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This paper investigates the orthotropic properties of Fused Deposition Modelling (FDM) printed ASA 

material with different raster configurations. The elastic properties were determined using a non-

destructive ultrasonic technique. This technique allows us to deduce the orthotropic elastic constants 

from the material density and the velocities of the longitudinal and shear wave propagating through 

the material along different directions. Tensile tests were performed in addition to ultrasonic tests to 

obtain the yield properties of the ASA material and to validate the elastic constants determined by the 

ultrasonic tests, which have shown very close correspondence. Finally, numerical verification was 

performed by comparing the experimental result of the three-point and four-point bending tests with 

the finite element simulation results which have input the material properties from the ultrasonic 

testing. The simulation result has shown excellent agreement with the experimental result, implying 

that the material properties obtained from the ultrasonic testing were highly accurate comparing to the 

actual orthotropic elastic properties of the 3D printed ASA material.  

Keywords: finite element modeling; additive manufacturing; ASA; fused deposition modelling; 

ultrasonic testing; orthotropic properties. 

1.   Introduction 

3D Printing, or additive manufacturing (AM), is an advanced manufacturing technique that 

allows rapid prototyping of complex and difficult-to-machine parts and enables the user to 

materialize a computer-aided design (CAD) into reality. AM reduces production costs and 

shortens manufacture time and cost for complex prototype designs that would otherwise 

require expensive moulds [Baumers et al., 2016; Vashishtha et al., 2011]. Fused Deposition 

Modelling (FDM) is an AM technique which involves the melting and extrusion of a 
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filament material at specific intervals and predetermined locations where it cools and 

solidifies, one layer at a time. Due to the layer-by-layer building mechanism, part 

orientation plays a significant role in the mechanical properties, dimensional accuracy and 

surface finish. In addition, other building parameters in FDM, such as raster angle, also 

contribute to the anisotropic material properties [Cantrell et al., 2017; Wu et al., 2015]. 

Numerous research on the elastic properties has been carried out on many FDM-printed 

materials including acrylonitrile butadiene styrene (ABS) [Dawoud et al., 2016; Sood et 

al., 2010], polylactic acid (PLA) [Chacón et al., 2017; Odell et al., 2002] and polycarbonate 

(PC) [Cantrell et al., 2017; Domingo-Espin et al., 2015]. However, there is limited report 

on the full orthotropic properties of 3D printed materials, which are essential for designing 

structural components using numerical simulation. This has thus resulted in the limited 

usage of designing 3D printed components using computer simulations.  

Mechanical testing, such as tensile, compression, flexural testing, are often used to 

characterize the elastic properties of 3D printed orthotropic materials [Chua et al., 2017]. 

Due to the destructive nature of mechanical testing, there is usually excessive material 

wastage during characterization. In this paper, a non-destructive ultrasonic testing is 

adopted to characterize the anisotropic elastic constants of the 3D printing materials. This 

technique was initially used for characterizing bones, rocks and other composites that do 

not possess fixed shape or have constraints in the size of specimens. The elastic constants 

can be deduced from the bulk density and the velocities of shear and longitudinal 

ultrasound wave propagating along different directions through a single specimen [Lang, 

1970; Peralta et al., 2017; Van Buskirk et al., 1981].  

This paper investigates the elastic properties of the ASA material printed by FDM 3D 

printer using the non-destructive ultrasonic testing approach. Ultrasonic test was performed 

on the ASA specimens that have 0° and 0°/90° raster, to determine their elastic constants 

of these orthotropic ASA materials. In addition, tensile tests were carried out to compare 

the elastic constants and to obtain the yield properties of ASA materials. Finally, the 

orthotropic elastic properties obtained by the ultrasonic test were used in the finite element 

simulation for three-point and four-point bending tests. The numerical verifications show 

that there is excellent agreement between the experimental and finite element simulation 

results. 

2.   Theory  

2.1.   Orthotropic Constitutive Model 

The elastic properties of a materials can be described by the generalized Hooke’s Law 

relating stresses to strains (Equation 1). 

𝜎𝑖 = 𝑐𝑖𝑗𝜖𝑗  ( 1 ) 

For an orthotropic material, the stiffness matrix,  𝑐𝑖𝑗 , has nine independent elastic constants, 

as shown in Equation (2). 



