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1. Introduction 

The use of additive manufacturing (AM) to enable the rapid prototyping of products 
containing new concepts has shown promise in a number of industries. For instance, 
additively manufactured prototypes have been used by automotive manufacturers 
due in part to the ability to get to market faster; within the aerospace industry due 
to the ability to generate highly complex and high-performance parts; and within 
the medical industry because it enables the generation of solid objects based on 3D 
imaging data.1,2 AM has been used extensively within the aerospace industry’s 
research community with both civilian and military applications in mind. 
Specifically, in 1998, Michelson and Reece used Fused Deposition Modeling 
(FDM) to produce a wing rib structure for their micro air vehicle.3 Since then, AM 
has been used to manufacture anything from individual parts in an unmanned aerial 
system (UAS), such as a quadcopter support frame4,5 and individual engine parts,6 
to a full aircraft.7,8 Some military applications have even considered using AM to 
manufacture unmanned aerial vehicles (UAVs), as was demonstrated with the RQ-
16 T-Hawk UAV.9 Furthermore, AM has also been used to enable the fabrication 
of morphing wings, some of which are designed to undergo a 100% spanwise 
extension,10 while others may be focused on airfoil or twist morphing.11–14 

While additively manufactured components are becoming increasingly common, 
the mechanical properties of a material being used in AM are generally different 
between the various AM techniques as well as from cast counterparts.15–18 
Furthermore, both the type of AM process (and specific parameters within the given 
process) and the print orientation often yield additional variation in the resulting 
mechanical properties.19–21 This was highlighted well in the review article by 
Lewandowski and Seifi in which they show that for Ti-6Al-4V the yield strength 
can vary from as low as 735 MPa up to 1150 MPa, and the elongation at failure can 
vary from 2.3% to over 20%.15 Furthermore, looking specifically at the AM of 
polymeric components, mechanical properties have been shown to differ based on 
the different printing methods available, including stereolithography,22,23 FDM,24,25 
selective laser sintering (SLS),26,27 and Polyjet.28,29 Additionally, within a given 
printing method, parameters such as the raster width and angle, infill pattern and 
density, build orientation, layer thickness, air gap, and feed rate can have a 
significant impact on the material properties of the resulting component.20,30–32 

As a result of the potential for variation in mechanical properties, it is not surprising 
that one of the major hurdles to the widespread use of additively manufactured parts 
is a better understanding of how the same final product compares when produced 
by different methods. It is therefore the purpose of this study to use the mechanical 
response of a beam subjected to three-point bending to develop a numerical method 
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capable of predicting the mechanical response of a complex additively 
manufactured component. We first discuss the manufacturing methods used (FDM, 
SLS, and Polyjet) and then the experimental procedure. We then present the 
mechanical response from the three-point bending experiments, followed by an 
analysis of the results. Finally, these results are used to develop a numerical model 
that is used to predict the response of a complex additively manufactured structure. 

2. Methods and Procedure 

2.1 Specimen Fabrication and Testing 

In order to compare a final net product, this study fabricated and analyzed beams 
that were additively manufactured using three printing methods. Specifically, 
beams were manufactured using the FDM, SLS, and Polyjet AM methods, and the 
materials used were Onyx, Duraform ProX, and RGD 875, respectively. For 
specimen naming simplicity, Polyjet samples are identified as UV due to the use of 
ultraviolet light (UV light) to cure the photopolymer during deposition. At least 
four specimens of each type and orientation were manufactured of nominal size of 
80 × 10 × 10 mm in terms of length (l), width (w), and thickness (t), respectively; 
the exact measurements, as well as the mass (m), are shown in Table 1. Specimens 
were named by manufacturing method and number (e.g., SLS-1).  

