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Abstract: Rapid improvements in 3D printing technology bring about new possibilities to print with
different types of printing materials. New studies have investigated and presented various printing
methodologies. However, the majority of these studies are targeted at experimenting with rigid 3D
printed objects rather than soft 3D printed fabrications. The presented research considers soft 3D
printing, particularly focusing on the development of flexible patterns based on non-homogenous
hybrid honeycombs for the interior of 3D printed objects to improve their flexibility and additional
stretchability including the lightweight interior. After decomposing the area of an object into regions,
our method creates a specific design where patterns are positioned at each partitioned region of
the object area by connecting opposite sides of the boundary. The number of regions is determined
according to application requirements or by user demands. The current study provides the results of
conducted experiments. The aim of this research is to create flexible, stretchable, and lightweight
soft 3D printed objects by exploring their deformation responses under tension, compression and
flexure tests. This method generates soft 3D printed fabrications with physical properties that meet
user demands.

Keywords: soft printing; soft 3D printed fabrication; flexible; stretchable; lightweight; soft filament;
flexible pattern; non-homogenous hybrid honeycomb structure

1. Introduction

Technological innovations in the additive manufacturing field enable us to fabricate different
designs with an increasing range of materials. Recently, different communities have expressed a lot
of interest in soft 3D printing since the soft filament material type broadens the range of flexible
3D printed objects. Different manufacturers have introduced materials with a variety of flexibility
levels, mechanical performance, and qualities to the market. However, these materials do pose some
challenges. The soft filament handling process can be different from that of hard filament material.
Furthermore, most 3D printers are specifically hard filament type. Despite the adaptation of a soft
printing mode, the quality of soft 3D printed objects is usually lower compared to similar rigid 3D prints.
Furthermore, most studies focus on rigid 3D fabrications [1-8]. In this research, we closely examine
soft 3D printing materials and created a comparison experiment to showcase our developed patterns.

The most important choice for successful soft 3D printed fabrications is the selection of a suitable
soft filament. This choice depends on the quality requirements of the project since the quality impacts
the level of flexibility of the produced 3D objects. The major advantage of soft-filament materials is the
flexibility that makes them deform under a load and revert back to their original state when the load is
removed. This property makes it possible to fabricate durable 3D objects with high deformation stability.
The hardness scale of soft 3D printing materials is measured with Shore values. For thermoplastic
polyurethane (TPU) [9], the hardness scale ranges between Shore A 60-90 and whose level of flexibility
can be classified from ultra-flexible to semi-flexible. Different polymer blends are used to create TPU
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and its level of softness depends on this chemical consistency. In addition to its softness and flexibility,
TPU is also known for its functional properties of being durable and being able to withstand ambient
temperatures up to 80 °C. TPU is therefore practical for both consumer and industrial use. Another
soft filament on the market is thermoplastic elastomer (TPE) [10], which was introduced earlier than
TPU. It is an elastic printing material that is highly stretchable. It can be stretched to more than twice
its original length and return to its original state without permanent deformation. Its elastic properties
enable the fabrication of flexible 3D objects. TPE’s typical Shore hardness of 85A is softer than that
of TPU. The technical characteristics of TPU describe it as much stiffer than TPE. However, both are
widely used for soft 3D printed objects that require flexibility and stretchability. Another soft printing
material is soft polylactic acid (soft PLA) [11], which is a thermoplastic polymer that is considered
to be more eco-friendly compared to other 3D printing materials. The softness of soft PLA is mostly
indicated with Shore values. Higher Shore values are used to create less flexible 3D fabrications, while
lower Shore values are recommended for printing soft and flexible 3D fabrications. It is important
to find a balance between flexibility and printability when working with soft 3D printing materials.
Selection of materials requires a careful examination of their technical characteristics as well as a
consideration of the application’s demands for soft 3D printed fabrications.