 Finite element analysis of 3D printed ASA with ultrasonic material characterization  3 

 

[𝑐𝑖𝑗] =

[
 
 
 
 
 
𝑐11 𝑐12 𝑐13 0 0 0
𝑐12 𝑐22 𝑐23 0 0 0
𝑐13 𝑐23 𝑐33 0 0 0
0 0 0 𝑐44 0 0
0 0 0 0 𝑐55 0
0 0 0 0 0 𝑐66]

 
 
 
 
 

  ( 2 ) 

The strain-stress relationships of an orthotropic material can be written in terms of a 

compliance matrix 𝑠𝑖𝑗  such that  

i ij js =  ( 3 )   

where  
T

i x y z yz xz xy       =  
 is the strain,  

T

i x y z yz xz xy       =  
is the stress, and  

[𝑠𝑖𝑗] =

[
 
 
 
 
 
𝑠11 𝑠12 𝑠13 0 0 0
𝑠12 𝑠22 𝑠23 0 0 0
𝑠13 𝑠23 𝑠33 0 0 0
0 0 0 𝑠44 0 0
0 0 0 0 𝑠55 0
0 0 0 0 0 𝑠66]
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.  

From symmetry of the compliance matrix,  
𝜈12

𝐸1
=

𝜈21

𝐸2
,
𝜈13

𝐸1
=

𝜈31

𝐸3
, 𝑎𝑛𝑑 

𝜈23

𝐸2
=

𝜈32

𝐸3
  ( 4 ) 

2.2.   Ultrasonic wave and elastic properties 

The equations relating to the components in the stiffness matrix and the wave velocities 

are shown in Equations (5) to (13).  

𝑐11 = 𝜌𝑣1
2 ( 5 ) 

𝑐22 = 𝜌𝑣2
2 ( 6 ) 

𝑐33 = 𝜌𝑣3
2 ( 7 ) 

𝑐44 = 𝜌𝑣23
2 = 𝜌𝑣32

2  ( 8 ) 

𝑐55 = 𝜌𝑣13
2 = 𝜌𝑣31

2  ( 9 ) 

𝑐66 = 𝜌𝑣12
2 = 𝜌𝑣21

2  ( 10 ) 

𝑐12 = √(𝑐11 + 𝑐66 − 2𝜌𝑣12/12
2 )(𝑐22 + 𝑐66 − 2𝜌𝑣12/12

2 ) − 𝑐66  ( 11 ) 

𝑐13 = √(𝑐11 + 𝑐55 − 2𝜌𝑣13/13
2 )(𝑐33 + 𝑐55 − 2𝜌𝑣13/13

2 ) − 𝑐55  ( 12 ) 

𝑐23 = √(𝑐22 + 𝑐44 − 2𝜌𝑣23/23
2 )(𝑐33 + 𝑐44 − 2𝜌𝑣23/23

2 ) − 𝑐44 ( 13 ) 

where 

𝑣𝑖 denotes the velocity of a longitudinal wave in direction i, 

𝑣𝑖𝑗  denotes the velocity of transverse wave travelling in direction i, with particle 

displacements in direction j, 
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𝑣𝑖𝑗/𝑘 denotes the velocity of a transverse wave travelling in direction (i+j)/2 with particle 

displacements in direction k, 

𝑣𝑖𝑗/𝑖𝑗 denotes the velocity a transverse or longitudinal wave travelling in direction (i+j)/2 

with particle displacements in the i-j plane. Velocities are quasi-longitudinal or quasi-

transverse, 

𝜌 represents the density of the material. 

 

The components in the compliance matrix ijs , and thus the elastic constants, can be 

obtained through the inverse relation with the stiffness matrix.  

   
1

s c
−

=   ( 14 ) 

3.   Materials and Experimental Procedures 

3.1.   Materials and Printing Configurations 

The Stratasys Fortus 450mc fitted with T12 model tip and T12SR100 support tip was used 

to print the Acrylonitrile Styrene Acrylate (ASA) specimen. Other build parameters are 

listed in Table 1.  

Table 1 Build Parameter of ASA. 

Raster width (mm) Contour width (mm) Slice height (mm) Air gap (mm) 

0.3556 0.3556 0.1778 0 

 

Two types of raster, namely the 0° raster and the alternating layers of 0°/90° were 

investigated in this paper, the raster layouts are illustrated in Figure 1. The longitudinal 

direction of the tensile specimen is parallel to the 3D printer’s X-, Y- and Z-axes.  