Table 1 Three-point bending specimen dimensions 

Test orientation 1 Test orientation 2 
No. l, mm w, mm t, mm m, g No. l, mm w, mm t, mm m, g 

FDM-1 79.97 10.00 9.88 8.99 FDM-5 79.95 10.11 9.91 9.00 
FDM-2 79.91 10.06 9.91 8.98 FDM-6 79.94 9.99 9.90 8.91 
FDM-3 79.91 10.08 9.90 9.00 FDM-7 79.97 10.07 9.91 8.91 
FDM-4 80.08 9.97 9.85 8.89 FDM-8 79.9 9.99 9.91 8.83 

… … … … … FDM-9 79.94 10.07 9.91 8.96 
SLS-1 80.19 10.14 10.00 7.91 SLS-5 80.16 10.32 9.99 7.97 
SLS-2 80.12 10.03 9.99 7.83 SLS-6 80.21 10.22 10.00 7.97 
SLS-3 80.21 10.08 9.97 7.85 SLS-7 80.17 10.15 10.03 7.92 
SLS-4 80.11 10.11 9.96 7.83 SLS-8 80.24 10.15 9.95 7.90 
UV-1 80.15 10.02 9.81 9.48 UV-8 79.98 9.79 9.81 9.20 
UV-2 80.11 10.02 9.87 9.46 UV-9 79.93 9.82 9.86 9.15 
UV-3 80.05 9.83 9.83 9.20 UV-10 80.19 10.01 9.84 9.46 
UV-4 79.92 9.86 9.82 9.23 UV-11 79.92 9.81 9.82 9.21 
UV-5 80.02 10.04 9.85 9.50 UV-12 80.01 9.79 9.81 9.19 
UV-6 79.95 9.88 9.87 9.24 UV-13 80.14 10.00 9.81 9.48 
UV-7 80.00 9.88 9.85 9.27 UV-14 80.21 10.04 9.83 9.48 

… … … … … UV-15 79.95 9.75 9.83 9.19 
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FDM specimens were printed with a Markforged 3D printer. Onyx thermoplastic 
filament was used, which consists of Nylon 6 infused with crushed carbon fiber. 
Each part was printed with a target 100% fill with a layer height of 0.1 mm. The 
print environment was standard atmosphere at room temperature. 

SLS specimens were produced in a ProX 500 SLS machine from 3D Systems. 
Virgin Duraform ProX PA12 powder was blended with recycled powder in a ratio 
of 85/15 (m/m) in a Material Quality Control (MQC) system. This powder blend 
was then fed pneumatically from the MQC to the SLS machine. The process 
chamber environment was held below 5% O2 via continuous nitrogen gas purge. 
Default processing conditions for the material were used, including a 13-mm-thick 
base layer, bed temperature of 169 °C during build phase, layer thickness of  
0.1 mm, laser speed of 12 m/s, laser scan spacing of 0.2 mm, fill laser power of  
62 W, and outline laser power of 20 W. Raster direction was alternated layer by 
layer between X and Y directions (“Sinterscan” option). During the cooling phase 
an additional 2.6 mm of powder was added on top of the completed build, followed 
by an uncontrolled cooldown during which the bed surface temperature dropped at 
approximately 0.9 °C/min. The powder cake was left in the machine for at least  
14 h before removing and breaking out parts. Parts were finished by blasting with 
superfine alumina to remove loose powder. 

The Polyjet specimens were additively manufactured with an Objet Eden 260VS 
3D printer using the Stratasys Polyjet printing technique.33 In this technique, the 
printer deposits liquid photopolymer onto a build tray, which is cured nearly 
instantly using UV light. This printer is capable of a resolution of 600 dpi in the 
printing plane and 1600 dpi in the out of plane. 

The three-point bend testing was conducted on an MTS hydraulic test machine in 
accordance with ASTM D726434 (Fig. 1b for specimens identified as test 
orientation 1 in Table 1 and Fig. 1c for specimens identified as test orientation 2 in 
Table 1). Specimens had an unsupported length of 60 mm and were loaded at a rate 
of 1 mm/min to a maximum displacement of 8 mm while time, force, and 
displacement information were recorded at a rate of 1 Hz. The specimens were 
coated with a flat white spray paint upon which a black speckle pattern was added 
to enable 3D digital image correlation (DIC) analysis of the deformation during the 
three-point bend testing. Images for DIC analysis were collected using a pair of five 
megapixel Point Grey Research digital cameras at a rate of 1 Hz in stereo vision 
and processed using Vic-3D from Correlated Solutions, using a subset, step, and 
filter size of 35, 2, and 20, respectively. 
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Fig. 1 Schematic of a) beam print direction; b) three-point bend test orientation 1; and  
c) three-point bend test orientation 2 