In this study, we present honeycomb patterns that are positioned according to decomposed regions
in order to create a specific design, which is defined by our method. The number of regions depends on
the required demands of the application. The current study included the development of two types of
honeycomb patterns with slight differences in their topology. These patterns were also compared to the
grid pattern that is currently the standard for infill in 3D printed fabrications. The experiments focused
on TPU and TPE printed 3D fabrications. These were compared through a careful examination of their
performance under compression, tension and flexure tests that focused particularly on their flexibility,
additionally stretchability and bending as well as by looking at their weight to judge the efficiency of
material usage. The results of the conducted experiments show that the physical properties of soft 3D
printed fabrications are affected by pattern type along with the elasticity of the printing material.

The contribution of our study is as follows:

1. We compared soft printing materials to check criteria that we specified in the experiment.

2. We developed a specific design for the interior of soft 3D printed fabrications along with flexible
patterns based on the non-homogenous hybrid honeycomb structure.

3. We conducted experimental compression, tension and flexure tests to reveal the efficiency of each
presented pattern.

This paper is organized as follows: Section 2 is dedicated to reviewing works related to soft 3D
printing materials and research related to infill patterns. Section 3 lays out the methodology of our
interior design along with pattern descriptions. Section 4 describes the flexibility of the proposed
honeycomb pattern. Section 5 provides the description of the hardness scale of soft 3D printing
materials. Section 6 summarizes the conducted tests to reveal the experimental performance of the
proposed patterns with different soft printing materials. Section 7 gives the conclusion.

2. Related Work

2.1. Soft Materials

Soft 3D printing materials have a variety of features that make them a great choice for a wide
range of uses in different fields depending on the chemical consistency, which impacts their properties.
As we mentioned earlier, current existing soft 3D printing materials are mostly referred to as TPE and
TPU, which are made of different thermoplastic blends. The chemical consistency of these blends plays
an important role in the materials’ level of flexibility. There are different types of blends with various
chemical consistencies that can be grouped into the four major categories: soft, medium soft, medium
hard, and hard materials. These range from Shore hardness 20A to 100A. In the past few years, flexible
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filaments been widely used for soft 3D printing. A great number of flexible filament products have been
introduced to the market by different manufacturers. One of the most popular flexible filament series is
NinjaFlex [12] from the manufacturer, NinjaTek. NinjaFlex has two major lines of TPU and TPE variants
that come in a wide range of colors. According to the technical characteristics of NinjaFlex products,
its tensile strength is 26MPa, its elongation at break is 660%, and its melting temperature reaches 216
degrees. It claims to be the strongest and most flexible filament on the market, and it is available in
1.75 mm and 3.00 mm diameters. There are also a variety of brands of flexible filament products by
various manufacturers such as SAINSMART [13], Fillamentum [14], and MadeSolid [15] competing in
the market. These are also offered in a wide selection of colors and they come in 1.75 mm and 2.85 mm
diameters. To fabricate 3D objects with certain technical characteristics and elastic properties, it is
necessary to select an appropriate brand of flexible filament products along with a feasible level of
flexibility. In study [16], samples were manufactured from NinjaFlex TPU to investigate TPU’s material
properties and the compressive behavior of 3D printed honeycombs with graded densities. Similarly,
researchers carried out another experiment in study [17], where they closely examined the mechanical
properties of thick honeycomb structures. Soft 3D printing materials are integrated in many fields,
including robotics, and study [18] used robotic fingers printed from soft 3D printing material, where
the soft grippers handled objects more gently than rigid robotic fingers due to the elastic properties
of their soft material. Another study, [19], experimented with foam structuring for 3D fabrications
with controllable elasticity. This method integrates Voronoi foam to generate microstructures with
controlled isotropic elastic behavior. The study also provides detailed descriptions for deriving the
parameters of structures to produce gradients of elasticity. Their method produces rigid and flexible
3D fabrications through powder sintering 3D printing technology. Study [20] introduced a method
with controlled elasticity along different directions, which is an orthotropic k-nearest foam design
method that enables the fabrication of 3D objects while considering an input stress field.

