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Abstract

Purpose — Currently on additive manufacturing, extensive research is directed toward mitigating the main challenges associated with multi-material
in fused filament fabrication which has a weak bonding strength between dissimilar materials. Low interfacial bonding strength leads to defects,
anisotropy and temperature gradient in materials which negatively impact the mechanical performance of the multi-material prints. The purpose of
this study was to assess the performance of different interface geometry designs in terms of the mechanical properties of the specimens.
Design/methodology/approach — Tensile test specimens were printed using: mono-material without a boundary interface, mono-material with
the interface geometries (Face-to-face; U-shape; T-shape; Dovetail; Encapsulation; Mechanical interlocking; and Overlap) and multi-material with
the interface geometries. The materials chosen with high and low compatibility were Tough polylactic acid (PLA) and TPU.

Findings — The main results of this study indicate that the interface geometries with the mechanical constriction between materials provide better
structural integrity to the specimens. Moreover, in the case of the mono-material parts, the most effective interface design was the mechanical
interlocking for both Tough PLA and TPU. On the other hand, in the case of multi-material specimens, the encapsulation showed the highest
ultimate tensile strength, whereas the overlap and T-shape presented more robust bonding.

Originality/value — This study examines the mechanical performance, particularly tensile strength, strain at break, Young's modulus and yield
strength of different interface designs which were not studied in the previous studies.
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1. Introduction physical and chemical properties between dissimilar
materials. The boundary interface is a physical discontinuity
and a weak point in the specimen. Low interfacial bonding
strength results in the formation of defects that affect the
overall mechanical performance of the printed parts.
The weak bonding is also because of anisotropy and
temperature gradient during printing in materials. One of the
possible approaches to enhance the mechanical strength of
multi-material parts is the modification of interface
geometries that may additionally provide a mechanical
interlocking for example (Zheng et al., 2021).

The boundary interface is a physical discontinuity and a
weak point in the specimen. Hence, numerous studies focus on

Additive manufacturing (AM) or rapid prototyping (RP) is the
layer-based fabrication process that emerged in the late 1980s.
Although AM was initially introduced for the fabrication of
mono-material parts, because of the development of AM
technologies in conjugation with industrial needs for composite
components, multi-material three-dimensional (3D) printers
started to emerge on the market. The printers enable the
incorporation of different materials to enhance the functional
performance and complexity of AM-fabricated parts
(Amancio-Filho and dos Santos, 2009).

One of the most affordable and widely used AM technologies
is fused deposition modeling (FDM®), proposed originally by
Stratasys Inc. FDM®, which is also commonly known as fused
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improving interfacial bonding between different materials. Kim
et al. (2017) studied the cases of fracture at the interface of
polylactic acid (PLA) and acrylonitrile butadiene styrene
(ABS). It was found that the structural arrangement affects the
tensile strength of the part, and the addition of horizontal layers
improves the adhesion between materials. Lin ez al. (2018)
proposed a single-layer temperature-adjusting transition
method to increase the bonding between materials with
different melting temperatures. In this method, the first layer of
the second material is deposited at a higher nozzle temperature
than the nozzle temperature for the consecutive layers.
Ferndandez er al. (2019) found that the minimum degree of
overlapping between two materials causes a significant increase
in the strength of the sample.

Several studies focused on the effect of printing and slicing
parameters on the interfacial bonding between two
materials. Yin ez al. (2018) examined the bonding between
ABS and TPU and concluded that the increase in the
building stage of the temperature resulted in the highest
impact, while the printing speed had the smallest effect on
the improvement of bonding strength. Tamburrino ez al.
(2019) identified that the printing order and infill density
affect the bonding, while the creation of mechanical interface
geometry between materials increases the tensile strength of
the parts.

Nace er al. (2021) performed a comparative analysis of
TPU’s compressive mechanical properties of 3D printed parts
for four infill patterns and infill density for “comfort
applications.” Concentric, cross, cross 3D and gyroid infill
patterns were considered. It was found that, as expected, when
the infill density was increased, the stiffness of the part also
increases. While the results for the infill pattern were more
complicated to analyze, it was recommended to use gyroid as a
replacement for viscoelastic polyurethane foams. This research
helped to develop 3D printed parts with specific stiffness and
damping coefficient for the control of vibrations.

Moreover, recent investigations have focused on the
interlocking patterns and gradient transition between different
materials. Kuipers er al. (2022) proposed an interlaced
topologically interlocking lattice method, which allows the
locking of three axes of space and satisfies the continuity
constraint of extrusion. Stoner ez al. (2018) examined the
functionally graded materials characterized by changing
composition in a discrete or continuous fashion throughout the
volume of the specimen. The experiment resulted in the design
of the bi-continuous material interface using a triply periodic
minimal surface. However, the production of functionally
graded materials is still limited to a few AM processes such as
directed energy deposition and material jetting. Hasanov ez al.
(2020) compared the strength of the gradient transition multi-
material parts of PC and ABS with the butt-jointed and
interlocked specimens. The conclusion was that the gradient
transition provides and reduces the interface stress
concentrations. Nevertheless, the gradient transition between
materials might not be possible for many commercial desktop
printers. Vu et al. (2018) subjected the multi-material
specimens of soft and stiff materials to the T-peel test and
concluded that the gradient interface increased the peel
resistance of the specimens by roughly 62% in comparison to
the direct transition.
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However, few studies investigated the effect of interface
geometries between materials on the mechanical performance
of the parts manufactured using FFF. Therefore, this work
aims to compare the mechanical properties of interface designs
between the set of materials with high and low chemical
affinity. The study not only is in line with the work done by
Lopes er al. (2018) and Ribeiro ez al. (2018) but also provides
an evaluation of the additional interface geometries.

