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Abstract: Flexible non-linear 3D printed materials are 

rapidly gaining popularity in various engineering 

applications such as soft robotics, actuators, medical 

devices, etc. Due to their wide applicability, there is an 

increased research interest in characterization of their 

mechanical properties and performance. Unlike the 

conventional manufacturing processes, 3D printing has an 

additive character and allows for the geometry to be 

controlled from inside. The internal geometry and density 

corresponding to a given model can be tuned to a desired 

stiffness. In this study we investigate the effect of the infill 

percentage and infill geometry on the mechanical 

properties of 3D printed samples from flexible material by 

using a desktop type FDM 3D printer. The analyzed 

samples have the same shape and geometry – a beam with 

a square cross-section but the infill percentage is varied 

from 10 % to a 100 % with an increment of 15 %. The 

effects of three different types of infill geometries– 

rectangular, square and honeycomb have also been 

analytically determined. The approach for the analytical 

formulation adopts the methodology for calculating the in-

plane properties and stiffnesses in cellular solids.  The 

results for the mechanical properties for the different infill 

densities and infill geometries have been compared for all 

configurations. Despite the common external geometry of 

all beams, there is a significant change in their stiffness 
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1. Introduction 

3D Printing in all its variations has become accessible and affordable technology in the recent 

years. That can be explained by the constant improvements of the process and filaments.  

 

The increased interest is mainly due to the capabilities of 3D Printing as an appropriate technology 

for fabricating complex geometry. Some of the unique characteristics of the process are: 

 

• Ability to create hollow parts from inside. 

• Fabricating parts with variable structure from the inner volume – infill pattern and 

density. 

• Cost-efficient benefits – there are no tools required; the price of the components depends 

less on their complexity and more from the printing time and material usage.  

• Environmentally friendly process – there are no wasted materials some of the materials 

from failed parts could be recycled.  

 

3D Printing is used for creating not only prototypes but functional parts as well due to its unique 

capabilities of fabricating the models by adding layers of material instead of the conventional 

technologies - by removing material. To achieve such implementation, the mechanical properties 

of the materials are crucial.   

 

The variety of materials is growing fast, and researchers have focused their attention to investigate 

the quality of these filaments. In addition to the materials, the process of 3D printing being additive 

in its nature, allows for unique specific techniques to be applied such as control of the infill density 

and infill geometry from inside of the model – a property unavailable to the traditional 

manufacturing processes. To better optimize the design of a model, all the above parameters have 

to be considered. Some of the 3D Printing capabilities have already been investigated due to its 

growing popularity. However, it is important to note that the results of these studies can vary 

depending on the printer type and materials which significantly influence the mechanical 

properties and quality of the parts. 

 

  

with the variation of the infill patterns and densities. 

Finally, a non-linear FEA study for the fully solid beam 

was conducted and compared with the analytical results. 

The method, used in this study can be applied for 

optimization of the stiffness to weight ratio during the 

design process of flexible 3D printed parts undergoing 

larger deformations. 

 

Keywords: 3D printing, flexible materials, infill 

geometry, infill density, cellular solids, non-linear FEA. 
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The rest of this article is structured as follows: Section II gives the research background, the 

Methodologies for determining elastic coefficient are described in Section III, Section IV explains 

the experimental setup that has been developed, Section V summarizes the results, VI gives a 

discussion and Section VII concludes the paper. 

 

2. Literature Review  

One of the most spread materials is Poly Lactic Acid (PLA). This a relatively low cost and 

environmentally friendly filament used by the FDM (Fused Deposition Modeling) 3D Printers. 

The mechanical properties of this material are explored at a tensile and flexural tests by (Catana, 

Pop, & Brus, 2021).  PLA has been compared with other popular 3D Printing filaments such as 

ABS (Acrylonitrile Butadiene Styrene) by (Ahmed et al., 2016; Brčić, Kršćanski, & Brnić, 2021).  

Other works investigate the relative density of flexible cellular structures fabricated from TPU 

(thermoplastic polyurethane) filament (Płatek et al., 2020).  Effects of the infill density within a 

monolith part on the mechanical behavior of tensile tests for several different filament types have 

also been covered in (Johnson & French, 2018).  In addition to the tensile stress analysis, some 

studies such as (Alvarez C, Lagos C, & Aizpun, 2016) also investigate the printing time and the 

impact resistance of the models.  Researchers have also conducted experiments where the infill 

geometry of the samples is varied (Fernandez-Vicente, Calle, Ferrandiz, & Conejero, 2016; Galeta, 

Raos, Stojšić, & Pakši, 2016). In some cases the infill orientation and its influence on the parts 

performance is explored on bending and tensile stress tests (Letcher & Waytashek, 2014). The 

infill geometry has been investigated in terms of relationship between loading conditions and 

printing costs in (Baich & Manogharan, 2015).  Some studies investigate both the infill percentage 

(density) and infill geometry (pattern) (Farbman & McCoy, 2016). Finally, there are works that 

have developed a new types and variations of 3D Printing materials  especially TPU (Xiao & Gao, 

2017).  