There are a limited number of studies dedicated to soft 3D printing, particularly the designing of
flexible infill patterns to improve the physical properties of soft 3D printed fabrications. This work
provides an early attempt towards exploring soft 3D printed fabrications by presenting a specific
interior design that is filled with newly developed flexible infill patterns. The study also explores
how soft 3D printed fabrications are affected by both the elastic properties of their materials and their
interior design, including the infill pattern type. The experiments utilized two types of 3D printing
material, TPU and TPE, to examine their elastic properties as well as their effects on soft 3D printed
fabrications and to reveal their compression, tensile and flexure strengths.

2.2. Infill Patterns

In 3D printing, structures that are printed in the interior of 3D fabrications are known as infill
patterns. These are generated according to designed geometric shapes. Various geometries of infill
patterns are offered by slicing tools [21-23], along with infill settings for providing thickness, scale,
and printing speed. Unlike the existing slicing tools used in our previous study, [24], this study creates
more convenience for users by including an option to use a scaling parameter to specify the number of
rows and columns in infill patterns. This makes for a more precise structuring of infill patterns. This
study also reviews designs from related studies and classifies them into several categories such as
lightweight, lattice patterns, and adaptive infill patterns.

Lightweight patterns: One of the earlier efforts towards creating lightweight designs for the
interior of 3D fabrications occurred in study [25]. Researchers used skin frame structures similar
to frame structures in architecture. Their method shows an efficiency in the reduction of material
usage. Study [26] proposed a method that significantly reduces the weight of 3D fabrications and
improves their physical properties by strengthening structurally weak parts of the models. This
approach employs a Voronoi diagram to create honeycomb-like infill patterns. Study [27] has been
presented as a cost-effective method that reduces 3D printing materials. This study introduced an
adaptive voids algorithm for hollowing 3D fabrications. Their approach generates given a volume
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boundary, a parameterised adaptive infill primal and dual cellular structure for additive manufacturing.
Furthermore, in study [28], researchers experimented with a new type of infills named Gyroid
structures. Gyroid structures are experimentally verified to be a lightweight design for the interior of
3D fabrications that also improve the physical properties of the fabrications.

Lattice patterns: Study [29] presented a method that generates lattice structures for 3D fabrications.
This study considered several types of lattice structures that can automatically be generated within
the input model after the Boolean operations. Study [30] introduced a method for designing lattice
structures with a pipeline. This pipeline includes options to modify structure dimensions, strut shape,
size, and additional connections between struts. This has been done in order to meet the required user
demands for 3D fabrications. In the study [31] developed a method for optimizing lattice structures
by utilizing the traditional bidirectional evolutionary structural optimization algorithm. Study [32]
proposed a voxel-based method which utilizes voxels to generate different types of lattice structures
that can be observed in their resulted 3D fabrications.

Adaptive infill patterns: It is an undeniable fact that denser infill patterns supply stronger support
to a fabrication. However, they consume more printing time. Study [33] proposed a new method of
optimization based on a quadtree algorithm. This approach optimizes infill patterns to ensure that 3D
fabrications meet the required user demands with less material consumption compared to conventional
patterns. This study has similarity to study [34]; both of these studies aim to strengthen the structural
weak parts of objects and consume less printing material. Along with these methods, which proposed
adaptive infill patterns, researchers in study [35] experimented with adaptive rhombic infill patterns.
These patterns strengthen 3D fabrications by applying denser infill patterns to structural weak points.

The printability of infill patterns is extremely important. The printing technology depends on
the design of infill patterns and printing material as well as application requirements. For soft 3D
printing, there are 3D printing technologies such as the Fused Deposition Method (FDM) [36] and
Liquid Deposition Modelling (LDM) [37]. LDM is a relatively new 3D printing technology that was
introduced in 2015. It is considered as one of the promising 3D printing technology that fabricates
objects with ceramic, wood-based materials, cement, clay and liquid silicone. However, LDM 3D
printers are more expensive compared to FDM 3D printers and it requires special handling. FDM
3D printers are popular among users due to its easy handling mode—besides, it can print with rigid
and soft materials—in addition there are a variety of affordable FDM 3D printers. Thus, we target to
develop flexible infill patterns that are printable with FDM 3D printers, which are the most common
and cost-effective.