2.2 Numerical Analysis 

To enable future use of the results obtained from the experimental study, we 
transferred the experimental results into a numerical framework. We chose the 
Abaqus finite element software to generate an appropriate material model because 
of the flexibility it allows in making material models. As shown in Section 3, the 
three-point bend tests indicate that the beams printed all exhibit some level of 
tension‒compression asymmetry in both the elastic and plastic regimes. While 
some built-in material models are capable of handling tension‒compression 
asymmetry in the elastic regime and other built-in material models can handle 
elastic/plastic properties, no built-in material model in Abaqus was found capable 
of handling tension‒compression asymmetry in both the elastic and plastic regimes. 
As such, a custom user-material subroutine (UMAT) was generated, which was 
capable of handling tension‒compression asymmetry in both the elastic and plastic 
regimes and could be calibrated based on the experimental three-point bending 
results. 

For validation of the generated UMAT and extracted material parameters, the three-
point bend tests were repeated numerically using the same beam geometry and 

(a) 

(b) 

(c) 
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experimental conditions described in Section 2.1. The mesh used C3D8 elements 
and had a mesh size of 2 mm in the x- and y-directions based on Fig. 1b. In the z-
direction (based on Fig. 1b), the mesh size was 0.5 mm because it was expected 
that the largest stress‒strain variation in any given cross section should be in this 
direction. Furthermore, a large stress‒strain gradient was also expected in the x-
direction near the rollers, and as such, the mesh near the rollers was also refined to 
a mesh size of 0.5 mm in the region close to the rollers. 

3. Results 

3.1 Three-Point Bending Test Results 

Through analysis of the three-point test results, it can be shown that all three 
processes, in both orientations, generally behave in a similar manner through the 
elastic regime based on the 0- to 2-mm displacement shown in Fig. 2 for a typical 
specimen from all three printing techniques in both orientations. Based on Fig. 2, the 
variation in force displacement between printing techniques and print orientation 
begins after leaving this elastic regime. The data show that while the UV specimens 
experience plastic softening (both orientations are very similar, only varying slightly 
in maximum force), specimens manufactured using the FDM and SLS processes 
experience plastic hardening. Furthermore, from a print orientation perspective, it can 
be seen from Fig. 2 that the SLS specimens printed in orientation 1 had less plastic 
hardening and experienced failure at lower displacements than their orientation 2 
counterparts. The SLS specimens were the only specimens to fail by brittle fracture 
prior to 8-mm displacement as indicated by the X in Fig. 2 for the SLS-1 and SLS-5 
curves. Also, the FDM-1 specimen exhibited some damage as indicated by the force 
drop at approximately 6.2- and 7-mm displacement; however, it did not experience 
failure. All other printing techniques and orientations were able to achieve the full  
8-mm displacement. Given that the overall force‒displacement response is similar 
regardless of print orientation for a specific print orientation, further analysis on the 
stress‒strain behavior and modeling of the structural response was conducted 
specifically for specimens with print orientation 2. 
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Fig. 2 Force‒displacement test information for xz loading as points and xy loading as lines 

Digging deeper into the structural response of the specimens with print orientation 
2, it is necessary to understand the stress‒strain relationship for each of the printing 
methods in order to enable modeling of the three-point bend experiments. 
Generally, the neutral axis for specimens of any printing method was near the 
centerline of the specimen (at thickness location t = 0 mm) during the elastic portion 
of the material response. However, upon reaching plastic response, the centerline 
tended to move up the specimen (closer to the center roller as shown in Fig. 1). To 
account for this changing centerline position, stress calculations were adjusted to 
take into account the fact that the material volume experiencing tension and 
compression was unequal. Derivations of the equations are straightforward, 
especially when the strain response is linear, to get to Eqs. 1 and 2:  

