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Abstract

:

Featured Application


This study provides a non-destructive evaluation to measure orthotropic material constants for additive manufacturing structures. The resonant frequencies obtained from experimental measurements were used to inversely calculate the engineering constants, Ex, Ey, Ez, Gyz, Gxz, and Gxy, from the eigenvalues of bending and torsion modes. The stiffness of the 3D-printed structure was determined by the dynamic testing method’s influence on layer height and raster angle. In the study, the stiffness can be designed in the 3D-printed structure as being manufactured.




Abstract


In this study, the orthogonal mechanical properties of additive manufacturing technology were explored. Firstly, six test pieces of different stacking methods were printed with a 3D printer, based on fused deposition modeling. The resonance frequency was measured by a laser Doppler vibrometer as the test piece was struck by a steel ball, which was used to calculate the orthotropic material constants. The accuracy of these orthotropic material constants was then verified using finite element software through a comparison of the experimental results from multiple natural modes. Thus, a set of methods for the measurement and simulation verification of orthotropic material constants were established. Only three specific test specimens are needed to determine the orthotropic material constants using the vibrating sensor technique, instead of a universal testing machine. We also analyzed the influence of different printing parameters, including raster angle and layer height, on the material constants of the test pieces. The results indicate that a raster angle of 0° leads to the highest Young’s modulus, a raster angle of 45° leads to the highest shear modulus G, and a layer height of 0.15 mm leads to the highest material strength. In various stack conditions, the mechanical properties of fuse deposition additive manufacturing can be measured by inversely calculating frequency domain transformation.
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1. Introduction


Three-dimensional printing is also known as additive manufacturing, because objects are manufactured by stacking materials layer by layer. In addition to manufacturing hollow parts with complicated shapes, it also greatly reduces the manufacturing time, and simplifies the manufacturing process when compared to conventional manufacturing methods. Moreover, it allows for fast customization and production in small quantities, which is much in line with the development trend of Industry 4.0. In the past decade, various processes and manufacturing methods were invented as 3D printing technology continued to develop [1,2,3,4,5,6,7,8]. At present, the most widely used manufacturing processes include fused deposition modeling (FDM), stereolithography, and selective laser sintering [9,10,11,12,13]; their manufacturing cost was greatly reduced, making it possible to apply them in various fields, including aerospace, construction, mold making, dentistry, and healthcare. Simultaneously, various orthotropic materials were also studied and applied in additive manufacturing, including metals, plastics, ceramics, and concrete [14,15,16,17,18,19,20].



In FDM, the print head of the 3D printer is heated first, such that the wire material passing through the print head turns into a molten state and is stacked on the platform or the previously printed layer; the molten materials then fuse with each other during the printing process. Therefore, the layer thickness, width, and direction of the wire material are the main printing parameters affecting the properties of the part [21], and the deformation between layers is considered the cause of inferior mechanical properties [22]. Three-dimensional printed parts have the advantages of low cost and easy customization, but also the disadvantages of weak mechanical strength and uneven surfaces [23]. In particular, the fiber direction and void size are the main challenges for 3D-printed composites [24,25]. In 2002, Li and Sun [26] explored the influence of printing parameters on FDM. A total of four test pieces were printed with different fiber densities. The material constants were obtained through a tensile test and then compared. Subsequently, the test pieces were printed with different fiber directions, and the tensile test was also carried out. The results show that the test piece at [45°/−45°] led to the smallest Young’s modulus. Also in 2002, Ahn [27] used acrylonitrile butadiene styrene as the material for FDM, exploring the printing parameters including raster angle, line width, and air gap, and measuring the tensile and compressive strengths of the samples. In 2013, Martínez [28] performed tensile tests on test pieces with different printing directions to obtain the nine material constants, and simulated the force balance of the 3D-printed test pieces when stretched in all directions using a composite laminate in ABAQUS. In 2015, Domingo-Espin [29] determined the nine material constants, tensile stress at yield, and ultimate strength of orthotropic material by performing tensile tests on test pieces. A simple part was designed and made using polycarbonate, which was subjected to different bending moments and torques. The results indicate that the part should be printed in the same direction as the tensile stress for higher strength. In 2021, Yao [30] defined three material directions to describe the orthogonality of 3D-printed materials, based on the results of electron microscope observations. A total of 27 test pieces were printed for static tests, which reveal that the Young’s modulus notably varies in different material directions. A finite element model with different printing directions and different thickness layers was developed to simulate its natural resonance frequency. The error with respect to the test results is very small in the follow-up studies.