The alternating 0°/90° raster in X- and Y-orientations are assumed to be transversely 

isotropic because the 0° and 90° rasters are identical with 90° rotation. Hence only 2 

orientations, X and Z orientations, are required for determination of the elastic constants 

for 0°/90° configuration.  
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Figure 1 Raster configuration: (a) 0° and (b) 0°/90° with alternating layer of 0° and 90° raster 

3.2.   Ultrasonic Testing 

To measure the 9 wave velocities, two types of specimens, cubic and oblique specimens, 

as shown in Figure 2(a) and (b), were designed. The cubic specimen in Figure 2(a) was 

used to measure 𝑣𝑖 and 𝑣𝑖𝑗  while the oblique specimen in Figure 2(b) has faces with unit 

normal 𝑛1 = ±(𝑒2 + 𝑒3)/√2, 𝑛2 = ±(𝑒1 + 𝑒3)/√2 and 𝑛3 = ±(𝑒1 + 𝑒2)/√2 was used to 

measure 𝑣𝑖𝑗/𝑘 and 𝑣𝑖𝑗/𝑖𝑗. Two specimens of cubic and oblique specimens were built for 

each raster.  

Both the specimens were designed with a constant thickness of 10 mm and the dimensions 

according to Figure 2 based on the size of the chosen transducers and the attenuation of 

sound wave in the ASA material. The thickness of each specimen was measured using a 

Vernier caliper before carrying out the ultrasonic test. Mass of the ASA specimens was 

measured using an electronic weight balance and the density was obtained by dividing the 

mass by the volume of specimen. The average density of ASA was found to be 1.016 g/cm3. 

Pulsed transmission technique was used to measure the ultrasonic wave velocities. MultiX-

LF low frequency parallel system with 16 channels and Multi2000 software were used in 

this study. A 5 MHz single element longitudinal wave transducer capable of generating 

and receiving the longitudinal waves were used together with GE ultrasonic testing 

couplant ZG-F. The wave velocity can be obtained from the time-of-flight of the first 

backwall echo and the specimen thickness. 

On the other hand, a pair of 2.25MHz shear wave transducers was used to transmit and 

receive the transverse waves directly into the test specimen. The ultrasonic velocity can be 

calculated from the time delay of the propagation between the transmitted and received 

waves, and the specimen thickness. 

(a) (b) 
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Figure 2 Specimens for ultrasonic testing: (a) cubic specimen for measuring 𝑣𝑖 and 𝑣𝑖𝑗 , (b) oblique specimen 

which has faces with unit normal 𝑛1 = ±(𝑒2 + 𝑒3)/√2, 𝑛2 = ±(𝑒1 + 𝑒3)/√2 and 𝑛3 = ±(𝑒1 + 𝑒2)/√2 for 

measuring 𝑣𝑖𝑗/𝑘 and 𝑣𝑖𝑗/𝑖𝑗 

3.3.   Mechanical Testing 

To verify the elastic constants, including the Young’s moduli and Poisson’s ratios of those 

obtained from ultrasonic testing, 5 tensile specimens for each orientation and each raster 

were designed, built and tested according to the ASTM D638 Standard Test Method for 

Tensile Properties of Plastics, where the specimen geometry follows the Type I 

specifications. The tensile tests were performed using Shimadzu AGS-10kNX universal 

testing machine with a crosshead displacement rate of 10 mm/min. Axial displacement was 

measured using Shimadzu mechanical extensometer. In addition, rectangular bars with 

dimensions of 165 mm x 20 mm x 3.2 mm were printed for determining the Poisson’s ratio 

using the strain gauge GFCA-3-350-70. TDS-303 portable data logger was used to measure 

the axial and transverse strain during the elastic tensile loading. For every orientation and 

every raster, 5 specimens were printed and strain measurements were repeated 3 times for 

every specimen. Instead of finding all the six Poisson’s ratios, only ν12, ν31 and ν23 are 

required for the 0° raster because of the symmetry of the compliance matrix as shown in 

Equation 5. For 0°/90° raster, only two Poisson’s ratios, ν12 and ν31, are needed. 

4.   Results and Discussion 

4.1.   Ultrasonic results 

The stiffness coefficients can be derived using the measured wave velocities using 

Equations 5-13. The elastic constants were hence calculated using Equation 3, using the 

inverse of the stiffness matrix (Equation 14). Elastic properties of ASA in raster 0° and 

0°/90° are shown in Table 2. The ultrasonic results in Table 2 confirm that 0°/90° 
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configurations are transversely isotropic as expected as 𝐸1 ≈ 𝐸2, 𝐺13 ≈ 𝐺23, and 𝜈13 ≈

𝜈23.  