2. Methodology

This section describes the stages of the experiment, the selected
materials and printing process parameters, as well as the
specifications of the interface geometries.

2.1 Experimental procedure

This study was conducted in several stages as shown in
Figure 1. The flowchart illustrates the four main stages such as
design, manufacturing, testing and analysis. First, the
specifications, namely, the materials and interface geometries,
were selected. The models were designed using SolidWorks
2021, a computer-aided design software, and transformed into
the stereolithography format file, which defines the surface
geometry of the model. Second, the model was sliced in the
computer software and converted into the G-Code format. The
specimens were manufactured using the FFF printer,
Ultimaker S3. Third, the printed specimens were subjected to a
tensile test to failure. Finally, the various designs were
evaluated based on the analysis of their rupture sites and
mechanical properties.

2.2 Materials
The materials used in this study were Ultimaker Black Tough
PLA and Ultimaker Blue TPU95A. Tough PLA refers to a
technical PLA filament characterized by high impact resistance
and toughness comparable with ABS. The material offers
greater machinability than PLA, higher stiffness than ABS and
neither warpage nor delamination (Ultimaker, 2023a, 2023b).
TPU is a thermoplastic elastomer that has high rubber-like
flexibility, increased wear and tear resistance and good
corrosion resistance to common chemicals (Ultimaker, 2023a,
2023Db).

These materials were selected because of their low chemical
affinity and allowing the combinations of rigid and flexible

Figure 1 Stages of the experiment
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parts. These two materials would allow the development of
composite parts that have strength and damping properties that
can be adjusted to reduce vibrations. Single-material specimens
were printed using both Tough PLA and TPU as references
and were manufactured with and without (monoblock) an
interface. In multi-material models, the parts with outgoing
(male) features were chosen to be Tough PLA.
To summarize, the following combinations were examined
in this study:
+  Mono-material (monoblock) specimens: Tough PLA and
TPU;
+ Mono-material specimens with an interface geometry:
Tough PLA-Tough PLA and TPU-TPU; and
+  Multi-material specimens: Tough PLA-TPU.

2.3 Interface geometries
The original model of the specimen that was subjected to
tensile tests is shown in Figure 2. The main advantage of this
particular specimen is the visual representation of the initial
distance between grips for tensile tests. The mono-material
specimens without a boundary interface were printed as
references to study the effect of the boundary interface on the
structural integrity of the parts.

The interface designs tested in the study are shown in
Figure 3. The presence of the boundary was expected to have a
negative impact on the mechanical properties of the specimens.
All geometries were printed with mono-material and multi-
material pairs:

« The face-to-face interface refers to the butt-jointed pair of
materials where two parts are simply connected end-to-
end at the faces. The boundary is located at the
midsection of the specimen. The bonding depends only
on the adhesive forces between the materials.

+  The U-shape is similar to the insert with no constriction
from the perspective of axial load. Hence, this design relies
mainly on the chemical compatibility between materials.

+ The T-shape is characterized by the true mechanical
locking system which can constrict the detachment
between materials.

+ The dovetail is considered to be the simplified version of
the previous geometry. The design is dependent on both
chemical and mechanical bonds between the parts of the
specimens.

+ The encapsulation has one material printed in a
rectangular shape enclosed by another material.

Figure 2 Dimensions of the tensile test specimen
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« The mechanical interlocking refers to the design similar to
the U-shape geometry, but the outgoing feature is
enclosed with the walls and top/bottom layers of the
specimen.

«  The overlap has each layer of one material alternating with
another material. The length of the section in the middle
where the overlapping occurs is 3 mm. The overlap of
materials creates friction between layers which can
enhance the bonding.

The face-to-face interface was selected to establish a reference
for comparison with other designs. The U-shape, T-shape and
dovetail geometries were based on the study by Ribeiro ez al.
(2018). The encapsulation was chosen to identify which
material would demonstrate dominance under the tensile
stress. The mechanical interlocking and the overlap were
designed because of the work of Tamburrino ez al. (2019) and
Fernandez er al. (2019), respectively. Although these designs
were studied before, a more comprehensive investigation of
mechanical properties and comparison between them are
required.

2.4 Printing process parameters

The specimens were fabricated using Ultimaker S3, the
desktop printer capable of dual extrusion. Ultimaker Cura
4.11.0 software was used to set up the parts for printing. The
printing conditions detailed in Table 1 were applied for mono-
material as well as multi-material specimens with high and low
chemical affinity.