Three-dimensional printing technology is bound to greatly affect human life in the future. Therefore, the strength of objects manufactured by 3D printing is a critical issue. The influences on the printed parameters were discussed in connection with the strength and microstructure [31,32,33]. A thermal effect was modeled in the void density and filament orientation [31]. The microstructure [32] and the maximum tensile stress [33] were determined by scanning electron microscopy (SEM) and a universal testing machine. Overviewing the above reviewed literature, there are various key factors affecting mechanical properties of 3D-printed FDM structures, including density (relative to nozzle radius), filament orientation (relative to raster angle), heating treatment, extrusion in feeding rate, layer height, etc. In the past, most of the methods employed to test the strength of materials were based on destructive tests, such as tensile tests. In contrast, a non-destructive test method was used in the present study. Test pieces of different directions were printed. The traditional non-destructive test in ultrasonics cannot determine the material constants because of the 3D printed structural dispersity. Their vibration characteristics were employed to inversely calculate orthogonal material constants, which were input into a simulation to verify the results. As such, a set of orthogonal material constant measurements and a simulation verification method were developed, and then the influence of printing parameters on material constants was analyzed.




2. Inverse Calculation of Material Constant


In this section, the material constants are inversely calculated with the steel ball drop test, according to the bending and torsion modes of Bernoulli–Euler beams [34].



In the bending mode, when a cantilever beam is bent by shear force at the free end, its governing equation is


     ∂ 4  y   ∂  x 4    +  1   a 2       ∂ 2  y   ∂  t 2    = 0 ,  a 2  =   E I   ρ A    



(1)




where y is the deflection, E is the Young’s modulus, I is the moment of inertia, ρ is the density, and A is the cross-sectional area.



Separation of variables gives


  y ( x , t ) = Y ( x ) T ( t )  



(2)







Substituting Equation (2) into Equation (1) leads to


     a 2    Y ( x )      d 4  Y ( x )   d  x 4    = −  1  T ( t )      d 2  T ( t )   d  t 2    =  ω 2   



(3)




which can be rewritten as


     d 4  Y ( x )   d  x 4    −  β 4  Y ( x ) = 0  



(4)




where


   β 4  =    ω 2     a 2    =   ρ A  ω 2    E I    



(5)







To solve Equation (4), the following cantilever beam boundary conditions


  Y ( 0 ) =  Y ′  ( 0 ) =  Y ″  ( l ) =  Y ‴  ( l ) = 0  



(6)




are substituted to obtain the characteristic equation:


  cos β l cosh β l = − 1  



(7)







In the torsion mode, when a cantilever beam is subjected to torsion at the free end, its governing equation is


     ∂ 2  θ   ∂  x 2    =  1   c S 2       ∂ 2  θ   ∂  t 2    ,  c S  =      C T    ρ J     =   2 h  b     G ρ     



(8)




where θ is the torsion angle, J is the polar moment of inertia, CT is the torque stiffness, b and h are the width and height of the cross section, respectively, and G is the shear elastic coefficient.



