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Abstract. Fused filament fabrication (FFF) is an extrusion-based 3D printing technique for thermoplastic polymers. In this
technique, molten polymer is extruded through a print nozzle and is laid down layer by layer to build up the printed object.
Currently, FFF is used primarily to print amorphous or low-crystallinity polymers, such as acrylonitrile butadiene styrene
copolymer (ABS) or polylactic acid (PLA). Printing of semicrystalline polymers, such as polyethylene or polypropylene
remains particularly challenging. During FFF of semicrystalline polymers, large thermomechanical stresses are generated
when the polymer solidifies on cooling. These stresses result in warpage of the printed part. Here, we analyse the factors
that influence stresses generated during FFF 3D printing of a commercial semicrystalline polymer, isotactic polypropylene.
We investigate the effect of height of the printed object on part warpage, as well the effect of infilling during printing. We
demonstrate that the stresses generated during FFF can be substantially decreased by incorporation of a ‘brim’, viz. a thin
layer at the base of the printed object, and by adhering the brim to the print substrate using common polyvinyl acetatebased glue. We systematically investigate the effect of the brim size on the warpage of the printed object. We support our
experimental findings with finite element method (FEM) simulations that explain the mechanism of stress buildup during
printing. The trend in stresses calculated in the FEM simulations parallel the warpage measured in the experiments. Thus,
this work represents an important methodological advance towards warpage-free FFF printing of semicrystalline polymers.
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1. Introduction
Fused filament fabrication (FFF) has emerged as an
important 3D printing technology due to its widespread adoption for prototyping [1–6]. In FFF, molten thermoplastic
materials are deposited layer by layer on a print platform
[7] by extrusion through a heated nozzle. The nozzle is fed
using a solid filament of the thermoplastic and the print object
is built up as the nozzle is moved according to a predefined pattern generated using a digital file. FFF has several
advantages. It is based on extrusion and hence, relies on
inexpensive and robust hardware. As a consequence, there
is now a wide range of commercially available FFF printers, in addition to kits for assembling one’s own printer.
However, FFF also suffers from some disadvantages. The
resolution of FFF 3D printed objects is limited by the print
nozzle and even highly optimized printers cannot compete
with the resolution offered by technologies based on UVcuring of resins [8]. Poor layer-to-layer adhesion in FFF

printed objects renders them mechanically inferior to similar
objects produced by conventional processing operations, such
as injection moulding. Several researchers are focussed on
improving FFF methodology to address these shortcomings.
Another major disadvantage of FFF is that it is limited to
a relatively small range of materials. The most widely used
materials for FFF printing are acrylonitrile butadiene styrene
copolymer (ABS) and polylactic acid (PLA) [1,9]. ABS is
an amorphous polymer and PLA is slow crystallizing. Thus,
effectively, the degree of crystallinity in printed objects, for
FFF using ABS or PLA is very low. This results in relatively
low chemical resistance for printed objects. Therefore, there
is considerable interest in developing a wider range of FFF
printable materials.
Not all polymers crystallize. Only those polymers whose
molecular structure is characterized by regularity can crystallize. Thus, polyethylene can crystallize. For polypropylene
to crystallize, the molecular structure additionally needs to
have stereo-regularity. Polypropylene with pendant methyl
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Scheme 1. Tacticity of polypropylene: (a) isotactic, (b) syndiotactic and (c) atactic.