2.5 Tensile test

The specimens were subjected to the tensile test using a
universal testing machine, Tinius Olsen equipment. The force
was applied in the normal direction to the interface plane as
shown in Figure 4. All tests were performed at the crosshead
speed of 10 mm/min. Three replicas of each mono-material and
multi-material interface geometries were printed and tested.
The mechanical properties of specimens such as tensile
strength, strain at break, Young’s modulus, yield strength and
the location of the fracture site were recorded.

3. Results and discussion

This section presents the experimental results and findings.
Particularly, the analysis of the rupture sites and variations of
the mechanical properties of the specimens with different
interface geometries is discussed.

3.1 Rupture sites

A preliminary study of the fracture sites was conducted before
the analysis of the tensile test results. The location of the
rupture sites is depicted in Figures 5, 6, 7 and 8.

As shown in Figure 5, the rupture in the mono-material
specimens without any interface of both Tough PLLA and TPU
occurred in the weakest point which was the vicinity of the jaws
or near the increases of the cross-section.

Focusing on mono-material with an interface, Tough PLA-
Tough PLA specimens (Figure 6), the rupture by detachment
along the geometry lines was found only in the face-to-face
interface. For the encapsulation case, the fracture occurred at
the boundary interface near a jaw.
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Figure 3 Interface designs
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Table 1 Printing process parameters

Parameters Value Figure 4 Setup of the tensile test
Layer thickness 0.2 mm

Infill 100%

Infill pattern Grid

Print speed 20 mm/s

Bed temperature 60°C

Nozzle diameter 0.4 mm

Tough PLA nozzle temperature 215°C

TPU nozzle temperature 225°C

In the U-shape, dovetail and T-shape specimens, the rupture
site was partially located at the interface line. However, the
parts of the receiving geometry were still attached to the
outgoing feature because of the high compatibility between
materials.

The overlap and mechanical interlocking specimens failed
because of the breakage of geometric elements which indicates
the strong adhesion between the parts.

Similar behavior as Tough PLLA was observed for the mono-
material TPU with an interface. As can be seen in Figure 7,
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Figure 5 Rupture sites of the mono-material specimens without a
boundary interface
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Notes: (a) Tough PLA; (b) TPU

Figure 6 Rupture sites of the Tough PLA-Tough PLA specimens
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Figure 7 Rupture sites of the TPU-TPU specimens
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almost all specimens for the TPU-TPU combination
demonstrated a similar pattern to Tough PLA-Tough PLA
except for the dovetail and U-shape geometries. The rupture of
these two designs occurred across the “bottom™ interface (at
the root of the extruded “U” or dovetail). The breakage of the
geometric elements indicates the high adhesion between the
two parts of the sample. The rupture site of the design is in
congruity with the results of Ribeiro ez al. (2018). The reason is
that the weakest point corresponding to the fracture site is not
located only along the interface line. This means that the
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Figure 8 Rupture sites of the Tough PLA-TPU specimens
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bonding between the two parts of the specimen is robust
because of the selected design. This might suggest the high
bonding strength and of these
geometries in addition to the mechanical interlocking and
overlap designs.

Figure 8 shows the fracture sites of the multi-material
interface geometries that differ from their Tough PLA-Tough
PLA and TPU-TPU counterparts.

For the overlap specimens, the materials were partially joined
at the interface after the rupture, as each layer of the flexible
material was followed by the stiff material. The fracture started
from the outer surfaces (top/bottom layers) of the sample being
detached. This pattern sustained the strong attachment
between the materials, as a substantial amount of debris of
flexible material was seen in the adjacent part after the rupture.

The T-shape specimen ruptures similarly to the mono-
material specimens of the same design because of the presence
of true mechanical constriction between the materials, which
prevents detachment. This cross-section was also the weakest
of the composite. In the encapsulation specimen, the TPU part
remained almost intact, and only a few pieces of debris
were found in the corresponding stiff part after the rupture.
These specimens also failed at the weakest cross-section. The
mechanical interlocking, U-shape, dovetail failed by the
slipping away of the flexible material. This detachment
behavior confirms the low chemical affinity between Tough
PLA and TPU. Finally, a clear separation in the boundary
interface of the face-to-face interface specimen was observed as
expected. Based on this initial visual study of the multi-material
interfaces, the overlap and T-shape geometries demonstrated
strong adhesion in comparison to other specimens.

effectiveness interface

3.2 Mechanical properties of mono-material specimens

The experimental results for mono-material specimens without
the boundary interface for tensile strength, yield strength,
Young’s modulus and strain at break are shown in Figures 9(a)
and 9(b), respectively. As shown in Table 2, Young’s modulus
was 1,033.6 MPa and yield strength 35.7 MPa for Tough PLA
specimens. Their properties were significantly higher than the
corresponding values of TPU specimens 44.8 MPa and 15.5
MPa, for Young’s modulus and yield strength, respectively, as
Tough PLA is considered to be a rigid material when compared
to an elastomer (TPU). On the contrary, the strain at break of
TPU was higher because of the flexibility of the material,
the tensile strength of both materials

whereas was
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Figure 9 Single-material specimens without a boundary interface
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comparatively close because of the larger elongation range
provided by the TPU.