The reviewed works mostly target rigid 3D fabrications rather than soft 3D printed objects. In our
research we developed a specific interior design that positions flexible patterns column by column
within each predetermined region in order to improve physical properties of 3D fabrications, such as
flexibility and stretchability, while also considering the need to minimize material consumption to
reduce cost.

3. Method

In this section, we provide the detailed description of our method, precisely the construction of the
proposed interior design that positions infill patterns in a specific way by using the pattern columns.
The beginning part briefly describes the pattern construction and the remaining part provides the
description of the proposed method.

Before we go further, the discussions about homogenous and non-homogenous hybrid honeycomb
structures are required, since the flexible pattern is derived from non-homogenous hybrid honeycomb
structures. As it is known, homogenous honeycomb structures could be found in nature while
non-homogenous hybrid honeycombs are artificially designed for different applications. We are
considering non-homogenous hybrid honeycombs which are made of hexagons and rhombs. There
are noticeable differences between homogenous and non-homogenous hybrid honeycomb structures
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in their design and mechanical performances because of their topological differences. The differences
in their design can be visually observed from Figure 1.

(@) (b)

Figure 1. (a) Homogenous honeycomb structure (b) our non-homogenous honeycomb structure.

The main advantage of non-homogenous hybrid honeycomb structures is that they are lighter
than the above shown homogenous honeycombs, which can be noticed from their geometry. The
non-homogenous hybrid honeycomb structure consumes less printing material because it consists of a
combination of hexagons and rhombs while the homogenous structure comprises only hexagons, the
perimeter of the homogenous structures is larger compared to the perimeter of the non-homogenous
hybrid honeycomb structure, which can be seen from their design in Figure 1. The proposed
method can create vertically and horizontally positioned patterns using the non-homogenous hybrid
honeycomb structure.

The method in the current study was developed to generate soft 3D printed fabrications with
highly deformable stability. This uses a combination of tailored 3D fabrication with such physical
properties as flexibility and supplementary stretchability, while providing a lightweight interior.
This goal was accomplished by developing flexible infill patterns based on non-homogenous hybrid
honeycomb structures. The developed patterns are applied to the interior of soft 3D printed fabrications.
The flexible honeycomb pattern is constructed according to the designed scheme and its topological
part is shown in Figure 2.

Honeycomb
Pattern

Figure 2. Topology of the honeycomb pattern.

The pattern elements VElementsif‘l, where i = Z are generated according with the following
subdivision matrix:

Smk -

1
3 1)

S O N O O

N © O O b= O

SO k=N O O
N OO ODN

The honeycomb patterns are derived from a symmetric grid mesh Grid*~! with the set of elements
Elementsi.‘_l, which consists from the set of points V; where i = Z, it can be written in the following
form as Elemeni.‘si.‘_1 = [V1,Va,...,V,] wheren =Z, Elemenfsé‘_l € Grid*! and ¥ V can be written as
V=[BT BT BT BT, Ve Grid .

V=V, 3]
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Ef =8kv, ®G)

where S, is the subdivision matrix and Ei.‘ is a new set of points.

In the above, we described the pattern construction along with the topological part. Further, we
focused on the presented method. With our approach, the interior of a 3D fabrication is decomposed
into different regions, where the number of regions depends on the application requirements or the
user’s demands.

Method = 1/P, 4)

where [ is the interior area of the object and P is the number of partitioned regions. Within the region, a
certain interval created a column of pattern elements.

The proposed method was built with accordance of the following block diagram that can be seen
from Figure 3. The diagram shows major stages for processing input models in order to produce
objects with the presented interior design and infill patterns.

Creation of Bounding 5 3 3 N
Box and Sub-Regions Creation of a Column Selection of Soft Material 3D Printing

of Infill Patterns
> X directional Y directional
Input object [> sub-regions  sub-regions |:> [> TPU TPE |:> -_-jé:-'-
‘ PEOO000

Figure 3. The diagram for the proposed method.