Let the diameter be


  θ ( x , t ) = Θ ( x )  e  i w t    



(9)







Substituting Equation (9) into Equation (8) we obtain


   Θ ″  +    w 2     c S 2    Θ = 0  



(10)







To solve Equation (10), the following torsional boundary conditions


      θ ( x , t )     x = 0   = 0 ,  C T        ∂ θ ( x , t )   ∂ x       x = l   = 0  



(11)




are substituted to obtain the natural frequency of the torsion mode:


   f n  =    w n    2 π   =   ( 2 n − 1 )   2 l    h b     G ρ    , n = 1 , 2 , 3 , …  



(12)







In the conducted steel ball drop test, one end of the test piece was clamped and fixed with a jig, the other end was suspended in the form of a cantilever beam, and then the steel ball hit points A and B of the cantilever beam, as shown in Figure 1. A photo of the test setup is shown in Figure 2. The vibration generated by the cantilever beam was measured by a laser Doppler vibrometer (LDV) to obtain time domain velocity–time plots. The obtained data were processed with the fast Fourier transform (FFT) to obtain the frequency domain plots, from which the natural resonance frequency of the test piece could be found. The resonance frequencies corresponding to the first-order bending and torsion modes were then substituted into Equations (5) and (12), respectively, to finally obtain the Young’s modulus E and shear modulus G of the test piece. Using the following relationship between the Young’s modulus and shear modulus,


  G =  E  2 ( 1 + ν )    



(13)




the Poisson’s ratio ν can be obtained. Although Equation (13) is only applicable to isotropic materials, and we only considered orthotropic materials in this study, the material constants were measured only from the length dimension; therefore, Equation (13) can still be used to calculate the value of ν, which is only the input to the simulation based on finite element method; it was not used in theoretical calculations.




3. Orthogonal Material Properties of 3D Printing


In this study, parts were manufactured through extrusion molding, using 3D printing technology based on FDM. Composite material mechanics suggest that the stacking characteristics of FDM are similar to those of stacking fibers, and finished products of stacked fiber materials have anisotropic properties. Therefore, in this study we assumed that orthotropic materials also exhibit anisotropic properties with the following stress–strain relationship:


       ε 1       ε 2       ε 3       γ 4       γ 5       γ 6      =      1  E x      −   ν  y x    E y       −   ν  z x    E z      0   0   0      −   ν  x y    E x       1  E y      −   ν  z y    E z      0   0   0      −   ν  x z    E x       −   ν  y z    E y       1  E z     0   0   0     0   0   0    1  G  y z      0   0     0   0   0   0    1  G  z x      0     0   0   0   0   0    1  G  x y             σ 1       σ 2       σ 3       τ 4       τ 5       τ 6       



(14)







This section mainly explores the influence of stacking direction on the material properties in FDM. A high polymer, namely, polylactic acid (PLA), was used to manufacture the test pieces. In addition, G-code files were generated by the slicing software Cura, through which the placement position and raster angle of the 3D printer were adjusted to achieve different stacking directions. In terms of settings for the test pieces, the PLA material was printed with a spacing of 0.4 mm in the y-direction, and a spacing of 0.2 mm in the z-direction; the printing schematic and actual product are shown in Figure 3 [30]. Note that the finished product is symmetrical. Therefore, it is assumed to be orthotropic, and the nine material constants must be found.



With different placement positions and printing directions, a total of six test pieces with different stacking methods were printed, as shown in Table 1. Hereinafter, the test pieces are named according to the plane formed by the length and width of the test piece, followed by the direction in which the length of the test piece lies. Taking the first image in Table 1 as an example, its length and width forms the xy plane, and its length is in the x-direction; consequently, this test piece is named as xy plane–x direction. All the other test pieces are named in the same manner. It is noted that the specimens were directly printed strips to measure by drop test, not sliced from the large cube. The 3D-printed folding area influences the stiffness. In the study, the specific elastic modulus concerned the whole structure, ignoring the microstructure effect.



Based on the inversely calculated material constants, it is known that each test piece corresponds to an E and a G, i.e., the six test pieces correspond to six Es and six Gs. However, given that orthotropic materials have only Ex, Ey, Ez, Gxy, Gxz, and Gyz, it is inferred that the Es and Gs obtained from the test are in pairs. Moreover, the subscript of E is the same as the second part of the name of the test piece, while the subscript of G is the same as the first part of the name of the test piece. For example, the material constants Ex and Gxy of the xy plane–x direction test piece were obtained from the steel ball drop test. In the follow-up, the material constants of the six test pieces were inversely calculated, and the accuracy of this inference was verified.