The Tough PLA-Tough PLA and TPU-TPU pairs were
printed to investigate the effect of geometry patterns on the
materials with the highest compatibility. It can be observed that
the presence of a boundary interface negatively affects the
mechanical properties of the specimens. These results agree
with the findings of Lopes ez al. (2018).

The average values of mechanical properties for the mono-
material Tough PLA specimens are summarized in Table 3.

Figure 10(a) shows the tensile strength of the mono-material
Tough PLA specimens. Interestingly, the tensile strength of the
face-to-face interface (25.0 MPa) is comparable to the results
of the other boundary geometries and slightly higher than the
T-shape and dovetail interface. The low level of variation
between these interfaces can be attributed to the high
compatibility of the same materials.

The highest strength was recorded for the overlap (29.3
MPa) and mechanical interlocking (29.14 MPa). These results

Table 2 Mechanical properties of mono-material specimens
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are consistent with the previous analysis of the rupture sites.
The failure of both designs was because of the breakage of
geometric elements at the interface which suggested strong
bonding between the complementary parts.

The lower values observed for the dovetail, U-shape (22.6
MPa) and T-shape (22.5 MPa) cases seem to be in line with the
rupture site analysis, as the fracture occurred at the major
interface line.

As for the yield strength indicated in Figure 10(a), the
variations in the values also seem to be dependent on the
interface design choice. The pattern is similar to the one
observed in the tensile strength. The yielding at higher values of
stress close to the ultimate tensile strength is because of the
brittle nature of Tough PLLA material.

Figure 10(b) illustrates Young’s modulus values of the
specimens. The specimens exhibited a brittle fracture because
of the rigidity of the material. Therefore, the interface
geometries with strong locking mechanisms such as the overlap
(1,022.8 MPa) and mechanical interlocking (958.03 MPa)
exhibit the highest values of Young’s modulus.

Based on Figure 10(b), the strain at break was highest for the
mechanical interlocking (0.0439) and T-shape (0.0404)
specimens, as their geometric elements enabled further
elongation without immediate detachment. On the other hand,
the face-to-face interface (0.0319) demonstrated the lowest
strain values because of the simple butt-joined design and the
occurrence of rupture exactly along the interface line.

Table 4 shows the decreases in the percentage of the
mechanical properties because of the presence of the
boundary interface on the mechanical performance of
the mono-material Tough PLA specimens. All interface
geometries resulted in the decrease of all four mechanical
properties. The performance of the geometries was
evaluated based on the level of variation from the mono-
material specimens without an interface.

The most effective design is the overlap which showed the
lowest variation in terms of the tensile strength (27.3%), yield
strength (23.2%) and Young’s modulus (1.0%) as well as the
moderate strain at break variation (53.5%). The second-best
interface is the mechanical interlocking with the comparable
tensile and yield strength variation and lower variation in the
strain at break (46.7%) but higher variation in Young’s
modulus (7.3%). The highest variation in the strain at break is
shown by the face-to-face interface (61.3%). Moreover, the
highest Young’s modulus variation is observed in the
encapsulation (18.1%). The worst interface is T-shape with
the highest variation in the tensile strength (44.1%) and yield
strength (42.2%).

The Tukey test is a post hoc analysis in one-way ANOVA
used to compare each pair of factors and examine whether their
means are statistically significant. In this method, the mean of
each factor level is compared to the every other one and the

Tensile strength (MPa) Yield strength (MPa) Young's modulus (MPa) Strain at break
Materials Mean SD Mean SD Mean SD Mean SD
Tough PLA 40.3 1.0 35.7 15 1,033.6 7.6 0.0824 0.003

TPU 325 0.8 155

1.9 44.8 6.8 5.4 0.09
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Table 3 Mechanical properties of the Tough PLA-Tough PLA specimens
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Tensile strength (MPa) Yield strength (MPa) Young's modulus (MPa) Strain at break
Interface geometries Mean SD Group Mean SD Group Mean SD Group Mean SD Group
Face-to-face 25.0 0.8 A 23.2 0.8 A 983.4 47.0 A/B 0.0319 0.0007 A
U-shape 23.9 0.6 A 221 0.6 A 904.7 171 B/C/D 0.0356 0.0020 A/B
T-shape 225 0.2 A 20.7 0.2 A 910.4 56.4  B/C/D 0.0404 0.0027 BI/C
Dovetail 22.6 0.5 A 20.7 0.5 A 862.3 13.1 C/D 0.0393 0.0038 A/B/C
Encapsulation 27.8 1.9 B 26.0 2.0 B 846.7 208 D 0.0354 0.0027 A/B
Mechanical interlocking 29.1 0.5 B 27.3 0.5 B 958.0 55.2  A/BIC 0.0439 0.0048 C
Overlap 293 1.1 B 274 1.1 B 1022.8 69 A 0.0383 0.0016 A/B/C
Note: Interface geometries that do not share any letter have significantly different means
Figure 10 Tough PLA-Tough PLA specimens
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Notes: (a) Tensile and Yield Strength; (b) Young’s modulus and Strain

95% confidence intervals are created for all pairwise differences
(Minitab, 2022).

