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Abstract: The objective of this investigation was to determine the quasi-static indentation response
and failure mode in three-dimensional (3D) printed trapezoidal core structures, and to characterize
the energy absorbed by the structures. In this work, the trapezoidal sandwich structure was designed
in the following two ways. Firstly, the trapezoidal core along with its facesheet was 3D printed
as a single element comprising a single material for both core and facesheet (type A); Secondly,
the trapezoidal core along with facesheet was 3D printed, but with variation in facesheet materials
(type B). Quasi-static indentation was carried out using three different indenters, namely standard
hemispherical, conical, and flat indenters. Acoustic emission (AE) technique was used to capture
brittle cracking in the specimens during indentation. The major failure modes were found to be brittle
failure and quasi-brittle fractures. The measured indentation energy was at a maximum when using
a conical indenter at 9.40 J and 9.66 J and was at a minimum when using a hemispherical indenter
at 6.87 J and 8.82 J for type A and type B series specimens respectively. The observed maximum
indenter displacements at failure were the effect of material variations and composite configurations
in the facesheet.

Keywords: three-dimensional (3D) printing; additive manufacturing; quasi-static indentation;
brittle fracture; cracks; failure mechanism; energy absorption; sandwich structure; damage

1. Introduction

Sandwich panels are widely used in the aerospace industries due to their light weight and
excellent strength-to-weight ratios. These sandwich panels are prone to impact and indentation from
loading of field vehicles, grits, hail, bird strike and are mainly found in aircraft bodys, aircraft wings,
and nacelles. These impacts and indentations lead to huge damage and drop in the performance
of sandwich panels. Hence to overcome this, sandwich panels are designed by varying the core
design, height, thickness, cell density etc. Conventional honeycomb and cellular core structures are
manufactured from materials like paperboard, aluminum, polypropylene etc. These structures are
engineered using gear presses, extrusion from blocks of extruded profiles and then via expansion and
corrugation processes. Sandwich cores are also made up of composites like glass, Kevlar, carbon and
Nomex aramid fiber. Efforts are also made to improve the performance by introducing multilayer [1]
and fibre facesheets [2].
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Core design plays a major role in determining the impact, indentation resistance and load bearing
capacity of sandwich panels [3]. Thus, to improve the load bearing characteristics of sandwich panels,
an efficient core design is necessary. Kirigami structures used as sandwich cores are modified to
improve the energy absorption characteristics. An investigation modifying the Kirigami non-miura
folded structures was done, based on the cube and egg box tessellated patterns. Results showed 41%
improvement in energy absorption compared to conventional Kirigami cores [4]. Experimental studies
on the flatwise compressive behavior of newly designed lattice cores were performed to improve the
compressive strength of sandwich structures. In this investigation, the lattice patterns were waterjet
cut from paper boards and vacuum assisted resin transfer molding (VARTM) technique was used to
laminate the facesheet with the core. This technique of layering the facesheet improved the compressive
strength [5]. Impact studies on trapezoidal structures with multilayer core and facesheets improved the
strength which was due to micro inertia in the core design and also bending of interlayers was observed
which led to an increase in energy absorption reducing the force oscillations [6]. Aluminum alloyed
trapezoidal cores with fibre facesheets were investigated under different indenter geometries for
their energy absorption, damage modes and it was reported that sharp tip indenters required high
impact energy and damage modes were found to be matrix cracking with delamination of the
facesheet [7]. Investigations on pyramidal truss structures by quasi-static indentation [8] and shaker
mechanism showed that these structures are weak at their nodal points leading to disjoining of core
and facesheet [9].

Apart from core design, failure mode maps prove to be very efficient in optimizing the sandwich
parameters and improving their structural performance. Analytical models predicting failure modes
such as face sheet failure, skin wrinkling, and core failure in relation to the applied force were developed
and validated [10]. These models are useful in developing sandwich structures as per the requirements.
Validation tests through finite element analysis on honeycomb sandwich panels showed that crack
initiation was a direct result of localized deformation, and is independent of facesheet configuration.
The effect of facesheet was found vital in contributing to failure maps [11]. Apart from experimental
and numerical analysis, analytical models to map the failure modes were also developed to describe the
response of bending deformation in plane strain conditions [12]. Shear failure arises in the core due to
the result of bending moment in the core via the applied load and leads to core failure [13]. These shear
failure modes can be controlled based on proper selection of facesheet material and orientation, as the
inertia of the sandwich panel increases causing it to perform well under high loads [14,15]. A wide
range of testing has been done on sandwich panels by varying the facesheet [12], the core materials [16]
such as aluminum foam [17], the thickness of the core (thin walled structures) [18,19] and core designs
such as circular composites [20], corrugated Y-frame cores [21], and bulk glass alloys [22]. Previously,
work was done to report the role of various indenter geometries during indentation together with
their energy absorption characteristics [17,23,24]. It was reported that sharp tip indenters require more
energy to indent than standard hemispherical and a few other geometries. Therefore, it is evident that
the indenter geometry has a great influence on the energy characteristics of the specimen.