 𝜎𝜎𝑡𝑡 =  3𝐹𝐹𝐹𝐹𝑠𝑠
4𝑤𝑤𝑤𝑤𝑡𝑡

 (1) 

 𝜎𝜎𝑐𝑐 =  𝑤𝑤
𝑡𝑡 − 𝑤𝑤

𝜎𝜎𝑡𝑡, (2) 

where σt is the tensile stress, σc is the compressive stress, F is the force applied, Ls 
is the supported length, and n is the location of the centerline (w and t are the width 
and thickness of the specimen as defined in Table 1). Using Eqs. 1 and 2 to get the 
stress response for each printing method (as well as the strain obtained through DIC 
at the top and bottom of the beams), the stress‒strain response for each specimen is 
plotted in Fig. 3b, in which it can be seen that the initial elastic region (≈ 0%−2% 
strain) for each AM technique is similar. However, the stress‒strain results in  
Fig. 3b indicate a different modulus in tension than in compression for each AM 
technique. Furthermore, the plastic response is different for each AM technique 
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under both tension and compression. For completeness, the results enable a 
calculation of the compression and tension modulus within the 0–3000 µє range 
(the elastic regime) for the FDM, SLS, and UV manufacturing methods of 3.28 GPa 
(Cv = 13.6%) and 2.13 GPa (Cv = 7.4%), 2.68 GPa (Cv = 7.5%) and 2.06 GPa  
(Cv = 6.9%), and 3.80 GPa (Cv = 8.5%) and 1.83 GPa (Cv = 8.8%), respectively. 

 

 
Fig. 3 Three-point bend results derived from DIC: a) SLS-5 strain results for vertical line 
below center roller; b) stress‒strain response for points on outer fiber of beam along vertical 
line below center roller. DIC stress‒strain measurements showing anisotropic behavior in 
tension and compression.

(a) 

(b) 
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3.2 Numerical Modeling 

The experimental results for three-point bending presented in Section 3.1 clearly 
indicate that these materials show a nonlinear and asymmetric material response. 
Therefore, to properly predict the behavior of such materials for use in complex 
structures that may experience both tension and compression in elastic and plastic 
regimes, it is necessary to use a numerical model capable of such tension‒
compression asymmetry in the elastic and plastic regimes. Numerous models 
already exist that are capable of handling an asymmetric tension‒compression yield 
surface, primarily for metallic materials.35–37 Furthermore, other models are capable 
of handling asymmetric tension‒compression behavior in the elastic regime. 
However, to the authors’ knowledge, a constitutive model capable of capturing 
tension‒compression asymmetry in both the elastic and plastic regime is not yet 
available. 

To properly capture the tension‒compression asymmetry in both the elastic and 
plastic regimes, a custom UMAT was developed that is capable of determining 
whether a material point was experiencing tension or compression and applying the 
appropriate material response to the material point. The UMAT enables the user to 
input a different elastic modulus for tension and compression, and then separates 
isotropic hardening within the plastic regime between compressive and tensile 
loading. To calibrate the UMAT for any general material, the user provides the 
elastic tensile and compressive Young’s moduli (in this case from the 0–3000 µє 
range as discussed previously) as well as the Poisson’s ratio. The user can then 
input as many (or as few) plastic isotropic hardening data points for tension as 
needed to accurately capture the plastic hardening curve. Similarly, the user 
subsequently inputs plastic isotropic hardening points for compression. In this 
manner, while the UMAT does assume isotropic response, it does allow for 
tension‒compression asymmetry in both the elastic and plastic regimes. 
Furthermore, since the calibration parameters are input to the UMAT, the UMAT 
is therefore capable of being used to simulate any material that may exhibit tension‒
compression asymmetry in both the elastic and plastic regimes. 