 

Determining the properties and the performance of the 3D printing filaments is necessary to 

optimize the parts. 3D Printing as an Additive Manufacturing process is suitable for fabricating 

Compliant Mechanisms. Compliant Mechanisms are single printed mechanisms where the entire 

process of assembling is avoided. That leads to frictionless parts where no heat and clearances are 

generated due to the friction between the components. These types of mechanisms rely solely on 

the deformation the execute the motion. They can be precisely controlled if the characteristics of 

the materials are known and therefore, better understanding of the filament’s quality will allow 

more reliable design of Compliant Mechanisms and will expand their applications in the future.  

 

The properties of the Compliant Mechanisms (Compliant Joints) are analyzed by (Liu, Bi, Yang, 

& Wang, 2014; Trease, Moon, & Kota, 2005). The methodology of designing such mechanisms is 

provided in (Ion, Lindlbauer, Herholz, Alexa, & Baudisch, 2019; Megaro et al., 2017). 

 

2.1 Problem Statement 

Stiffness of 3D printed parts are very hard to determine due to the variation in the internal geometry 

of various infill patterns. This can only be obtained experimentally and there is limited approach 

to systematically derive the mechanical properties analytically. Controlling the internal structure 

allows optimizing the desired stiffness to mass ration for 3D printed parts. In this work we derive 
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and compare the mechanical properties of three different infill patterns and seven different infill 

densities. 

 

3. Method 

Table 1 illustrates all possible combinations of infill patterns and densities that were compared in 

this study.  

 

Table 1: Combinations of Infill Density and Infill Patterns 

Infill Pattern 

Infill Density, % 
Triangular Grid/Rectangular Hexagonal/Tri-hexagon 

10 

   

25 

   

40 

   

55 

   

70 
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85 

   

100 

   
 

3.1 Flexible 3D Printed Samples and Printing Parameters 

 As discussed above, beams, fabricated from a flexible 3D Printing filament were designed with 

variable infill density – from 10% to 100% with step of 15% as shown on Figure 1. 

 

 
Figure 1: 3D Printing Samples with Variable Infill Density 
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The samples were designed in Autodesk Inventor Professional 2021. For preparing the models for 

3D Printing, a slicing software Ultimaker Cura. The 3D Printing parameters are shown in Table 2. 

The 3D Printer is Anycubic i3 Mega. The flexible TPU materials is Ninja Flex from a company 

called NinjaTek (Ninjatek, 2022, June 22). This material is flexible in nature and is chosen due to 

its mechanical properties. The nozzle temperature settings were used as recommended by the 

manufacturer and shown in the table 2 is 230 ℃. The pattern of the infill is grid – described by 

Ultimaker Cura as 2D strong infill (Ultimaker, 2022, June 22). 

 

Table 2: 3D Printing Parameters for the Samples 

Parameter Value 

3D Printer Anycubic i3 Mega 

Slicing Software Ultimaker Cura 

3D Printing Material 
Ninjatek Ninja Flex 

TPU Filament 

Printing Temperature 

[℃] 
230 

Platform Temperature 

[℃] 
60 

Supporting Material No 

Infill Density, % 
10, 25, 40, 55, 70, 85, 

100 

Infill Type Grid 

Layer Height, [mm] 0.15 

Printing Speed, [mm/s] 50 

 

3.2 Defining the Modulus of Elasticity for the Different Infill Geometries and Densities 

3.2.1 Infill Pattern 

Infill patterns (geometries), explored in this research and available in Ultimaker Cura are 

represented as cellular solids (technology, 2022, June 22). The infill types, generated by the slicing 

software are shown on Figure 2. 

 
Figure 2: Infill Geometries in the Slicing Software 
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To analyse the various patterns, they have been modelled as cellular solids as illustrated on Figure 

3. 

 
Figure 3: Modeling the Infill Patterns as Cellular Solids 

 

The parameters of a single cell for all types of infill as well as the deformations are shown on 

Figure 4.  

 

a)  triangular b)  rectangular c)  honeycomb cell 

Figure 4: Parameters of the Cells  

 

Figure 4 shows common cell types of cellular solids also used in this work to model the infill 

patterns. Triangular cells shown on Figure 4 a), the following characteristics: 

• Behave like a truss.  

• Analysed as pin joints (no moments at the nodes).  

• Only axial loads along the members.  

• Forces in each member are proportional to P. 