The xy plane–x direction test piece was printed first. The print head was set to a temperature of 190 °C, and the platform was set to a temperature of 55 °C. The test piece was 166 × 24 × 2.4 mm3 in size with a weight of 10.85 g. The boundary condition during the test was such that the cantilever beam was fixed on one end. The total length of the cantilever beam was reduced to 149.45 mm after deducting the part clamped at the fixed end. A reflective patch was attached to the fixed end in order to enhance the LDV signal. The steel ball used for the drop test was 10 mm in size, and points A and B on the test piece were under impact. The purpose of hitting point A was to stimulate the bending mode of the cantilever beam, while the purpose of hitting point B was to simultaneously stimulate both the bending and torsion modes, so that the results of both could be compared.



Figure 4 and Figure 5 show the time domain and FFT-based frequency domain signals after hitting at points A and B. The resonance frequencies measured are listed in Table 2 and Supplementary Materials. The symbol B in the mode column indicates the resonance frequency of the bending mode, while the symbol T indicates the resonance frequency of torsion mode. How to obtain the simulation values is explained subsequently. The first-order resonance frequency in the bending mode was then substituted into Equation (5) to obtain the Young’s modulus: Ex = 3.19 GPa; the first-order resonance frequency in the torsion mode was substituted into Equation (12) to obtain Gxy = 1.12 GPa. The elastic modulus and shear modulus obtained by inverse calculation were input into theoretical solutions to obtain the several natural frequencies sequentially, in comparison with the experimental results. Therefore, the first natural frequency in bending and torsional modes has zero errors in theoretical solutions. The error with respect to the test results is mostly within 2%, indicating that the experiments and theory are in good agreement. The values of Ex and Gxy were then substituted into Equation (13), to obtain νxy = 0.429.



The above process was repeated, and the steel ball drop test was performed with the remaining test pieces. The material constants of all test pieces are listed in Table 3, and photos of the test pieces are shown in Figure 6. The values of E and G measured from the tests verify the above inference that test pieces of the same direction lead to the same E, and test pieces of the same plane lead to the same G. The material constants of the xy plane–x direction test piece, xz plane–z direction test piece, and yz plane–y direction test piece, i.e., Ex, Ey, Ez, Gxy, Gxz, Gyz, νxy, νzx, and νyz, were used as the nine material constants of the orthotropic material, as shown in Table 4. It is shown that the various printing directions cause the void and defect on different levels. The similar stacking planes with the same longitudinal direction have the approximate values of moduli. Therefore, for the sake of convenience and for saving time, the material constants of the orthotropic material can be determined by measuring only these three test pieces in the future, instead of measuring six test pieces. Table 2 and Supplementary Materials list the FEM results, with he natural frequencies obtained by the orthotropic material constants, to verify the experimental measurement and eigenvalues in vibrating theory. In addition to the results in Table 2 of the xy plane-x direction test piece, the other five test pieces are also verified in the Supplementary Materials. The difference in FEM is smaller than 5.3% by inputting the orthotropic material constants.



The simulated values in Table 2 and Supplementary Materials were obtained with the actual dimensions of the test pieces. The nine material constants listed in Table 4 were input into the finite element analysis software ABAQUS. The material was set to be orthotropic, the grid type was set to be C3D20R (3D 20 node quadratic brick, reduced integration) elements, and the assign material orientation command was used to specify the fiber strength direction of the test piece. After completing the above settings, the resonance frequency under each vibration mode was simulated, and the error between the simulation results and the theoretical and experimental values was calculated. The simulation shows good agreement with both theory and experiments, and the error between the simulations and experiments is smaller than that between simulations and theory. This is probably due to the fact that Bernoulli–Euler beam theory was used to estimate the material constant in a single direction of the orthotropic material, which caused some error. In contrast, the simulation results and experimental values are similar, and closer to expectation because they are obtained based on the orthotropic material. All in all, a complete set of orthotropic material constant measurement and simulation methods were described in this section.