For each sub-region, the Euclidean distance for each region is calculated as follows:
ED* = (41 = %n)" + (Ynr1 = yn)* + (Zns1 = 2)° ®)

The regions are symmetric or asymmetric depending on the application requirements and they
are equidistant from each other as: YED(hy, h,41) = ED(hy,hy), where h = [hy, _ hy,1] are points.

A column of pattern elements is created for each partitioned region and the presented honeycomb
pattern can be position in biaxial directions, as shown in Figure 4. There are four regions where we
created columns of flexible honeycomb patterns. Each column intervals are specified in Table 1.

(b)

Figure 4. Creation of patterns for each partitioned region, (a) the size of the fish model is 14 cm x 8 cm
X 2 cm, (b) the size of the bunny model is 10 cm X 8 cm X 2 cm.

Table 1. Column intervals.

A
Al <x <Ay B <x<B, Ci<x<Cy Dy <x<Dy
or or or or
ALy <A,y Bi1<y<By Ci<y<Cy D)<y <Dy

Columny € [Ay-1, Ax] Columny € [B,_1, By] Columng € [Cy—1, Cy] Columny € [Dy,—1, D]
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In this study, we introduced two types of honeycomb patterns: (1) a regular honeycomb pattern
and (2) a honeycomb trapezoid with a slightly distinctive topology, as shown in Figure 5. For the
comparison test we have investigated a standard grid-type pattern.

Figure 5. (a) Honeycomb pattern and (b) hexagonal trapezoid pattern. The size of the bear models is
14 cm X 8 cm X 2 cm.

4. Flexibility of the Honeycomb Pattern

The mechanical properties of honeycomb patterns can be described by analyzing a single
honeycomb pattern element. Furthermore, it is necessary to take into consideration its geometrical
parameters, since the parameters will change when the element is subjected to compression loads, as
was explored in a similar study [38]. The pattern element along with its geometric parameters are
shown in Figure 6.

h + 2lsin@

H=

L =2lcos6

Figure 6. Geometric parameters of the honeycomb pattern element.

We denoted the parameters of the element as follows: & is the height of the side, I is the length of
the side, where 0 is the angle between the horizontal and inclined edges that we consider as 6 = 30°
because we are considering a regular hexagonal element. The hexagonal element’s overall width is
defined as L = 2l cos 0 and the overall height is H = h 4 2sin 0 In the current study, it is important to
note that H is defined as the full overall height of the element, while in other similar studies—as in
the study [39], based on the homogenous honeycomb structure, used half of the overall height of the
honeycomb cell. In our case, the element is fully affected by compression, tension- and flexure loads
since the presented flexible pattern is derived from non-homogenous honeycomb. Depending on the
strength of the loads, the geometric parameters of the honeycomb pattern will be changed and will be
different than its original parameters.

To test the flexibility of the honeycomb pattern, we conducted a simple compression test, which can
be observed in Figure 7. Figure 7 shows how infill patterns are affected when we apply a y-directional
compression load with a pen, which was used for visual observation of the pattern flexibility. The
strength of the applied load changes the geometric parameters of the element—hence it becomes
L # 2lcos 0 and H # h + 2Isin 0 during the compression. There are affected areas of the element along
the x and y axial direction is defined as follows:

Ay = (2lcos O)b Ay = (h+2lsin0)b, (6)
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where Ay and Ay, are the affected areas of the element by compression load, b is the depth of the element;

To provide detailed insights for the honeycomb deformation mechanisms we provided a model
for biaxial loads, but we practically considered y-directional load in Figure 7. The element sides are
considered as beams. As it is known, the bending moment is the reaction induced in a honeycomb
element, which tends to bend the walls of the pattern element when the load is applied. We defined
the moment M on the x and y directional beam as follows:

P,lsi PylcosB
— %mG and M, = yT' @)

My
where Py and Py are the axial loads; My and M, are the bending moments on the x and y directional beam;
The loads can be defined from the following equation:

Py = 01(h+2lsin ©)b and Py, = 0(2l cos 0)b, (8)

where 07 and o, are x and y directional forces;

Here, in the above-mentioned Equation (7), we considered the directional overall height H and
the overall length L.