 

𝐸∗ ∝
𝑃

𝑏

𝐸𝑠𝑏𝑡

𝑃𝑙
= 𝐶𝐸𝑠 (

𝑡

𝑙
)                                                  (1) 

 

where: C is a constant related with the cell geometry, for equilateral triangle, C=1.15.   

Figure 4 b) shows rectangular cells that represent the grid infill type.  

Those in the diagonal direction, called 𝐸45
∗ , are given by: 

 

𝐸45
∗ = 2𝐸𝑠 (

𝑡

𝑙
)

3

                                                         (2) 
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The Young's modulus can be obtained from the limit of the equations for hexagonal cells when h= 

0 and 𝜃= 45°. 

 

On Figure 4 c) are shown regular hexagonal cells. The modulus of elasticity for that type of cells 

can be obtained by the following equation: 

𝐸1
∗ = 𝐸𝑠 (

𝑡

𝑙
)

3

.
𝑐𝑜𝑠𝜃

(ℎ
𝑙+𝑠𝑖𝑛𝜃)𝑠𝑖𝑛2𝜃⁄

                                              (3) 

where: 

• Properties of the solid: Young’s Modulus of the solid 𝐸𝑠; 

• (
𝑡

𝑙
)

3

 related to the relative density (volume fraction of the solid). 

• (ℎ
𝑙 + 𝑠𝑖𝑛𝜃)𝑠𝑖𝑛2𝜃⁄  factor that depends on cells geometry. 

For regular hexagonal honeycomb: 
ℎ

𝑙
= 1;  𝜃 = 30°.: 

𝐸1
∗ =

4

√3
𝐸𝑠 (

𝑡

𝑙
)

3

                                                         (4) 

3.2.2 Infill Density 

Infill density of the beams is a parameter related to the relative density.   

• Density of the cellular material, 𝜌∗; 

• Density of the solid material, 𝜌𝑠. 

𝜌∗

𝜌𝑠
=

𝑀𝑠

𝑉𝑡
.

𝑉𝑠

𝑀𝑠
=

𝑉𝑠

𝑉𝑡
=

(
𝑡

𝑙
)(

ℎ

𝑙
+2)

2𝑐𝑜𝑠𝜃(
ℎ

𝑙
+sin 𝜃)

                                               (5) 

where: Ms is the mass of the solid, Vt and Vs are the total volume and the volume of the solid 

respectively.  

 

3.3 Volume Related Parameters: 

To determine the volume of the solid Vs each, beam the following 3D Printing limitations have to 

be considered: 

 

1. Calculating the volume of the shell (the side walls and top and bottom layers) made out of 

solid material (100% infill); 

2. Layer thickness.  

3. Top and bottom layer thickness.  

4. Least thickness for the top and bottom layers.  

5. Number of the top and bottom layers (layer thickness divided by the layer height).  

6. Diameter of the nuzzle (theoretically, the thinnest layer can be printed with the diameter of 

the nuzzle).  

7. Wall thickness (side walls of the model).   

 

The stiffness is calculated in (6). It is a function of the Elasticity E and the strain 𝜀. 

𝜎1 = 𝐸𝜀 =
𝑃

𝐴
=

𝑃

(ℎ+𝑙𝑠𝑖𝑛𝜃)𝑏
                                            (6) 
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where: P is the applied loading, A is the area on which the load is applied; b is the thickness of the 

3D printed layer.  The strain in the samples is expressed by (7).  

 

𝜀1 =
𝛿𝑠𝑖𝑛𝜃

𝑙𝑐𝑜𝑠𝜃
                                                          (7) 

𝛿 =
(2)𝑃𝑠𝑖𝑛𝜃(𝑙

2⁄ )3

3𝐸𝑠𝐼
=

𝑃𝑠𝑖𝑛𝜃𝑙3

12𝐸𝑠𝐼
                                            (8) 

𝐼 =
𝑏𝑡3

12
                                                          (9) 

where: 𝛿 is the deflection of the sample; l is the length of the side of the sample (shown on Figure 

4); 𝐸𝑠 is the Modulus of Elasticity of the material; I is the moment of inertia.  

 

4. Results and Discussion 

4.1 Analytical Results 

To determine the geometrical constraints of the beam, the below parameters are used: 

1. Material: Ninjatek Ninjaflex TPU filament. 

2. Square cross-section of a= 0.015 m and length l= 0.15 m.  

3. Layer thickness (equal to the depth b): 0.15 mm.  

4. Top layer thickness: 1.2 mm.  

5. Bottom layer thickness: 1.2 mm.  

6. Number of the top and bottom layers: 8.   

7. Diameter of the nozzle (equal to the thickness of the wall): 0.3 mm. 

8. Wall thickness: 1.2 mm. 

 

After solving (5) for the relative density and  
𝑡

𝑙
 , if 

ℎ

𝑙
= 1 and E of the material is 12 MPa, for triangular cells (patterns)  𝜃 = 60°; for rectangular 

- 𝜃 = 45°; for hexagonal - 𝜃 = 30° , the results for the Elasticity for the 3 types of infill and 7 

densities are calculated. The applied loading, used for the analytical part as well as the FEA 

analysis is 5 N.  