4. Influence of Printing Parameters on Material Properties


After the non-destructive evaluation is established in the dynamic test, the printing parameters that influence the stiffness are determined by the inverse calculation of resonant frequency. This section mainly discusses the influence of printing parameters on material properties, including raster angle and layer height.



4.1. Raster Angle


The raster angle is defined as the angle between the printing direction and the x-axis (θ), as shown in Figure 7. If θ = 0°, the print head prints along the x-axis, i.e., the aforementioned x direction; if θ = 90°, the print head prints along the y-axis, i.e., the aforementioned y direction. The 3D printer was used to print five test pieces with θ = 0°, 30°, 45°, 60°, and 90°, as depicted in Figure 8. These test pieces were subjected to the steel ball drop test to measure the changes in E and G.



In terms of printing parameters, the spacing between each printed line of material is set to be 0.4 mm, and the spacing between each layer in the height direction is set to be 0.2 mm. The x-axis and y-axis correspond to the length and width of the test piece, respectively, which is166 × 24 × 2.4 mm3 in size. Therefore, the test piece with θ = 0° in this section is the same as the xy plane–x direction test piece in Section 3, while the test piece with θ = 90° is the same as the xy plane–y direction test piece in Section 3.



The values of E and G corresponding to each test piece can be obtained by the inverse calculation of material constants, as shown in Table 5. Using the corresponding cross-ply angle, the elastic constants are calculated from the off-axis transformation by the nine orthotropic material constants listed in Table 4. The longitudinally elastic constant, Ex′x′, is listed in Table 5 as the Eoff-axis. In addition, Figure 9 displays the comparison between Ex′x′, E, and G among the five test pieces. It can be seen from Figure 9 that E decreases as the raster angle (θ) increases. Given that the material constants indicate Ex = 3.19 GPa and Ey = 2.56 GPa, the value of E measured with θ = 0°–90° falls between Ex and Ey, and it is reasonable that the value decreases as the raster angle increases. Moreover, from a microscopic point of view, the test piece with θ = 0° under steel ball impact draws its stiffness from the wire material strength, while the test piece with θ = 90° under steel ball impact draws its stiffness from the binding force between the wire materials, which is much lower in comparison. As such, the measured value of E is indeed lower in the latter case. Similarly, the stiffness of the test piece, initially drawn from the wire material strength, becomes gradually more dependent on the binding force between the wire materials as θ increases, causing the stiffness and the measured value of E to decrease.



It is also seen in Figure 9 that G is maximum when θ = 45°, and shows a symmetrical distribution, i.e., the value of G with θ = 30° is very close to that with θ = 60°, and the value of G with θ = 0° is very close to that with θ = 90°. It is, thus, speculated that the material is generally subject to the maximum shear stress in the direction of 45° under torsion. Therefore, the test piece printed at a raster angle of 45° can withstand the maximum torsional force, i.e., the stronger the material under torsion, the greater the value of G that is measured. The off-axis transformation cannot calculate the reasonable values corresponding with the beam’s experimental test. The inaccuracy might occur from Poisson’s ratio. In addition, Mohr’s circle indicates that the test piece with θ = 30° and that with θ = 60° are subject to the same torsional force, resulting in similar values of G with symmetrical distribution.




4.2. Layer Height


The layer height is defined as the spacing between adjacent layers in the z-direction, which is 0.2 mm, as shown in Figure 3. The 3D printer was then used to print four test pieces with layer heights of 0.1 mm, 0.15 mm, 0.2 mm, and 0.3 mm, as depicted in Figure 10. The steel ball drop test was performed on these test pieces, and the changes in the measured values of E and G were determined.



In terms of printing parameters, the spacing between wire materials is set to be 0.4 mm. The x-axis and y-axis correspond to the length and width of the test piece, respectively. The raster angle is set to be θ = 0°, while the test piece is 166 × 24 × 2.4 mm3 in size. As such, the test piece with a layer height of 0.2 mm mentioned in this section is the same as the xy plane–x direction test piece mentioned in Section 3.