groups that are aligned in the same side of an all-trans
backbone is termed isotactic (scheme 1). Isotactic polypropylene (iPP) crystallizes by chains organizing into helical units
that pack as alternating rows of right- and left-handed helices
[10]. The long chain nature of polymers precludes complete
crystallization and therefore, when molecularly regular polymers crystallize, there is always an amorphous/crystal coexistence. Therefore, such polymers are termed semicrystalline.
Semicrystalline polymers dominate the global production of
synthetic polymers, with polyethylene and polypropylene
comprising nearly two thirds of all polymers [11,12]. The
use of these polymers is widespread due to their versatility.
They are thermoplastic, have excellent mechanical properties,
are electrically insulating and are resistant to chemical attack.
Therefore, several groups have pursued the development of
FFF 3D printable polyethylene and isotactic polypropylene.
However, this continues to be challenging [13].
The key challenges to FFF 3D printing with iPP are as
follows: (i) iPP is highly apolar and does not readily adhere
to most materials [14]. Therefore, it debonds from the print
substrate during FFF—consequently, layer to layer registry
during printing is lost. (ii) iPP is semicrystalline [15]. During FFF, an iPP filament is melted and is extruded in melt
form onto the print substrate. Subsequently, the strand of
melt laid on the substrate cools and solidifies through crystallization. Crystallization induces a decrease in the specific
volume of the polymer and an increase (by several orders of
magnitude) of the modulus. This cooling-induced shrinkage
results in the development of large thermomechanical stresses
that are relieved by out-of-plane warpage of the part. Since
the polymer does not strongly adhere to the print bed, the
part readily warps resulting in failure of the printing process.
Researchers working on FFF of iPP have sought to address
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these issues, and to obtain insights into structure development
during printing [16,17]. Studies have shown that the shrinkage
in iPP can be alleviated by the addition of fillers in the polymer
matrix, thereby reducing warpage [18–24]. Spoerk et al [16]
reported printing of a compatibilized iPP-perlite blends on a
UHM-PE plate showing optimum adhesion. They claim that
blending iPP with perlite leads to a reduction in warpage due
to the effect of the filler. Carneiro et al [17] reported FFF of
unfilled and glass-fibre-reinforced iPP and studied the effects
of printing process parameters like orientation, infill percentage on the resulting mechanical properties. They noted the
low bed adhesion of iPP and reported that significant warpage
is observed when printing on a glass substrate. Therefore,
they investigated the use of a specially prepared scrubbed iPP
plate as print surface, to provide adhesion during printing.
Thus, one approach to decreasing warpage during FFF of iPP
is to improve adhesion of the printed part with the bed substrate. This adhesion counteracts the stresses generated due
to shrinkage of the part on cooling and minimizes warpage.
However, other reports indicate that excessively strong adhesion with the print substrate is also not desirable [18]. For
example, reports of iPP printing on PP-derived substrates,
like tapes [17] and plates [18], leads to irreversible bonding
between the first printed layer and the substrate. Thus, the
printed object is irreversibly bonded to the print substrate so
that removal damages both the object and the print substrate.
Here, we present a facile novel approach for FFF 3D printing of iPP, that relies on optimal adhesion of the printed part
to the print substrate. We demonstrate that printing parts with
a ‘brim’ that can be adhered to the print substrate using a
thin layer of polyvinyl acetate-based glue affords sufficiently
strong adhesion to FFF print parts with minimal warpage, and
yet is sufficiently weak so that the part can be easily debonded
from the substrate after completion of printing.

2. Experimental
2.1 Materials
A commercial grade of polypropylene (PP) (Repol H030SG;
MFI = 3.4 g per 10 min) was obtained from Reliance Industries Limited and was used as received.
2.2 Experimental methods
FFF was accomplished using a Julia+ Dual nozzle printer
(Fracktal Works, Bengaluru, India) with a glass substrate as a
print-surface. The extrusion nozzle (0.6 mm diameter) was set
to 230◦ C, while the glass print-surface maintained at 60◦ C.
The print head speed was maintained at 30 mm s−1 and different extents of infill (20, 50 and 100%) were specified using the
software. Here, infill refers to the fact that FFF printed objects
are often printed with voids to conserve material. Thus, 100%
infill refers to objects designed to be printed without voids,
while 20% infill refers to a structure with internal square
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Figure 1. Home-built wind-up unit for pulling the filament.