Table 2 Mean elastic constants for raster 0° and 0°/90° obtained from ultrasonic testing 

Elastic Constant 0° 0°/90° 

E1 (GPa) 2.37 2.17 

E2 (GPa) 1.94 2.21 

E3 (GPa) 1.93 1.96 

G23 (GPa) 0.71 0.76 

G13 (GPa) 0.77 0.75 

G12 (GPa) 0.79 0.79 

ν12 0.397 0.380 

ν21 0.326 0.386 

ν31 0.340 0.355 

ν13 0.419 0.395 

ν23 0.372 0.379 

ν32 0.369 0.336 

 

4.2.   Tensile Results 

The mean and standard deviation of the Young’s modulus, yield strength, elongation at 

yield, ultimate tensile strength and maximum elongation are shown in Table 3. The stress-

strain curves of these configurations are displayed in Figure 3.  

The X-orientation exhibited the highest tensile properties among all the orientations. This 

can be attributed to how the main load bearing raster is oriented with respect to the direction 

of loading. In the case of the X-0° configuration, it is the individual raster that bears the 

tensile load while for the X-0°/90° configuration, the tensile load is shared between the 

bonding within the raster itself and the individual rasters. Hence, lower Young’s modulus 

and yield strength were obtained from the X-0°/90° configuration. For Y-0° configuration, 

the adhesion between adjacent raster within one layer in the bears most of the load. Hence 

Y-0° configuration has much lower tensile properties than the X-orientation because of its 

weak raster-to-raster bonding. Z-orientation also demonstrated relatively weak tensile 

properties, and this might be caused by the weak inter-layer bonds bearing the tensile load. 

As opposed to the inter-raster adhesion acting as the main loading mechanism in the Y 

orientation, Z-orientation specimens’ loading mechanism is the inter-layer adhesion. The 

layers are only fused together after the entire layer has been printed and cooled down in 

the Z-orientation, whereas the inter-raster bonds are formed immediately after the material 

is extruded from the nozzle for the Y-orientation. 

The elastic constants extracted from the tensile test are shown in Table 4. For 0°/90° 

configurations, only 4 elastic constants were needed due to its symmetry in the raster 

layout.  
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Table 3 Means and standard deviations of Young’s modulus, yield strength, elongation at yield, ultimate tensile 

strength and maximum elongation of ASA for each orientation and raster. 

Orientation - 

  Raster 

Young’s 

Modulus / 

GPa 

Yield 

Strength 

/ MPa 

Elongation at 

yield / % 

Ultimate 

Tensile 

Strength 

/MPa 

Maximum 

elongation 

/% 

X-0° 1.96 ± 0.08 30.5 ± 0.2 1.77 ± 0.05 34.0 ± 0.8 20.2 ± 0.5 

X-0°/90° 2.05 ± 0.06 24.2 ± 0.3 2.8 ± 0.1 28.92 ± 0.09 2.8 ± 0.1 

Y-0° 1.62 ± 0.06 18.3 ± 0.5 1.33 ± 0.04 23.1 ± 0.3 2.6 ± 0.2 

Z-0° 1.79 ± 0.09 20.8 ± 0.4 1.35 ± 0.05 23.4 ± 0.8 1.8 ± 0.2 

Z-0°/90° 1.93 ± 0.06 20 ± 2 1.1 ± 0.1 20 ± 2 1.1 ± 0.1 

 

 

Figure 3 Average stress-strain curves for specimens with different orientations and raster configurations. 

Table 4 Mean elastic constants and standard deviations for raster 0° and 0°/90° determined by tensile testing 

Raster E1 (GPa) E2 (GPa) E3 (GPa) ν12 ν31 ν23 

0° 1.96 ± 0.08 1.62 ± 0.06 1.79 ± 0.09 0.349 ± 0.006 
0.324 ± 

0.004 

0.39 ± 

0.01 

0°/90° 1.99 ± 0.05 - 1.93 ± 0.06 0.367 ± 0.009   - 
0.39 ± 

0.01 
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4.3.   Comparison of elastic constants from tensile test and ultrasonic test 

Figure 4 shows the comparison of the elastic constants, namely the Young’s moduli and 

Poisson’s ratios, obtained from tensile tests and ultrasonic tests. As shown in Figure 4 (a) 

and Figure 4 (c), E1, E2 and E3, as well as the Poisson’s ratios, ν12, ν31 and ν23, obtained 

from ultrasonic tests are consistently higher than that obtained from tensile tests. This trend 

is expected because of the dynamic strain rate used in an ultrasonic test which causes the 

elastic constants measured by ultrasonic testing to be higher than that measured by 

mechanical testing with 0.0017 s-1 strain rate.  