The results of the confidence intervals for the difference
between the mean of each interface and control level are used by

46

the Minitab software to group the interfaces. First, the first letter A
is assigned to the control level. In case a confidence interval of a
pairwise comparison contains zero, the same letter is assigned to
the level. Otherwise, no letter is given to the level (Minitab, 2021).
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Table 4 Effect of the interface geometries on the mechanical properties of mono-material Tough PLA specimens

Tensile strength

Yield strength

Young's modulus Strain at break

Interface geometries Variation (%) p-value Variation (%) p-value Variation (%) p-value Variation (%) p-value
Face-to-face 38.0 0.00003 35.2 0.00018 4.8 0.14167 61.3 0.00001
U-shape 40.7 0.00001 383 0.00011 12.5 0.00028 56.8 0.00002
T-shape 441 0.00001 42.2 0.00005 11.9 0.01996 51.0 0.00005
Dovetail 44.0 0.00001 42.0 0.00006 16.6 0.00004 52.3 0.00010
Encapsulation 31.0 0.00055 27.3 0.00226 18.1 0.00013 57.0 0.00003
Mechanical interlocking 27.8 0.00006 23.7 0.00062 7.3 0.07795 46.7 0.00030
Overlap 27.3 0.00022 23.2 0.00133 1.0 0.14451 53.5 0.00002

Note: The means of interface geometries are compared to the monoblock Tough PLA to obtain the variation percentage and p-value

The results were grouped to identify the statistical significance
between the interface geometries. The grouping allows a brief
demonstration of the statistical difference through the use of
different letters to denote the means which are significantly
different.

As shown in Table 3, the interface designs such as face-to-
face, U-Shape, T-Shape and dovetail share the letter (A) for the
tensile strength, which means that the difference in their means
is not statistically significant. The same principle applies to
the encapsulation, mechanical interlocking and overlap
geometries, which belong to the group (B). On the contrary, the
means that do not share the same letter are significantly
different at a significance level of 0.05.

The encapsulation, mechanical interlocking and overlap
share a letter (B), indicating a significantly higher mean for the
tensile and yield strength than the designs of other groups (A).
The overlap (A) and encapsulation (D) are the only interfaces
with different letters, while others share two or three letters. In
the case of strain at break, the face-to-face (A) and mechanical
interlocking (C) have significantly different means.

The combination of letters such as A/B or A/B/C refers to the
means in the transitionary range. For example, the strain at
break of the U-shape interface (A/B) is in both groups A and B.
This overlap means that there is no significant difference in
means of the U-shape and face-to-face (A) statistically. Only
the means that do not share the same letter are significantly
different at a significance level of 0.05.

The p-value was used to assess the null hypothesis and
determine the statistical significance between the mono-
material specimens with and without interface. The null
hypothesis states that the means of the population are equal.
The criteria to assess the null hypothesis was the significance

Table 5 Mechanical properties of the TPU-TPU specimens

level («) of 0.05 which refers to the 5% risk of false rejection of
the hypothesis. The p-value which was lower than 0.05
(p-value < «) indicates the rejection of the null hypothesis and
confirms the significant difference in mechanical properties of a
particular design from the monoblock specimen. The results
obtained through the p-value are in line with the percent
variation calculated using the means. The lowest percent
variation shown by the overlap (1%) conforms to the highest
p-value (0.14451) among all designs. The designs with the
largest variations from the monoblock specimen have a p-value
0f0.00001.

A slightly different pattern was identified in the combination of
TPU-TPU summarized in Table 5. As shown in Figure 11(a), the
maximum ultimate strength was exhibited by the mechanical
interlocking (26.5 MPa), followed by the face-to-face interface
(24.4 MPa). Also, the strength of the dovetail interface (22.0
MPa) was comparable with the U-shape (21.5 MPa) which can be
confirmed by the similar rupture site across the outgoing geometric
features. However, a decrease in the strength of the overlap was
observed.