Due to manufacturing limitations, there is a restriction in core design. Additive manufacturing
(AM), is gaining popularity due to its compact manufacturing method of complex components
and it is one of the most advanced manufacturing technologies. AM technology offers the ease of
producing cost effective complex structures for various applications including tissue scaffolds for
tissue engineering [25], bio printing of cell-hydrogels [26], lattice structures in orthopedic implants [27],
heat sinks [28], and spacers in water treatment applications [29]. Three-dimensional (3D) printing may
be one of the future manufacturing technologies that will serve the purpose of manufacturing complex
parts for aerospace and defense. The applications of AM have been widely reported in aerospace and
many industrial areas due to its advantages like complexity and variety free, no assembly requirement,
little lead time, and less wastage of materials compared to the traditional machining process [30,31].
It was also reported that parts produced from AM will have long term sustainability in the aerospace
industries [32].



Materials 2017, 10, 290 3 of 18

Sandwich structures manufactured using AM technology proved to be lightweight, having high
stiffness to weight ratio and shape recovery effect. Circular honeycomb core designs proved to have
higher compression strength and the triangular cellular cores had a much faster recovery rate [33,34].
Investigation on out-of-plane compressive loading of 3D printed trapezoidal sandwich structures
showed that the major failure mode was the buckling of vertical pillars [35]. Experimental investigation
on compressive strengths of 3D printed sine wave and trapezoidal structures showed that trapezoidal
structures had 12.12% higher compressive modulus than sine wave structures [36]. Sandwich structures
printing using Inkjet printing technology led to performance evaluation of the ProJet® multi material
jetting 3D printer. Accuracies up to 13 µm were reported while printing [37]. Controlled printing for
excellent strength-to-weight ratio was also developed and tested by printing hollow models [38].

Therefore, in this research work, inkjet printing technology using 3D systems’ ProJet® MJP 5500X
(3D systems, Rock Hill, CA, USA) was used to manufacture the sandwich panels. Two types of
trapezoidal sandwich structures were printed; one with single material and uniform and the other
with layering of two different materials. Later, the panels were tested for their indentation behavior
under three different indenter geometries namely hemispherical, conical, and flat faced indenters.
These indenters were selected to determine the failure mode of sandwich panels under various
impacting objects apart from the standard hemispherical indenter. The effect of varying the facesheet
material on the load bearing capacity of the structure, the energy absorption characteristics under each
indenter, and the failure modes are here reported.

2. Three-Dimensional (3D) Printing of Core

2.1. Materials

The following work illustrates the lightweight structures developed for the aerospace industry.
The trapezoidal sandwich structures were manufactured with the wide variety of materials offered
from inkjet printing technology 3D Systems’ ProJet® MJP 5500X. 3D Systems’ ProJet® MJP 5500X has
the capacity to mix materials and print them as composites. 3D Systems’ ProJet® MJP 5500X materials
include VisiJet® CF-BK black rubber-like elastic material, and VisiJet® CR-WT white rigid acrylonitrile
butadiene styrene (ABS)-like material. One such combination was VisiJet® RWT-FBK 400 slightly
flexible material. Material properties of all the materials used are tabulated in Table 1.

Table 1. Properties of materials used for manufacturing sandwich panels. ABS: acrylonitrile
butadiene styrene.

Material/Property
VisiJet® CR-WT

White Rigid
ABS-Like Material

VisiJet® CF-BK
Black Rubber-like

Elastic Material

VisiJet® RWT-FBK
400 Slightly

Flexible Material

Density (g/cc) 1.04 1.04 1.04
Tensile Strength (MPa) 56 2.2 10
Elongation at Break (%) 8.1 290 25
Flexural Strength (MPa) 74 0.5 7.3

Inkjet printing technology was used to manufacture the trapezoidal sandwich structure in the
following combinations.

Type A: Both core and facesheet consist of VisiJet® CR-WT white rigid ABS-like material as
a single layer as shown in Figure 1a. Type B: Facesheet consists of three layers, Layer1-VisiJet®

CR-WT, layer 2-VisiJet® RWT-FBK 400, and Layer 3-VisiJet® CR-WT materials respectively as shown
in Figure 1b.
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(CAD) software—Solid Works 2015 (Dassault Systèmes, Vélizy-Villacoublay, Paris, France). The 
design was exported as Standard Tessellation Language (STL) file format and imported into the 
machine. Materials were assigned to various parts of the model created. Printing orientation was 
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and properties of the material. Upon completion of the printing, post processing was done on the 3D 
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Figure 1. (a) Type A series specimen; (b) type B series specimen; and (c) sandwich panel nomenclature.