As it is shown in Figure 7, the pattern elements bend easily because of the elastic properties of the
soft 3D printing materials, TPU and TPE, and due to the geometry of the honeycomb patterns.

When the load is removed, the pattern elements return to their original state without permanent
deformation due to the flexibility of the patterns and the material’s elasticity.

In Figure 7, the bunny models with larger and medium size patterns can be seen, the models
were tested by a pen and metalic stick to visually examine their flexibility. Furthermore, to provide a
quantified evidence of the flexibility, the bunny model was tested by the UTM machine INSTRON-5690
(USA, INSTRON). The result showed that its compression strength is more than 1000 N.

(b)

Figure 7. Compression effects on bunny model, the size of bunny models is 10 cm X 8 cm X 2 cm.
(a) the bunny model with larger infills tested with a pen, (b) the bunny model with smaller infills tested
with a pen (c) the bunny model with smaller infills tested with metallic stick.

In the current study, the built model that determines the flexibility of the honeycomb pattern is
different from the majority of the proposed models. Our flexible honeycomb patterns are derived from
the non-homogenous honeycombs, and for this reason we considered the full overall height in Young’s
moduli as follows:

F,/A F,L
Ex:Fx/Ax:FxLx andEy: y' oy yy, 9)
Uy/Ly AUy u,/Ly, AyUy
Ly=LandLy,=H (10)
L=2lcosOand H =h+2lsin6 (11)

where Ey and E, are the Young moduli in x and y axial directions; Fy and Fy, is the applied forces in
x and y directions that needed to produce a unit displacement; L, is the width of the element along
x-direction and Ly is height of the element along y-direction; Ay and Ay, are the areas of the element
along the x and y directions. U, and are the displacements in x and y directions.
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Another elastic component, such as vyy, vy, is the Poisons ratio x, and y axial directions can be
defined from the following equation:

Uyy = —S—Z and vyy = ——, (12)

where ¢, ¢y are x and y axial directional strains.
The shear modulus Gy, is defined as follows:

Shear stressyy

Gry (13)

~ Shear strainy,”

We can conclude that the proposed interior design and the geometry of the patterns, as well as
material properties, make our 3D fabrications more flexible. The proposed interior design combines
flexibility and low weight, which are valuable physical properties for 3D fabrications. Additionally, we
examined the flexibility of samples fully filled with the homogenous honeycomb structures and sparse
homogenous honeycombs, as can be seen in Figure 8.

Figure 8. Compression effects on the models filled with the homogenous honeycomb structure, the size

of bunny models is 1 0 cm X 8 cm X 2 cm, the size of the cube model is 10 cm x 10 cm X 5 cm, (a) the
bunny model with fully filled homogenous honeycomb, it is tested with a metallic stick, (b) the box
model filled with homogenous honeycomb, its backside is tested with a metallic stick, (c) the bunny
model with sparse homogenous honeycomb, its back side is tested with a metallic stick, (d) the bunny
model with sparse homogenous honeycomb, its front side is tested with a metallic stick.

As depicted in Figure 8, we applied y-directional compression load with a metallic stick, which is
heavier than a pen to provide more sufficient compression load for the samples that are fully filled with
the homogenous honeycomb structures. Despite the elastic properties of soft 3D printing materials, a
very slight bending effect was observed at the top of models. Here, homogenous honeycomb structures
are non-orthotropic. The compression strength of the bunny model was only 40N, which backs up the
above statement. It is less flexible compared to the bunny model with our proposed interior design
and the patterns.