According to Figure 11(a), the yield strength values are
significantly lower than the ultimate tensile strength of all
interface geometries. The reason is the ductile properties of the
TPU material, which is more prone to deformation. The
mechanical interlocking tends to have the highest yield strength
because of the constriction, which resists deformation and
allows the specimens to withstand higher stresses at yield. As
for Young’s modulus illustrated in Figure 11(b), the values
seem to be within the same range. The specimens exhibited
ductile behavior because of the mechanical characteristics of
TPU. The highest values were shown by mechanical
interlocking (42.3 MPa), followed by the T-shape (38.0 MPa)

Tensile strength (MPa) Yield strength (MPa) Young's modulus (MPa) Strain at break
Interface geometries Mean SD Group Mean SD Group Mean SD Group Mean SD  Group
Face-to-face 24.4 08 AB 7.9 0.5 A 38.1 1.8 AB 47 03 A
U-shape 21.5 1.9 BIC 83 1.0 A 36.7 25 AB 39 03 B
T-shape 16.7 12 D 7.1 0.3 A 38.0 1.3 AB 32 02 C
Dovetail 22.0 15 BIC 85 1.1 A 38.7 29 AB 39 03 B
Encapsulation 22.8 0.7 B 7.9 0.6 A 36.3 1.5 B 4.2 0.1 A/B
Mechanical Interlocking 26.5 12 A 9.0 0.4 A 423 25 A 47 02 A
Overlap 18.8 06 CD 75 0.8 A 39.0 1.0 AB 35 0.08 BIC

Note: Interface geometries that do not share any letter have significantly different means
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Figure 11 TPU-TPU specimens
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and dovetail (38.7 MPa) interfaces which resulted in a lower
elongation at higher stress at break values. This could be
attributed to a strong interlocking provided by the
abovementioned interfaces, which resist deformation and
stretching.

As shown in Table 5, the encapsulation, mechanical
interlocking and T-shape do not share the same letter and have
statistically significant means for the tensile strength. The yield
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strength of all designs shares the letter (A), indicating the
insignificant difference between them. Young’s moduli of the
interfaces also are in the same range with the mechanical
interlocking and encapsulation differing substantially. The
strains at break of the face-to-face and mechanical interlocking
are in the group (A) with a significant difference from the U-
shape and dovetail in the group (B) as well as the T-shape (C).
The strain at break of the TPU-TPU specimens [Figure 11(b)]
was significantly larger compared to the Tough PLA-Tough PLA
because of the flexible nature of the material as expected.
According to Table 6, all TPU geometries also showed a
decrease in the values of all mechanical properties compared to
mono-material specimens without an interface. In this case, the
best geometry is the mechanical interlocking with the lowest
variation in terms of the tensile strength (18.6%), yield strength
(41.9%) and Young’s modulus (5.5%). This design had the
second-lowest strain at break variation (13.0%). The lowest
variation in the strain at break is shown by the face-to-face
interface (12.0%), whereas the highest variation in Young’s
modulus is seen in the encapsulation interface (18.9%). The
least effective interface is T-shape with the highest variation in
the tensile strength (48.7%), yield strength (54.1%) and strain
at break (41.1%). The p-values for Young’s modulus of the
majority of designs, excluding U-shape and encapsulation,
are larger than 0.05, indicating the closeness to the reference
monoblock specimen. The results obtained through the p-value
conform with the percent variation calculated using the means.

3.3 Mechanical properties of multi-material pairs

The values of strain at break for all interface geometries were
significantly higher than in the case of Tough PLLA-Tough PLLA
specimens [Figurel2(a)]. Because of the combination of a rigid
material with a deformable and flexible one, the specimens
demonstrated the elastic behavior of TPU. However, the
results presented in Table 7 were substantially lower than the
strain of TPU-TPU parts because of the decreased amount of
this material. The highest strain values were exhibited by the
overlap (1.963). In this particular interface, the connection
between materials was maintained by TPU fibers until the
fracture occurred. The fibers of the flexible material sustained
the link between two parts of the specimen enabling the gradual
and considerable elongation of the fibers until reaching the
highest strain at break (Ferndndez ez al., 2019). The materials
were partially joined at the interface after the rupture. The
T-shape geometry also resulted in a high strain at break (0.635)
in comparison to the remaining geometries. These results show

Table 6 Effect of the interface geometries on the mechanical properties of mono-material TPU specimens

Tensile strength

Yield strength

Young's modulus Strain at break

Interface geometries Variation (%) p-value Variation (%) p-value Variation (%) p-value Variation (%) p-value
Face-to-face 25.0 0.00019 49.3 0.00162 15.0 0.06562 12.0 0.02812
U-shape 33.7 0.00074 46.8 0.00287 18.1 0.04632 27.0 0.00164
T-shape 48.7 0.00005 54.1 0.00101 15.2 0.05765 4111 0.00011
Dovetail 32.4 0.00041 45.6 0.00355 13.6 0.11045 26.9 0.00153
Encapsulation 29.9 0.00008 49.0 0.00179 18.9 0.03280 214 0.00028
Mechanical interlocking 18.6 0.00195 41.9 0.00285 55 0.43004 13.0 0.00501
Overlap 421 0.00002 51.7 0.00167 12.8 0.08645 34.0 0.00001

Note: The means of interface geometries are compared to the monoblock TPU to obtain the variation percentage and p-value
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Table 7 Mechanical properties of the multi-material specimens
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Tensile strength (MPa) Yield strength (MPa) Young's modulus (MPa) Strain at break