 

Figure 5 a) shows parameters affected by the infill percentage directly. All samples are printed 

with the same regimes. After, the 3D printing time and the mass of the completed specimens is 

measured.  As it can be observed, the duration of the printing process is increasing in a linear 

fusion up until 90% but gets significantly higher (more than 2 times) for 100% infill. Similarly, 

the mass of the models and their density progresses linearly to 90% and the increase from 90% to 

a 100% is with a greater increment. Therefore, to save time and materials and to make the parts 

lighter, it can be recommended for models with only visual value to be printed with infill 

percentages lower than a 100%.  

 

As expected, on Figure 5 b) the relative elasticity of the samples increases with the increase of the 

infill. In addition, it was also expected that the highest values will be for the triangular infill pattern 

due to the parameter  
𝑡

𝑙
 related to the relative density (volume fraction of the solid). The volume 
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fraction of the solid for rectangular and hexagonal infill patterns is raised on the third power which 

leads to lower values of their elasticity moduli. However, that is not the case because with the 

increase of the infill density, length l (illustrated on Figure 4 and used in equation (8) to calculate 

the deflection) is decreasing. This is due to the fact that more cells have to fit in a given volume 

by increasing the infill density and the only way is by making the cells smaller (smaller l).   

 

On Figure 6 a) the values of the strain are shown. As expected with the increase of the infill, the 

strain decreases which makes the parts produced with higher infill density stiffer. Here, the highest 

strain values are for the triangular infill pattern and the highest – for the hexagonal. Similar trend 

can be observed for the stiffness. It raises with the infill density and is the highest for the hexagonal 

pattern (Figure 6 b)).  

 

4.1 Finite Element Analysis Results  

FEA simulation was conducted on a beam of similar dimension and mechanical properties of Ninja 

Flex was used as given in manufacturer specification. The simulation study was conducted in 

COMSOL and the stresses and displacements co-responding to a tip load is illustrated in Figure 7.  

The non-linear behaviour of the beam can be seen in figure 7 b) where the load has been varied 

from 0.5 N to 5 N with an interval of 0.5 N. The FEA analysis aims to represent the stress for a 

beam with 100% infill density. The results of the deformation from this study for 5 N force are 

0.075 mm are similar to the values of the deflection for 100% infill density and rectangular pattern 

– 0.0704 mm.  

 

Figure 5: Impact of Infill-Density on 3D Printing Parameters and Modulus of Elasticity (Analytical). 

 

  
(a) Impact of the Infill Density on the 3D Printing 

Parameters 
          (b) Relative Density-Modulus of Elasticity 
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a) Strain  b) Stiffness  

Figure 6: Impact of Infill-Density on 3D Printing Parameters and Modulus of Elasticity (Analytical). 

 

 
(a) Stresses on the Beam (5N) 

 

(b) Displacements of the tip (0.5N – 5N) 

Figure 7: Stresses and Displacements of the Beam from COMSOL FEA Analysis 

 

5. Conclusion 

In this study we investigate the influence of the infill patterns and infill densities on the mechanical 

properties of samples fabricated from flexible TPU filament by implementing the cellular solid 

model. The results are obtained analytically for 3 common types of infill geometries – triangular, 

rectangular, and hexagonal and for 7 infill percentages – 10, 25, 40, 55, 70, 85 and 100. The values 

of the deflection, strain, elasticity, and stress for all 21 combinations are presented. The relative 

elasticity increases as the infill percentage increases and is the highest for the hexagonal infill 

pattern. The values for rectangular and triangular patterns are close to each other with lowest 

modulus of elasticity calculated for the triangular.  

 

The values of the strain, as expected, with the increase of the infill, the strain decreases. The highest 

strain values are for the triangular infill pattern and the highest – for the hexagonal. Similarly, for 

the stiffness, it raises with the infill density and is the highest for the hexagonal pattern.   
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The deformation is compared to a non-linear FEA analysis for a beam from 100% infill density 

with the same properties of NinjaFlex filament. From the simulation is obvious that the deflection 

is close to the values for rectangular pattern with 100% infill.  

 

It is important to note, that the results obtained analytically should be verified with an experimental 

data of beams fabricated from the same NinjaFlex material and parameters.  

 

This methodology can be applied in the design process of flexible parts with controlled elasticity 

and optimized mass to stiffness ration while at the same time presenrving the outer geometry of 

the models.  
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