lattice structure that occupies 20% of the object volume. We
have used a thin layer of a commercial polyvinyl acetate-based
adhesive (Fevistik® glue stick) on the glass print-surface. As
discussed in ‘introduction’ section, semicrystalline polymers
like PP do not readily adhere on a glass surface. However,
we observe that this adhesive provides sufficient adhesion
between the printed iPP part and the glass print substrate, so
that we can maintain registry during printing.
The printer starts by printing from the outermost brim line
to the innermost brim line. It then goes on to print the outer
shell of the object (attached to the brim) followed by completely filling the first layer. After this, shell and the infill is
printed as per input parameters in the software. For all the
objects printed for the purpose of this study, we fixed the
top/bottom thickness of the object as 1 mm. This translates
to the first and last 5 layers of the object being completely
filled. All the intermediate layers are extruded with hollowedout portions according to the input infill density value (e.g.
20, 50%, etc.). For higher infill, higher number of internal
walls appear constituting similar square lattices to account
for increased infilling as shown in figure S1a and b in the
supplementary information (SI). The thickness and the side
length of the 20% infilled FFF printed PP object is shown in
figure S1c.
The FFF printer is fed with a polymer filament with circular diameter. The filament is gripped by an assembly in
the print head and is conveyed to the heater, where the polymer is melted prior to extrusion. Commercial iPP filaments
are not available. Therefore, we used a home-built apparatus
(figure 1) to prepare the filament. Our apparatus comprises
a rotary puller coupled in series with a capillary rheometer
(Goettfert RG25) to prepare the FFF filament. We melt the
polymer in the barrel of the capillary rheometer maintained at
190◦ C and extrude at a constant speed of 0.4 mm s−1 through
a die of 2 mm diameter. The strand exiting the die is then
passed through a water bath to cool it down, while being

Figure 2. (a) Ten millimetre tall PP object with 100% infill.
Adhesive layer applied at the print-surface to enable printing.
(b) Schematic of calculation of warpage for a typical 3D printed
PP object. (c) Schematic representation of a 3D printed object with
brim.

pulled at constant speed using the home-built wind-up unit.
By controlling the winding speed, we optimized this process
so that we could consistently obtain filament with tight tolerances on the diameter, ranging between 1.68 and 1.72 mm.
This filament is used for FFF.
2.3 Simulation methods
We use an finite element method (FEM) simulation [25–28]
to model the stress development as the 3D printed filament
cools from the molten to solid state. As the polymer cools,
there is an increase in density. Since the filament is constrained by adhesion to the print substrate, this change in
density results in the buildup of thermomechanical stresses
following material properties [29]. These stresses are estimated by a mathematical model described in the SI, section
S1. Using FEM (ANSYS® Workbench Additive software
tool), we solve the model numerically. We have made several
assumptions in our model to reduce simulation complexity.
These are: (i) an entire 0.3 mm tall layer with 50 × 15 mm2
rectangular cross-sectional area is laid down at once, at the
printing speed (30 mm s−1 ), rather than laying down individual filaments as in the actual experiment. Therefore, we
maintain the same printing speed, but ignore the detailed XY
motion of the printer head. (ii) In the FFF experiments, the first
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Figure 3. Effect of the brim size of the FFF printed rectangular bar on warpage. We present images of FFF printed
10 mm tall rectangular bars of iPP having 20% infill with brim size of: (a) 0, (b) 4.5 (corresponding to 5 lines) and
(c) 13.5 mm (corresponding to 15 lines). Contact stresses developed at the interface for different system shown in the
left column, as obtained from FEM simulations. Rectangular bars of iPP with brim size of: (d) 0, (e) 4.5 (corresponding
to 5 lines) and (f) 13.5 mm (corresponding to 15 lines).

layer was thicker (0.3 mm) than subsequent ones (0.2 mm), to
enable better adhesion. In the simulations, the layer thickness
is maintained at 0.3 mm for all layers. (iii) We simulate different infills i.e. 20, 50 and 100%, by printing a solid layer with
thermal and mechanical properties (namely conductivity, heat
capacity, density, modulus, thermal expansion, coefficient,
etc.) reduced to 20, 50 and 100% of the literature values,
respectively. Thus, detailed CAD modelling is not used to
represent the infill used in the experiments. Due to these simplifications, we believe that the quantitative values from our
simulations are not directly comparable with the actual experiments. However, the simulations provide qualitative insights
into the development of stresses during FFF printing. Further
details of the model are provided in the SI, section S1.