Interface geometries Mean SD Group Mean SD Group Mean SD Group Mean SD  Group
Face-to-face 3.2 0.4 A 1.13 0.05 A 83.0 5.5 A/B 0.1 0.004 A
U-shape 3.8 0.4 A/B 1.38 0.1 A/B 74.0 3.7 B 0.2 0.05 A
T-shape 5.2 0.3 C 1.42 0.04 B 934 5.3 A 0.6 0.05 B
Dovetail 4.2 0.3 B 1.37 0.08 A/B 111.0 44 C 0.2 0.02 A
Encapsulation” 19.9 2.1 - 6.99 0.2 - 580.3 58.7 - 0.2 0.02 -
Mechanical interlocking 43 0.2 B 1.30 0.03 AB 124.2 43 C 0.1 0.01 A
Overlap 5.6 0.3 C 1.34 0.2 A/B 69.4 6.8 B 2.0 0.2 C
Notes: Interface geometries that do not share any letter have significantly different means
*The encapsulation is separated from the analysis because of its considerably higher mechanical properties
the.elastic nature of TPU.. The large'r deforma.ltions: were Figure 12 Tough PLA-TPU specimens
achieved by locking the sections of flexible material with the
stiff one. The geometry enabled the elongation and rupture [ Teusile Strength (MPa) = Yield Strength (Pa) |
without the TPU section completely slipping away. .
The T-shape mimics the locking claw system, which allows Face-to-face |50
further deformation of the flexible section (Ribeiro ez al., 2018). Gidape B

The results of the dovetail specimens (0.220) were close to .
the U-shape (0.207) while being substantially lower than the T- Tshape || -
shape interface (0.635). The dovetail shape relies on both the
mechanical and chemical bonding of materials. However, this Dovetail |, o
geometry is not considered a strong locking mechanism to fully )
restrict the slipping away, while the U-shape interface is a Fucapsulation i
simplified insert that allows failure by detachment (Ribeiro Jodaid =
et al., 2018). On the other hand, the mechanical interlocking
(0.128) demonstrated a lower strain because of the smaller Overlap | b

transition and bonding area. All these three geometries had
joint failure caused by the slipping away of the TPU material.
The results in the case of the encapsulation indicate that the
failure occurred in the vicinity of the jaw where the boundary of
materials was located. A negligible amount of TPU traces was
found in the dislocated segment of the specimen. The presence
of the flexible material was highlighted in the strain (0.153).
The elongation of the composite specimen was substantially
higher than the corresponding stiff Tough PLLA-Tough PLA
part. The face-to-face interface had the lowest strain at break
(0.089) as expected which agrees with the conclusions of Lopes
etal. (2018) and Tamburrino ez al. (2019).

From Figure 12 (b), it can be seen that a significant decrease
in the ultimate tensile strength was observed in the multi-
material specimens. The drop clearly illustrates the low
chemical affinity between Tough PLA and TPU.

All six geometries of multi-material specimens provide a
higher tensile strength in comparison to the face-to-face
interface specimens (3.19 MPa) which rely only on the
chemical affinity of materials for adhesion. This is not the case
in the mono-material Tough PLA and TPU specimens with an
interface, as the face-to-face geometry demonstrated one of the
highest values.

The encapsulation (19.90 MPa) demonstrated the highest
ultimate tensile strength. However, the adhesion does not seem
as robust as in the case of the overlap and T-shape, as only a
small amount of flexible material was still connected to the stiff
one. The fracture occurred at the transition region of the
Tough PLA and TPU. The next strongest gecometries were the
overlap (5.59 MPa), followed by the T-shape interface (5.24
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MPa). The specimens of both geometries had a substantial
number of debris of flexible material in the adjacent part after
the fracture. It can be observed that the breakage of the
specimens occurred at the TPU region because of the higher
stiffness and tensile strength of Tough PLA.

The overlap geometry has alternating layers of two materials,
which are printed on top of the previous layer. These layers
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have higher adhesion and tensile strength because of the
interlayer diffusion as observed by Yin ez al. (2018). Moreover,
according to Kim er al (2017), adhesion between the
horizontal layers is stronger because of the application of small
pressure from the extrusion nozzle to the molten filament
during the filament extrusion process. However, the bonding
cannot be as robust as in the case of mono-material pairs
because of the low compatibility of Tough PLA and TPU.

On the contrary, the U-shape (3.84 MPa), dovetail (4.16
MPa) and mechanical interlocking (4.25 MPa) have slightly
lower values of strength. Lower interface strength can be
attributed to a smaller cross-sectional area between the two
materials, which leads to higher stresses at the joint. Moreover,
the small print head movements required to print small design
details might result in additional vibrations, which leads to
defects at the interface (Hasanov ez al., 2020). The sliding out
occurred because of the lack of constriction of the geometrical
elements of corresponding specimen parts. Therefore, no
debris was found at the rupture site with a clean cut between
the two materials as depicted in Figure 13. In the case of mono-
material Tough PLA and TPU specimens with an interface,
these geometries demonstrated more robust bonding. This
behavior shows the chemical nature of the bonding in these
particular interface designs.

Overall, the interface geometries with the mechanical
constriction between materials tend to be more effective
choices for higher tensile strength.

