a 3D printing machine to
develop a new type of mold core for processes incorporating heating such as thermoforming [31].
The impact of these nine results on the printing process is shown in Fig. 6. Previously, high
warpage occurred during printing even with an initial small-size sample, despite the convenient
costs, eco-friendliness, clean to use, and other advantages [32,33]. Now, more time was spent on
printing because of the earlier mentioned nine actions. However, the better result showed that the
time was worth it. The thick brim enlarged the sole layer, which was firmly stuck to the newly
Kapton tape by adding ABS glue. It is worth noting that the brim can be easily removed after
completing the printing process using a paper cutter. The brims, including the dried ABS glue,
can be utilized as new ABS glue using acetone. The only disadvantage of the proposed sequence
of steps was the damage to the Kapton tape due to high adhesion.

Figure 6: Two representative printed samples: Previous initial small-size sample with large corner
lifting during printing, and better final large-size sample produced by utilizing preprocessing

The differences between setting parameters before and after improvement are shown in
Tab. 1. It is worth noting that before improvement, the setting temperature values were the
averages of the recommended ranges, while other settings were the same as those of Polylactic
Acid (PLA) filaments.

The new model was produced based on the parameters shown in Tab. | and with considera-
tion of the thermal problems and stickiness forces [34—37]. The new model part with diminished
warpage was printed successfully as shown in Fig. 7. The additional components (including a
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mouse-ear brim) were cut off without trouble after finishing the fabricating procedure. Conse-
quently, using the proposed fabricating schematic diagram, the current FDM-printed models were
fabricated adequately and did not require modification. It is worth noting that the values in the
column “Values for typical samples” in Tab. | are the default values of the manufacturer of
the printing machine. The values in the column “Values for improved samples” in Tab. 1, which
include temperatures and printing speed, are those from the proposed nine steps mentioned above.
A lower infill was chosen because less material led to a need for less shrinking of material. An
infill of 60% was determined from preliminary experiments to be enough for the printed mold
core to be utilized in the thermoforming apparatus.

Table 1: Parameters for 3D printer

Parameters Units Values for typical samples Values for improved samples
Filling rate % 90 60
Layer height mm 0.2 0.2
Nozzle diameter mm 0.4 0.4
Thickness of shell mm 0.4 0.4
Top and bottom thickness mm 0.6 0.6
Feed rate % 97 97
Output speed mm x s—! 80 60
Shell speed mm x s~! 50 30
Floor layer speed mm x s~ 50 20
Output temperature °C 260 250
Heat bed temperature °C 120 110
First layer thickness mm 0.3 0.3

Figure 7: Two representative printed samples: (a) Previous sample with large corner lifting after
printing, and (b) better sample printed by utilizing preprocessing
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An additional benefit from the proposed sequence was the quality of the sole layer. It was
improved significantly due to the gloss surface of the Kapton tape. The sole layers of the printed
samples for the initial small-size parts are shown in Fig. § compared with a purchased PET sheet
and new Kapton tape. The appearance of the sole layer is such that it does not significantly affect
the functions of the sample as a mold core in a thermoforming process. This aesthetics can be a
reason for the proposed sequence to be utilized in other processes.

It is worth noting that in the initial steps, using the default polyethylene terephthalate (PET)
sheet for the printing bed, the machine could not finish the printing task using ABS filaments
due to a poor adhesion problem. The warpage was around 3.7 mm using a polyimide film. The
maximum warpage was around 0.8 mm after improvement, which is considered suitable for the
use of a mold core in a thermoforming process [38,39].

Figure 8: The sole layers of two printed samples: Previous sample with the PET sheet, and
improved sample utilizing Kapton tape

4 Concluding Remarks

In the present study, the warpage phenomenon, which is commonly observed in the FDM
process for relatively large parts, was investigated. An improved part with reduced corner lifting
was efficiently produced after consideration of thermal effects and adhesion force. Nine important
results are highlighted that serve as guidelines to utilize a 3D printing machine to develop a
new type of mold core for processes like thermoforming that incorporate heating. Our study
differs from previous investigations in that it not only addresses the processing parameters of the
warpage problem but more widely examines all relevant processes including pre-processing and
processing parameters. After improvement, the maximum corner-lifting was around 0.8 mm, which
is considered suitable for the use of a polymer mold core in a thermoforming process. Mouse ears
brims, as well as additional ABS glue, can be removed easily after the printing process has been
completed. The techniques used therefore did not affect the quality of the printed parts.
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