3. Results and discussion
There are no universally accepted standard samples for 3D
printing that can be used to quantify the accuracy of FFF
printed objects or indeed, even the printability of a new

material. Based on our experience, we observe that the most
significant warpage is near sharp corners of printed objects.
Therefore, printing objects with corners is especially challenging. Accordingly, we chose to print rectangular bars with
dimensions: length = 50 mm; breadth = 15 mm and height
= 10 mm. As anticipated, PP objects do not print on the
glass-surface without a thin layer of adhesive on it. Not even
a complete single layer could be printed before the object
debonded from the surface, blocked the nozzle and terminated the print job. However, after application of the adhesive
layer on the print-bed, we were able to successfully print rectangular bars. These objects showed significant warpage along
the edges and debonded from the print substrate near the corners (figure 2a). We have characterized the absolute warpage
(Wabs ) by imaging the object, digitizing its profile and measuring the maximum height of the edge from the plane of
the print substrate (SI, section S2). We have also defined a
dimensionless specific warpage (Wsp ) for the object by normalizing the absolute warpage (Wabs ) by the maximum height
of the object (h max ). Figure 2b shows the schematic of how we
quantify warpage in this work. Since we observed
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Figure 4. Comparison between the warpage obtained experimentally for 10 mm tall, 20% infilled objects as a function of the brim
size. The maximum contact stress generated at the base layer estimated from simulations is shown on the right scale. Note that the
trends in the warpage are qualitatively similar to those in the maximum contact stress.

improvement in the printability, simply by the addition of a
thin layer of adhesive on the glass print surface, we reasoned
that increasing the area for adhesion would improve adhesion
strength and therefore, print quality. Accordingly, we modified our printing protocol to incorporate a ‘brim’, viz. a thin
single layer of print material extending beyond the base of the
desired printed object, while remaining attached to it. This is
a sacrificial layer, which can be removed once the print-job
finishes. This can be readily implemented using the software
that is bundled with most FFF printers. The brim increases the
interface of the print object with the glass-surface, and thereby
increases the adhesive force holding the object on the print
bed. To investigate the effect of the brim, we have printed the
rectangular bar using brims of varying widths ranging from
0 to 15 lines, as shown in figure 3a–c. We observe that printing the object without the brim results in significant warpage,
with Wabs ≈ 2 mm (figure 4). Printing with a brim of 5 lines
(corresponding to a brim width of about 4.5 mm) results in
a dramatic four-fold decrease in Wabs to 0.47 mm (figure 3).
Further increase in the brim to a width of 15 lines results in
only a marginal decrease in the warpage to Wabs = 0.41 mm
(figure 4). These results validate our contention that increasing the adhesion force by providing a larger area for adhesion
of the printed object on the substrate results in decreased part
warpage.
To obtain insights into the mechanism of reduction of
warpage with incorporation of a brim, we performed FEM
simulations of FFF. We calculate transient stresses during FFF
based on the principle of virtual work (equation (S2) in SI).
In the simulations, the printed objects were rigidly fixed at
the base, and arbitrarily high stresses were allowed to be built
up at the interface during printing. We postulate that these
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stresses result in the experimentally observed warpage and
debonding of the objects from the base (figure 3c–d). In the
simulations, we account for the sharp density change at the
crystallization temperature by allowing a step change in the
expansion coefficient over a short temperature range (5◦ C)
around the crystallization temperature, Tc = 160◦ C . The
experimentally determined temperature-dependent modulus
(figure S2 in SI) is used to estimate stresses in the FEM model.
FEM simulations clearly demonstrate that the stresses
develop primarily at the interface of the print and glass substrate on cooling (figures 3, 5 and 7). These results match
with the trends for sample warpage from the experiments
(figures 4, 6 and 8). When the polymer cools to close to
the crystallization temperature, there is an abrupt increase
in density and modulus resulting in development of thermomechanical stresses. We observe that these stresses are mainly
concentrated at the corners of the object since these parts cool
much faster than other parts of the object. Printing objects
with a brim redistributes forces over a larger area, consequently decreasing the stresses. Therefore, when we printed
the rectangular bar with a brim of 5 concentric lines around
the edge of the actual object (corresponding to 4.5 mm,
figure 3b and e), the stresses are redistributed over a larger
area resulting in an almost 7-fold decrease in maximum contact stress at the edges (figure 4). This results in a nearly
4-fold decrease in the warpage relative to the case with no
brim. Further increase in the brim size to 13.5 mm (15 lines,
figure 3c and f) results in a smaller decrease in the maximum
stress (by a factor of 1.5 relative to the case of 5-line brim).
This reduces the warpage by an additional 15%, as shown in
figure 4. Simulations indicate that the stress gradient around
the object gradually decreases, suggesting why increase from
a 5-line to 15-line brim does not change the warpage significantly. In the rest of the paper, we present data for FFF of
objects printed with a brim with a width of 4.5 mm.
Our experimental results show that there is a visible
increase in absolute warpage (Wabs ) as we print taller objects
(figures 5a–c and 6a). However, we note that the specific
warpage (Wsp ) decreases as the height increases (figure 6b).
This suggests that the warpage of the printed object is primarily a local phenomenon, determined largely by a few layers
near the object/print bed interface. Our simulations confirm
this and show that the contact stresses are only weakly dependent on the height of the FFF printed iPP objects (figures 5d–f
and 6a). Thus, we conclude that the height of the printed
objects does not significantly affect the warpage of the objects.
Since, the warpage arises from the stress induced by
the change in the density and modulus of the iPP as it
undergoes a phase transition, we anticipate that warpage
will be influenced by the mass of the object. Specifically,
we anticipate that the degree of infilling will have a significant effect on the warpage of the FFF printed object.
We systematically increased the infill during printing and
printed rectangular objects with infill values of 20, 50 and
100%. We observe that the warpage increases significantly
with increase in infill. Specifically, Wabs increases from