Through calibration of the UMAT material parameters as described previously and 
based on the results of Fig. 3, it was thereby possible to reproduce the stress‒strain 
response, and therefore the force‒displacement response of the three-point bend 
tests as shown in Fig. 4. Based on these results, the symmetric mean absolute 
percentage error (SMAPE) in all cases is well below 10% for the entire 0- to 8-mm 
displacement range (FDM 3.8%, SLS 1.6%, UV 3.4%). Furthermore, the data show 
that within the 0- to 4-mm displacement range, when the bulk of the material is in 
the elastic regime and/or initial plastic regime, the SMAPE (FDM 3.8%, SLS 0.8%, 
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UV 2.4%) indicates a strong match between the experimental and numerical data. 
Given that most applications will tend to use material within the elastic regime or 
allow for some plastic hardening, additional material parameter optimization for 
the highly plastic regime was not performed. Additional confirmation of the 
validity of the developed UMAT and calibrated material parameters can be found 
by comparing the numerical strain results to the experimental strain results as 
captured by DIC. Such a comparison is shown in Fig. 5, also indicating a good 
match between the experimental and numerical results for three-point bend testing. 

 
 

Fig. 4 Force vs. displacement for three-point bending test of a) SLS and b) FDM 

(a) 

(b) 
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Fig. 5 a) Experimental and b) numerical results for SLS-5 beam under three-point bending 
at 3.33-mm displacement 

3.3 Application to Complex Geometries 

Replicating experimental results for a simple experiment is valuable; however, 
reproducing a force displacement curve for a three-point bend experiment lacks 
demonstration of the practical utility of a numerical tool. Therefore, in order to 
validate the generated material model and material parameters for all three types of 
AM methods, the structural response of a complex aerostructure was also analyzed 
and subsequently compared to experimental results. As discussed in the 
Introduction, AM has been used extensively in recent years within the aerospace 
community to manufacture a number of components. Therefore, a useful test case 
for validating the developed numerical model is to test numerical prediction against 
experimental results for a complex aerospace structure. One such complex 
aerospace structure that could be additively manufactured would be a spanwise 
extending wing for use on a UAS. As referenced in the Introduction, Vocke et al. 
used the stereolithographic AM technique to manufacture a spanwise extending 
wing capable of 100% spanwise extension by making “V-shaped” bending 
members in between the ribs of the wing.10 Unfortunately, the strain in the V-
shaped bending members using the materials available was as high as 850% within 
the apex of the V-shape at 100% spanwise extension, which is well above the 
maximum strain tested for these materials based on Fig. 3b. Furthermore, since the 

(a) 

(b) 
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SLS specimens experienced failure when tensile strains exceeded 13%–18% (for 
specimens SLS-1 and SLS-5, respectively), these numerical results indicate that the 
V-shape members would break before reaching 100% spanwise extension of the 
structure. Therefore, an alternate geometry using smooth splines is considered in 
this study with the design goal of reaching 100% spanwise extension while 
minimizing any plastic strain generation. One such geometry capable of satisfying 
these design goals is shown in Fig. 6a, which has 54-mm inter-rib spacing,  
1.3-mm-thick splines connecting the ribs, and a 9-mm radius of curvature. Using 
this modified geometry, the maximum strain of 4.2% at 100% spanwise extension 
is well within the range of strains that could be achieved based on Fig. 3b. The 
resulting von Mises stress at 100% spanwise extension for this design using the UV 
material properties is shown in Fig. 6b. These results indicate that while some minor 
plastic strain is expected, the overall design should be able to undergo repeated 
100% spanwise extension without failure. 

 
Fig. 6 Spanwise extending prototype a) as designed and b) stress at 100% spanwise extension

(a) 

(b) 
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In order to validate the numerical predictions, prototypes of the spanwise extending 
wing section were additively manufactured using the three AM techniques studied. 
Using the tabs on the outside of the ribs as shown in Fig. 6a, the resulting prototypes 
were subjected to spanwise extension testing using an Instron screw-driven test 
frame. A quasi-static displacement control test was run on each prototype at  
10 mm/min to –15 mm, 30 mm, –15 mm, 50 mm, –15 mm, and finally to 0 mm 
while recording time, force, and displacement. Similar to the three-point bend test, 
DIC was also used to capture the strain on the front spline. An image of the SLS 
prototype loaded in the test frame at 0-mm displacement is shown in Fig. 7. 