Lightweight vertical pillared trapezoidal structures (vertical pillars were provided to enhance
load bearing capacity during out-of-plane compression loading and 45 degree pillars were provided to
support the vertical pillars to resist shear failure) with design specification as shown in Figure 1c with
different material combinations were manufactured. The design specification of the structure designed
is given in Table 2. The above trapezoidal geometry is widely used in aerospace and food packaging
industries [39]. In this work, these structures were adopted to ensure their viability in the aerospace
industries when manufactured using 3D printing technology.

Table 2. Design specification of sandwich panel.

Nomenclature A1 B1 C1 D1 E1 F1 G1

Vertical pillared trapezoidal structures (All dimensions are in mm) 100 16 1 1 10 12 100

Specimen nomenclature is given in Table 3. For example, A-Hemi represents sandwich panel with
VisiJet® CR-WT white rigid ABS-like material and tested using a hemispherical indenter.

Table 3. Specimen nomenclature.

Nomenclature Definition

Type A Specimen facesheet with VisiJet® CR-WT white rigid ABS-like material

Type B
Specimen facesheet with three layers

Layer 1-VisiJet® CR-WT, Layer 2-VisiJet® Layer 2-RWT-FBK 400
and Layer 3-VisiJet® CR-WT materials respectively

Hemi, Coni, Flat Testing was done using hemispherical, conical, and flat indenters respectively

2.2. Processing of 3D Printed Sandwich Structure

The specimens used for quasi-static indentation were designed using computer-aided design
(CAD) software—Solid Works 2015 (Dassault Systèmes, Vélizy-Villacoublay, Paris, France). The design
was exported as Standard Tessellation Language (STL) file format and imported into the machine.
Materials were assigned to various parts of the model created. Printing orientation was then assigned,
as the printing direction plays a major role in determining the mechanical behavior and properties of
the material. Upon completion of the printing, post processing was done on the 3D printed components
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to remove the wax support material. The wax was then removed in an oven by maintaining 65 ◦C
for about 2–5 h. The specimens were then immersed in an oil bath to further remove the wax from
the intricate structures. The samples were ready after final washing with water and drying. Figure 2
shows the final 3D printed specimens.
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Figure 2. (a) 3D printed specimen with VisiJet® CR-WT white rigid acrylonitrile butadiene styrene
(ABS)-like material for core and facesheet; and (b) 3D printed specimen facesheet with three layers;
Layer 1-VisiJet® CR-WT, Layer 2-VisiJet® Layer 2-RWT-FBK 400, and Layer 3-VisiJet® CR-WT
materials respectively.

3. Test Procedures and Observations

3.1. Significance of the Test

Damage in the out-of-plane region due to concentrated force is a major concern in many light
weight and laminated composite structures. During product development, the design and material
selection of the composites and laminates are very useful. Quasi-static indentation testing is mainly
carried out to study the force-displacement relationship of large mass impacts with a very small
support region. An estimate of the energy required to impart damage to the structure is also calculated.
The standard testing procedures include a rigidly backed condition in which the deflection effect of
the specimen is restricted and an edge supported condition in which the specimen is placed on a plate
having a circular opening and tested. In this case the specimen can deflect hence the deflection and
stiffness effect can be considered.

3.2. American Society for Testing and Materials (ASTM) Standard

The test procedure as mentioned in ASTM D6264/D6264M-12 standard test method [40] for
measuring the damage resistance of fiber-reinforced polymer matrix composite to a concentrated
quasi-static indentation was used for analysis. The standard allows testing to be done under two
different conditions. (1) Rigidly backed condition—suitable for specimens with rigid core and facesheet;
and (2) edge supported condition—suitable for specimens with flexible or multi-material facesheet
with the specimen deflection considered. In this work, the specimens were tested in an edge supported
condition so that the effect of deflection of the specimen was considered and the indenter could
penetrate until it indented the bottom of the specimens.

3.3. Experiment Equipment and Load

The tests were carried out in a universal testing machine SHIMADZU AG-X (Shimadzu Corporation,
Kyoto, Japan) up to 10 kN. The fixture for testing, i.e., a plate made from aluminum with a thickness of
40 mm and a circular opening at the center with a diameter of 76.4 mm was used. A standard
indenter with hemispherical tip and a diameter of 13.0 mm as per standards was used for the
testing. Two other indenters were also used to study the effect of different indenter shapes during
testing. Indenter shapes as shown in Figure 3 consist of a circular indenter with a hemispherical
tip, a conical indenter with a sharp tip, and a circular indenter with a flat tip. During testing the
indenter is aligned with the center of the specimen of offset at no more than 0.01 mm and then
indented. Before starting the test, the indenter was made to slightly touch the top facesheet of the
specimen and then a displacement of 1.25 mm/min was applied as per ASTM D6264/6264M-12.
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Quasi-static indentation being a displacement controlled phenomenon acts similarly like a low
velocity impact. However, the end damage to the specimen can be studied only in impact testing.
Force vs. displacement curves were obtained for all the tested specimens and then analyzed.