Further, we have experimented with samples that are filled with the sparse honeycomb patterns,
as shown in Figure 8. Here, the pattern is derived from the homogenous honeycomb structure. To
determine the flexibility of the samples we carried out a test where the samples were subjected to
y-directional compression load with a metallic stick. The metallic stick was used in order to provide
a stronger compression load. We observed that it is still less flexible than our proposed honeycomb
pattern. However, it was slightly better compared to the samples with fully filled homogenous
honeycomb structures. From the current examination, we can conclude that the interior filled with the
homogenous honeycomb structures are less flexible compared to our proposed pattern. Moreover, our
patterns can be flexible in two directions because they are based on the non-homogenous honeycomb
structures, which enables to position the columns of patterns vertically and horizontally with the entire
elements by our method.
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5. Soft Printing Materials

Thermoplastic polyurethane (TPU)

The mechanical properties of TPU are dependent on its chemical consistency, as we described
earlier. We further focused on the hardness scale. The Shore hardness of TPU is important because it is
a measurement that describes TPU properties. Generally, the Shore hardness of TPU begins from A to
D. The category A denotes a flexible type of TPU, while the category D refers to more rigid TPU, the
relationship between categories and the TPU and TPE hardness range is depicted in Figure 9.

TPU and TPE Hardness Range

TPE
TPU
Rubber Nylon
20 50 65 80 05 60 75
shore A shore A shore A shore A  shore A shore D shore D

Figure 9. Thermoplastic polyurethane (TPU) categories and its with thermoplastic elastomer (TPE)
hardness range.

Thermoplastic elastomer (TPE)

Similarly, with TPU, TPE materials have a variety level of flexibility and softness that is determined
by its chemical blends. Because of the elastic properties of TPE users can fabricate soft and flexible 3D
fabrications, which are also durable. The printing process can be challenging for TPE compared to
TPU because of several factors as the printing speed, temperature and settings. To avoid inaccuracy; it
is recommended to set the lower printing speed at 5 to 30 mm/s.

As mentioned above, the characteristic of soft 3D printing materials is determined by Shore
hardness. This hardness scale allows users to fabricate with a required level of flexibility. The level of
flexibility can be determined according to the hardness scale table in Table 2.

Table 2. Hardness scale.

Hardness scale (Shore A)

No. Category of Objects Hardness
1. Shopping cartwheel 100A Hard
2. Phone cord 90A Medium Hard
3. Leather belt 85A .
4. Tire tread 60 A Medium Soft
5. Pencil eraser 40A Soft
6. Rubber band 20A ©

In this study, TPU printed 3D fabrications with the Shore 80 A and TPE printed 3D fabrication
with the hardness scale is 60A were used.

6. Experimental Results

Asmentioned in the introduction, soft printing materials come in a variety of chemical consistencies
and different levels of hardness. Therefore, we printed our outputs with different soft printing materials,
such as TPU and TPE, to conduct a comparison test between these outputs to determine the physical
properties of 3D fabrications.
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Moreover, we consider how the materials impact the flexibility and additionally stretchability of
the soft 3D printed fabrications. The mechanical performance of our outputs was measured under
compression using the UTM machine INSTRON-5690 (USA, Instron).

Tension test results

The results for the conducted tension test are provided in the Table 3. We conducted tensile stress
tests for different soft printing materials. From the results of our experiment we can conclude that soft
3D printed fabrications are impacted by factors as the pattern type and the material.

Table 3. Results of tension test.

Tension Strength

No. Model Material

TPU TPE

Box
1 10cm X 5cm x 1.5 cm 778N 1400N

The tension experiment showed varying results for TPU and TPE printed samples because of their
material properties. The most stretchable sample is a 3D print made of TPE. The current experiment
verifies the technical characteristics of TPE and TPU regarding their stretchability.

Compression test results

The experimental test results for the compression test are shown in Table 4. The compression test
was done to reveal the compression strength of our proposed patterns. When a compression load was
applied, the linear elastic deformation is occurred by causing the patterns elements to bend.

Table 4. Results of compression test.

No. Model Material Compression Strength

X-Directional Y-Directional

Box Model with honeycomb patterns

10 cm X 10 cm X 5 cm TPU 503N 122N

The results of the test revealed that the compressive strength of a pattern directly depends on the
elastic properties of its material, as well as on the geometrical shape of its infill pattern. The experiment
verified the flexibility of our patterns where loading conditions were conducive to buckling.