The values of E and G are based on the inversely calculated material constants of these four test pieces, as shown in Table 6. The extrusion amount in the table represents the feed length of the feed material in order to print 1 mm of wire material through the print head; this amount is a dimensionless parameter that is directly related to the diameters of the feed material and print head. In this study, the feed material has a diameter of 1.75 mm, whereas the print head has a diameter of 0.4 mm. The values of E and G are plotted in Figure 11, for the sake of comparison.



It can be seen from Figure 11 that, for a layer height between 0.3 mm and 0.15 mm, both E and G increase as the layer height decreases. At a layer height of 0.15 mm, E and G reach their respective maximum. However, when the layer height is further reduced to 0.1 mm, both E and G decrease. From a microscopic point of view, a smaller layer height implies a smaller spacing between the adjacent layers in the z-direction, i.e., greater compactness of stacking and smaller gaps between wire materials, corresponding to the higher strength of the printed test piece. In contrast, a smaller layer height set in the slicing software leads to a smaller extrusion amount per unit length. The extrusion amount must decrease to keep the geometric dimension, otherwise the fused filament deposited easily distort or collapse. The microstructure might be changed by the density, void, and heating treatment variation. Under the influence of both the layer height and the extrusion amount, the material strength does not increase continuously as the layer height decreases. From the conducted tests, it is found that when the layer height is approximately 0.15 mm, the maximum material strength is achieved.





5. Conclusions


In this study, six strip-like test pieces with different stacking methods were manufactured, based on FDM. Their material constants were inversely calculated. We observe a pairwise relationship because the Young’s modulus is related to the printing direction, and the shear modulus is related to the plane. A total of nine material constants were input into ABAQUS to simulate the natural resonance frequency of the orthotropic material. Test pieces with different stacking methods were simulated by setting diverse directions of the test pieces. The simulation results are highly consistent with theoretical and experimental values, proving the accuracy of the inversely calculated material constants based on test results. This establishes a complete set of methods for measuring and simulating orthotropic material constants. Only the oscilloscope and sensor, e.g., strain gauge or piezoelectric film, are needed to measure the dynamic signal. Then, the mechanical property is measured by inversely calculating the frequency domain transformation.



Subsequently, the influence of changing printing parameters, such as the raster angle and layer height, on the material properties was studied. It is found that when θ increases, the measured value of E decreases, because the stiffness of the test piece becomes more dependent on the binding force between the wire materials, rather than the strength of these materials themselves; this reduces the stiffness. The maximum value of G is achieved when θ = 45°, which shows a symmetrical distribution. This is because when subjected to torsional force, materials generally experience the maximum shear stress in the direction of 45°. In other words, the test piece printed along the 45° direction can withstand the maximum torsional force. In addition, Mohr’s circle indicates that the torsional forces at θ = 30° and θ = 60° are the same, thus, leading to symmetrical distribution.



Finally, the influence of the layer height was discussed. It is found that for layer heights between 0.3 mm and 0.15 mm, both E and G increase as the layer height decreases. However, when the layer height is further reduced to 0.1 mm, both E and G decrease. A smaller layer height indicates a higher degree of compactness of the stacked layers in the z-direction, thus, resulting in higher strength. However, when the set layer height is smaller, the extrusion amount per unit length of wire is also reduced, leading to the optimal value of the layer height at approximately 0.15 mm.
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Figure 1. Schematic of impact points on cantilever beam. 
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Figure 2. Setup of steel ball drop test. 
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Figure 3. Printing direction and parameters. 
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Figure 4. Time domain and frequency domain signals of xy plane–x direction test piece when hitting point A. 
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Figure 5. Time domain and frequency domain signals of xy plane–x direction test piece when hitting point B. 
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Figure 6. Photos of test pieces in different directions. 
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Figure 7. Schematic of raster angle. 
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Figure 8. Photos of test pieces with different raster angles. 
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Figure 9. Material constants of test pieces with different raster angles. 
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Figure 10. Schematic and photos of test pieces with different layer heights. 
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Figure 11. Material constants of test pieces with different layer heights. 
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Table 1. Schematic of test pieces in different directions.