 

Figure 4 Comparison of the elastic constants of ASA obtained from tensile test and ultrasonic test (a) Elastic 

moduli for 0° raster, (b) Poisson’s ratio for 0° raster, (c) Elastic moduli for 0°/90° raster, (d) Poisson’s ratio for 

0°/90° raster. 

5.   Numerical Verification using Finite Element Simulation  

Numerical verification was performed using the three-point and four-point bending tests. 

The positioning of the test fixture and the dimensions of the tests are shown in Figure 5. 

To better verify the material properties, both test specimens were printed in 45°/-45° raster 

instead of 0°/90° raster obtained in the experimental characterization. This is because of 
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the coupled effects between the various elastic constants. A 0°/90° raster specimen in three-

point bending is predominantly dependent on just the longitudinal Young’s modulus 
1E , 

whereas by simply printing the rasters with an in-plane rotation of 45°, the transformed 

longitudinal Young’s modulus becomes dependent on the in-plane shear moduli and 

Poisson’s ratios as well.The required material properties of the specimen were obtained 

after performing coordinate transformation equation          
1 1

s R T R s T
− −

=  [Joshi 

and Toh, 2011] on the orthotropic linear elastic properties for 0°/90° raster. The 

components of the transformation equation are: the transformed and untransformed 

compliance matrix  s  and  s  respectively, the transformation and the Reuter matrices 

 T  and  R  are shown in Equations 15 and 16, respectively.  

 

2 2

2 2

cos sin 0 0 0 2sin cos

sin cos 0 0 0 2sin cos

0 0 1 0 0 0

0 0 0 cos sin 0

0 0 0 sin cos 0

sin cos sin cos 0 0 0 cos2

T

   

   

 

 

    

 
 

− 
 

=  
− 

 
 
−  

 ( 15 )  

 

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 2 0 0

0 0 0 0 2 0

0 0 0 0 0 2

R

 
 
 
 

=  
 
 
 
 

 ( 16 )  

where   the angle of in-plane rotation. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure 5: (a) Positioning of the test fixture and (b) dimensions of three-point bending specimen. Corresponding 

figures for four-point bending are shown in (c) and (d) 

Table 5 shows the full orthotropic properties after transformation and used in simulation. 

In applying these orthotropic properties, the raster configuration has been taken into 

consideration, which is consistent with the theoretical analysis presented earlier in this 

Section. 

Table 5 Orthotropic elastic constants of 45°/-45° raster of ASA 

Elastic Constant 45°/-45° 

E1 (GPa) 2.1478 

E2 (GPa) 2.1478 

E3 (GPa) 1.9450 

G23 (GPa) 0.7910 

G13 (GPa) 0.7565 

G12 (GPa) 0.7565 

ν12 0.3854 

ν13 0.3995 

ν23 0.3995 

 

Figure 6 shows the experimental set-ups of both bending tests prior to any deformation. 

Figure 7 shows the finite element simulations of the deformed states and Mises stress of 

the test specimens. Simulation and experimental results are compared using the force-

deflection relations in Figure 8. There is good correlation between the simulation and 

experiment results, implying that the orthotropic properties derived from the ultrasonic test 

were good representative of the actual orthotropic mechanical properties of the ASA 

material. However, it is to be noted that since only linear elastic material properties were 

assigned in the finite element model, the simulation is unable to predict the point of failure 

of the specimen. 
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(a) (b) 

Figure 6: Three-point bending test (a) before deflection, (b) after deflection of 12.8 mm and (c) shows the 

corresponding deformation and stress contour of finite element simulation results. 

 
(a) 
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(b) 

Figure 7: Mises stress in test specimens at 10 mm displacement of (a) three-point bending test, and (b) four-

point bending test. 
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Figure 8: Force-displacement response comparison of ASA specimen for (a) 3-point bending test, and (b) 4-

point bending test. 

6.   Conclusion 

The ultrasonic testing has demonstrated to be a reliable and accurate technique to obtain 

the orthotropic elastic properties of the FDM-printed ASA material through comparison 

with the elastic properties obtained from tensile testing and numerical verification with a 

four-point bending experiment. The elastic properties obtained from ultrasonic testing did 

not differ much from those obtained from the tensile testing. The small difference between 

these two sets of properties caused by the difference in the magnitude of the strain rate, 

however, does not have a significant impact on the finite element simulation of the ASA 

material. The numerical verification, which was performed using the material properties 

obtained from the ultrasonic testing, demonstrated excellent correspondence with the 

experimental results in the three-point and four-point bending tests. Hence, obtaining the 

elastic properties of 3D printed material using the ultrasonic approach has been proven to 

be feasible and accurate. 
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