Flexural Test

In Table 5 has shown the results of flexure test. As it is known from the physics that flexible
materials have lower flexural strengths compared to rigid materials; therefore, we have lower flexural
strengths for 3D printed models with TPE and the higher strengths for samples with TPU. Besides, the
pattern topology impacts their flexural strengths.

Table 5. Results of flexural test.

No. Model Flexural Strength
Honeycomb Pattern Hexagonal Trapezoid
Box with TPU
1 10cm X 10 cm X 5 cm 212N 343N
2 Box with TPE 75N 16N

10cm X 10 cm X 5 cm
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Weight comparison

In addition to determining the optimal pattern for flexibility, we have included a weight comparison
of the fabricated 3D objects. This part of the experiment allows us to determine the cost-effectiveness
of our method. We measured the weight of each presented model to reveal the lightest interior for soft
3D printed fabrications. These results are shown in Table 6. As it can be seen, there are three different
patterns presented with the proposed interior design. The experiment reveals that the lightest model is
the fish model with the hexagonal interior, which weighs 47 g. The second lightest is the model with
the hexagonal trapezoid interior.

Table 6. Weight of fish models.

No. Model Weight
Honeycomb-like pattern Hexagonal trapezoid Grid pattern
TPE)P;;;:ed ERDD00OR000E e
1 14 cm X 8 cm X RDEDC0000CCR {
2 em w
47 g 5lg 60g
Non-Homogenous Based Honeycomb Pattern Homogenous Honeycomb Based Pattern
TPU Printed
5 2D Bunny
: 10 cm x 8 cm X
2 cm

26 g

In Table 6, we also tested homogenous and non-homogenous honeycombs regarding their weights.
It is shown that our honeycomb pattern is lighter than the homogenous based honeycomb structure.

In Table 7, we compared different sizes of the honeycomb pattern with the standard grid pattern.
The lightest soft 3D printed fabrication is the bunny model with the weight of 22 g.

Table 7. Weight comparison of bunny models with different patterns and patterns size.

No. Model Weight
Honeycomb-like Pattern Grid Pattern
TPU Printed
1. 2D Bunny

10cm X 8 cm X 2 cm

In Table 8 we have done a comparison test for 3D models from different categories. The experiment
was carried out by measuring their weight one by one. The lightest interior is the hexagonal pattern.
Hexagonal patterns are the most efficient patterns regarding their cost-effectiveness and flexibility
including stress-sustainability. Therefore, they are widely used in different applications.
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Table 8. Weight comparison of models.

No. Model Material Weight

Honeycomb-like Pattern Hexagonal Trapezoid

2D Bear
L 14 cm X 8 cm X 2 cm TPy

3D Box
2 10 cm x10 cm X 5 cm TPy

3D Box
3. 10 cm X10 cm X 5 cm TPy

62¢g g

3D Box
4 10 cm x10 cm X 5 cm TPE

7. Conclusions

In this study, we have presented a specific interior design targeted for soft 3D printed fabrications
along with specially designed flexible infill patterns. It was done to fabricate 3D objects with improved
physical properties by focusing on their flexibility and additionally stretchability with consideration for
material and cost reduction. Moreover, we described the flexibility of the developed infill patterns and
highlighted how the following factors such as the pattern type and the elastic properties of materials
affect the physical properties of soft 3D printed fabrications. Through the experiments, we studied the
effects of compression, tension and flexure loads on infill patterns. In this paper, we did not consider
experiments of overhanging models and models with different thicknesses. In addition, our method
is specifically targeted for the FDM 3D printing technology. We recognize these limitations of our
study. We fabricated samples by using Flashforge Finder FDM 3D printer (Zhejiang Flashforge3D
technology Co., LTD, China). The presented method proved its efficiency in a number of the conducted
experiments. From the study investigations, it can be concluded that our method is an effective
structural design concept in which materials are properly chosen along with an appropriate pattern
type according to their elastic properties. We believe this study brings new innovations into soft 3D
printing by providing these meaningful insights into the design process.
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