Table 1. Schematic of test pieces in different directions.





	 [image: Applsci 12 06812 i001]
	 [image: Applsci 12 06812 i002]



	1. xy plane–x direction
	2. xy plane–y direction
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	3. xz plane–x direction
	4. xz plane–z direction
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	5. yz plane–y direction
	6. yz plane–z direction
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Table 2. Natural resonance frequency of xy plane–x direction test piece.
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Mode

	
Theory

	
Impact Point A

	
Impact Point B

	
FEM

	
Err. (%)

(Theory)

	
Err. (%)

(Exp.)




	
Exp.

	
Error (%)

	
Exp.

	
Error (%)






	
1_B

	
29.1

	
29.1

	
0.0

	
29.1

	
0.0

	
29.6

	
1.7

	
1.7




	
2_B

	
182.4

	
182.8

	
0.2

	
182.4

	
0.0

	
185.0

	
1.4

	
1.2




	
3_B

	
510.7

	
513.9

	
0.6

	
512.9

	
0.4

	
518.1

	
1.4

	
0.8




	
4_B

	
1000.8

	
1009.6

	
0.9

	

	

	
1016.2

	
1.5

	
0.7




	
5_B

	
1654.3

	
1670.8

	
1.0

	
1671.0

	
1.0

	
1680.4

	
1.6

	
0.6




	
6_B

	
2471.3

	
2495.2

	
1.0

	
2525.5

	
2.2

	
2507.8

	
1.5

	
0.5




	
1_T

	
331.7

	

	

	
331.7

	
0.0

	
333.4

	
0.5

	
0.5




	
2_T

	
995.1

	

	

	
1014.1

	
1.9

	
1014.4

	
1.9

	
0.0




	
3_T

	
1658.5

	

	

	
1738.5

	
4.8

	
1736.6

	
4.7

	
−0.1








B: bending mode; T: torsion mode Unit: Hz.
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Table 3. Measured results of test pieces with different directions.
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Test Piece Name

	
E (GPa)

	
G (GPa)

	
ν




	
Plane

	
Direction






	
xy

	
x

	
Ex

	
3.19

	
Gxy

	
1.12

	
νxy

	
0.429




	
xy

	
y

	
Ey

	
2.67

	
Gxy

	
1.13

	
νyx

	
0.184




	
xz

	
x

	
Ex

	
3.05

	
Gxz

	
1.03

	
νxz

	
0.486




	
xz

	
z

	
Ez

	
2.54

	
Gxz

	
1.04

	
νzx

	
0.227




	
yz

	
y

	
Ey

	
2.56

	
Gyz

	
9.05

	
νyz

	
0.416




	
yz

	
z

	
Ez

	
2.59

	
Gyz

	
9.02

	
νzy

	
0.436
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Table 4. Material constants of orthotropic material.
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Young’s Modulus

	
Shear Modulus

	
Poisson’s Ratio






	
Ex

	
3.19 GPa

	
Gxy

	
1.12 GPa

	
νxy

	
0.429




	
Ey

	
2.56 GPa

	
Gxz

	
1.04 GPa

	
νzx

	
0.227




	
Ez

	
2.54 GPa

	
Gyz

	
9.05 GPa

	
νyz

	
0.416
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Table 5. Material constants with different raster angles.
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	Raster Angle
	Eoff-axis (GPa)
	E (GPa)
	G (GPa)





	0°
	3.19
	3.19
	1.12



	30°
	3.27
	3.06
	1.16



	45°
	3.17
	3.00
	1.18



	60°
	2.91
	2.77
	1.16



	90°
	2.56
	2.67
	1.13
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Table 6. Material constants with different layer heights.
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	Layer Height
	E (GPa)
	G (GPa)
	Extrusion Amount (mm/1 mm-Feed Material)





	0.1 mm
	3.27
	1.16
	0.0166



	0.15 mm
	3.34
	1.19
	0.0249



	0.2 mm
	3.19
	1.12
	0.0333



	0.3 mm
	3.06
	1.03
	0.0499
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