171

Page 6 of 8

Bull. Mater. Sci.

(2020) 43:171

Figure 5. Effect of the FFF printed rectangular bar height on warpage. We present images of FFF objects printed with
different heights. All objects are printed with a 5-line (4.5 mm) brim and 20% infilling: the object heights are (a) 5,
(b) 10 and (c) 20 mm. Contact stresses developed at the print object/printer bed interface estimated by FEM. Rectangular
bars of iPP with a height of: (d) 5, (e) 10 and (f) 20 mm.

Figure 6. (a) Comparison between experimentally warpage at the base layer obtained for different height objects with 4.5 mm brim
with 20% infilling, with the maximum contact stress generated at the base layer estimated from our simulation. (b) Comparison between
Wabs and Wsp for different height objects with same brim size and same infill.
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Figure 7. Effect of the infill for FFF printed rectangular bar on warpage. We present images of FFF printed 10 mm tall
bars of PP with 4.5 mm brim for different infillings of: (a) 20, (b) 50 and (c) 100%. Contact stresses developed at the
interface for different systems shown in the left column are estimated by FEM model. Rectangular bars of PP infilling
of: (d) 20, (e) 50 and (f) 100%.

0.47 to 1.84 mm for infill increasing from 20 to 100%
(fgures 7a–c, 8). In accordance with the experimental results,
simulations show that the maximum contact stress increases
dramatically from 2.4 to 57.4 MPa with increase in infilling
from 20 to 100% (figures 7d–f, 8). Thus, our simulations and
experimental data are in qualitative accord and indicate that
printing iPP objects with lower infill results in lower warpage.
We have demonstrated that modifying the FFF printing strategy to incorporate a brim successfully reduces the
warpage (and the contact stress in simulations) for other
semicrystalline polymers, such as HDPE as well [30].

4. Conclusion

Figure 8. Comparison between the warpage at the base layer
obtained experimentally for 10 mm tall object with 4.5 mm brim
with different infillings, with the maximum contact stress generated
at the base layer estimated from our simulation.

In summary, we demonstrate a successful technique to
decrease warpage during FFF printing of semicrystalline
polymers like iPP. Our solution is easy to implement on
most commercial printers and does not require any hardware modification. All these involve modification of the print
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protocol to incorporate a brim, and adhesion of the object
with the brim to the print substrate using widely available
adhesive. We demonstrate this approach for FFF printing of a
semicrystalline polymer, isotactic polypropylene. The trends
in warpage observed experimentally during FFF printing correlate well with the trends in maximum contact stress at the
object/print bed interface, obtained from FEM simulations.
We also present the effect of systematic variation in height of
the printed object and the infill on warpage. Our work indicates that lowest warpage is obtained for objects printed with
low infill. The height of the printed object does not significantly influence warpage. Our strategy enables us to expand
the range of thermoplastic materials available for FFF.
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