 

Fig. 7 Prototype SLS spanwise expanding wing section loaded in Instron screw-driven test 
frame at 0-mm displacement 

To validate the predictive ability of the developed numerical model, it is now 
possible to compare the numerically predicted strain to the experimentally obtained 
strain given the experimental DIC results. Such a comparison is provided in Fig. 8, 
in which both the numerical and experimental strain along the axial direction, ϵyy, 
in the outer portions of the front spline for a prototype made using the SLS AM 
technique are shown to be nearly equivalent. In addition, to show that the match is 
good across the various AM techniques, Fig. 9 shows that the strain in the axial 
direction, ϵyy, tracks well throughout the entire experimental procedure at the points 
highlighted on Fig. 8a for a UV printed part. Furthermore, comparison of the force 
required to displace the wing section also indicates a good match between the 
numerical and experimental results for an FDM printed part as shown in Fig. 10a. 
Of particular interest in Fig. 10a is that both the experimental and numerical show 
a nonlinear force‒displacement relationship during extension beyond 15 mm, 
which can be attributed to the onset of plastic deformation according to the 
numerical results. Such nonlinearity would not have been captured without the use 
of a material model capable of capturing tension‒compression asymmetry in both 
the elastic and plastic regimes, as evidenced in Fig. 10b. The variation between the 
experimental results and numerical predictions in Fig. 10a can be attributed to 
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viscoelastic recovery, which was not accounted for in the numerical model.  
Nevertheless, these results indicate that the developed numerical model is capable 
of predicting the deformation of a complex geometry printed using three different 
AM techniques within 1% error. 

 
Fig. 8 Comparison of a) experimental and b) numerical strain in the spanwise direction at 
50-mm displacement for an SLS prototype spanwise extending wing section 

 

Fig. 9 Strain along the axial direction, ϵyy, for the point along the leading spar identified in 
Fig. 8a for a UV-printed spanwise extending wing 

(a) 

(b) 
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Fig. 10 Force‒displacement graph for prototype spanwise extending wing section made 
using FDM comparing a) experimental results and numerical prediction; b) numerical 
predictions using developed numerical model to an elastic model using solely the compressive 
or tensile modulus 

4. Conclusion 

As the use of additively manufactured components increases, it is necessary to be 
able to understand and predict how an additively manufactured component will 
behave. Furthermore, given the proliferation of possible AM techniques, it is 
necessary for a designer to understand how the final product will behave given the 
technique used. This study has shown the following: 

(a) 

(b) 
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• Beams subjected to three-point bend testing from three different AM 
techniques (FDM, SLS, and UV) will behave differently. The print 
orientations tested did not significantly alter the elastic or plastic response; 
however, the print orientation did impact the failure of the beams. 

• The additively manufactured beams all exhibit some level of tension‒
compression asymmetry within both the elastic and plastic regimes. 

• A custom user-material subroutine developed in Abaqus was able to 
appropriately capture the tension‒compression asymmetry and reproduce 
the experimental strains and the force‒displacement behavior.  

• Use of the developed user-material subroutine and the material parameters 
based on the three-point bending tests allowed us to accurately predict the 
response of a part with complex geometry that was manufactured using 
these three different AM techniques. 

Therefore, through the careful analysis of a three-point bend test, it is possible to 
predict how a complex part that is additively manufactured will respond to 
structural loading. 
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List of Symbols, Abbreviations, and Acronyms 

3D  three-dimensional 

AM  additive manufacturing 

FDM  fused deposition modeling 

DIC  digital image correlation 

MQC  material quality control 

SLS  selective laser sintering 

SMAPE symmetric mean absolute percentage error 

UAS  unmanned aerial system 

UAV  unmanned aerial vehicle 

UL  ultraviolet light 

UMAT  user-material subroutine 

UV  ultraviolet 
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