Figure 12(b) shows the yield strength of the multi-material
specimens. The highest yield strength was exhibited by
the encapsulation (6.99 MPa). The reason for this might be the
rigid and strong material enveloping the flexible one. The
Tough PLA casing undertakes the stress concentrations and
enables a higher yield. The other geometries exhibit close
values to the face-to-face interface (1.13 MPa) having the
lowest yield strength as expected. The yield strength values of
the multi-material geometries are substantially lower than the
mono-material Tough PLLA and TPU with an interface.

As shown in Figure 12(a), a significant drop in Young’s
modulus is observed for all interfaces compared to both mono-
material specimens without and with a boundary interface.
This is because of the reduced amount of rigid material. On the
contrary, the values of Young’s modulus for multi-material
parts are higher than the mono-material TPU specimens
because of the smaller amount of flexible material leading to a
lower strain range. The highest value of Young’s modulus was
seen in the encapsulation case (580.25 MPa) which was the
closest to the mono-material Tough PLA interfaces.

The encapsulation was separated from the analysis, as this
design demonstrated considerably higher tensile strength, yield
strength and Young’s modulus. The T-shape and overlap in the

Figure 13 Failure by detachment
(@) (b) © ()

Notes: (a) U-shape; (b) dovetail; (c) mechanical
interlocking; (d) face-to-face interface
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third group (C) showed significantly higher tensile strength
than the dovetail and mechanical interlocking in the second
group (B). As for the yield strength, the values were
comparatively close resulting in the transitionary group (A/B).
Regarding Young’s modulus, the highest and statistically
distinct group (C) included the dovetail and mechanical
interlocking. In the case of the strain at break, the T-shape is in
the second group (B) with a significant difference from the
overlap in the third group (C) as well as all remaining interfaces
in the first group (A).

The results seem to be quite reproducible. However, the
observed deviations between three specimens of the same
design can be attributed to thermal issues as the printer does
not have a heated and closed chamber and the internal
temperature of the chamber during the printing was not
controlled. Therefore, the thermodynamic and diffusion
processes for adhesion could be affected (da Silvaeral., 2011).

4. Conclusions

In this study, mono-material parts with and without boundary
interface, as well as multi-material specimens, were designed
and fabricated using FFF (Ultimaker S3). The effect of the
existence of the boundary interface and the specific geometries
on the structural integrity of the specimens was examined and
evaluated. The mechanical properties of the specimens such as
tensile strength, yield strength, Young’s modulus and strain at
break were investigated. Moreover, an analysis of the fracture
was performed. The main findings are as follows:

« The failure of the mono-material specimens without a
boundary interface of both Tough PLA and TPU
occurred at the weakest point which was near the increases
of the cross-section.

+ As for the mono-material specimens with the interface
geometries, the overlap and mechanical interlocking
specimens printed using the rigid material failed because
of the breakage of geometric elements which indicates the
strong adhesion between the parts. The dovetail and U-
shape tend to demonstrate the effectiveness of the
specimens fabricated using the flexible material. The other
geometries fractured near the interface line in both Tough
PLA and TPU cases.

« For multi-material interfaces, the overlap and T-shape
geometries demonstrated a strong adhesion in comparison
to other specimens.

« The analysis of the mechanical properties showed that the
presence of the interface line negatively affects the tensile
and yield strength of the specimens.

« In the case of the mono-material pairs, the most effective
interface designs which showed the lowest variation from
the monoblock specimens were the overlap for Tough
PLA and the mechanical interlocking for TPU. The
encapsulation showed the highest ultimate tensile
strength. Nevertheless, the bonding was not as robust as in
the case of the overlap and T-shape, as only a small
amount of flexible material was still adhered to the stiff
one. The interface geometries with the mechanical
constriction between materials tend to be more effective
choices for better mechanical performance.
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Based on this preliminary study, it appears that although these
two materials may not be as compatible as other combinations,
this composite has a great potential to develop customized
shock and vibration absorbers, as the stiffness can be adjusted
using Tough PLLA and the damping coefficient using TPU.

Multi-material FFF can provide a cost-efficient and
competitive way of manufacturing to eliminate the assembly
step and reduce the number of components in devices. The
applications of the multi-material FFF include components in
prosthetics and soft robotics where compliant parts with high
strains and the capability of safe interaction with humans are
required. Compliant and elastomeric mechanisms can enable
rotation, translation and complex motions such as gripping,
releasing and jumping (Wallin er al., 2018). Therefore, it is
imperative to investigate the mechanical properties. Multi-
materials can also decrease the wear of rotating pin and hole
parts by fabricating closed structures and can be useful in high-
speed devices. Moreover, multi-material combinations,
particularly PLA-TPU, can be used in the fabrication of
orthoses by providing the trade-off between rigidity and
flexibility and improving patient comfort (Venumbaka ez al.,
2020). Also, multi-material FFF can be useful in printing
educational medical models where different materials and color
combinations are necessary (Hasanov et al., 2022).

Further investigation into the dynamic response of the
composite is needed to confirm these preliminary results.
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