Figure 3. (a) Various indenters used for indentation experiment; and (b) geometrical dimension of
indenters 1–Hemispherical indenter, 2–Conical indenter, 3–Flat faced indenter.

To measure the exact crack initiation and crack propagation in the specimen during brittle and
quasi-brittle failure modes in indentation, a product of Vallen Systeme GmbH (Schaeftlarner Weg
Icking, Germany), acoustic emission (AE) sensors an non-destructive testing (NDT) technique was
incorporated. Vallen AMSY-6 data logger is equipped with eight AE channels and 10 parametric
channels. However, only four AE channels were utilized during this test. Four AE sensors
(100–450 KHz, resonance at 150 kHz) were mounted at the top and bottom of the fixture as shown in
Figure 4 and the peak amplitude vs. time was obtained.
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Sandwich panels are prone to different damage modes based on the geometry of the impact body.
Thus, studying the effect of quasi-static indentation under an indenter with hemispherical indenter is



Materials 2017, 10, 290 7 of 18

not enough. Hence indenters with three different geometries were used in the study and the effect of
indenter geometry studied.

3.4. Experimental Plan

The experimental plan is shown in Figure 5. As discussed specimens were 3D printed with two
different combinations of materials as per type A and type B in Section 2.1. The specimens were then
subjected to quasi-static indentation testing along with AE data loggers for capturing invisible and
minor cracks inside the specimen. In each case, five specimens were tested and their average result
is tabulated in Section 4. Finally, results are discussed based on the effect of 3D printed materials,
the effect of indenter geometry and crack initiation, as well as crack propagation timing using AE data
logger readings.
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Figure 5. Experimental plan.

4. Result and Discussion

A quasi-static indentation force was applied on the specimen using displacement controlled
phenomenon and data recording was done at a sampling rate of 5 data per second. The indenter was
made to fully penetrate inside the test specimens and then the damage was observed on both the top
and bottom side. All the compliance changes and damage were noted during testing. AE sensing
was also used to monitor minor cracks in the specimen. The force vs. displacement, force vs. peak
amplitude and peak amplitude vs. time graphs during testing were represented as follows

4.1. Force vs. Displacement, Force vs. Time and Peak Amplitude Pattern under Hemispherical Indenter

Figure 6 shows the average force-displacement curve for A-Hemi and B-Hemi series of the
specimen. It was found that there was a rise in force values up to 1.36 kN until an indenter displacement
of 2.62 mm after which the crack was initiated in the top facesheet and failure occurred. The type of
failure mode observed was purely a brittle failure. This brittle failure of the top facesheet was due
to the rigid material nature. Due to the core design (due to the trapezoidal angular wall and vertical
pillar resistance to indenter penetration), there was an intermediate rise and drop of force values as the
indenter progressed further. At a displacement of 12.5–13 mm there was again a rise in force values.
This was the effect of bottom facesheet indentation after which the specimen failed completely by
a sudden crack with brittle failure and the force values dropped to zero.

B-Hemi series specimens failed only after a displacement of 3.37 mm while the A-Hemi series
specimen failed at 2.39 mm. The elastic nature of the material caused the specimen to deflect in
the axial loading direction which indirectly led the indenter to penetrate more into the specimen.
During indentation, top facesheet failure was observed as quasi-brittle. This failure nature was due to



Materials 2017, 10, 290 8 of 18

the facesheet material configuration, as top and bottom ply were made of rigid ABS-like material and
the mid ply was made of rubber-like elastic material.Materials 2017, 10, 290  8 of 18 
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AE sensors were mounted to capture minor brittle crack timing throughout indentation, from
Figure 7 it is noted that the number of AE hits was higher over 100–120 s which clearly shows that the
specimen experienced a higher number of AE hits (minor internal crack recorded by AE data loggers)
and the top facesheet failed. It is also evident that until 120 s the amplitude was very low and during
failure at 120 s the amplitude values rose higher in all the four channels which denoted brittle failure
in the specimen with a loud noise.

Materials 2017, 10, 290  8 of 18 

 

 
Figure 6. Comparison of the force-displacement curve of A-Hemi and B-Hemi specimens. 

AE sensors were mounted to capture minor brittle crack timing throughout indentation, from 
Figure 7 it is noted that the number of AE hits was higher over 100–120 s which clearly shows that 
the specimen experienced a higher number of AE hits (minor internal crack recorded by AE data 
loggers) and the top facesheet failed. It is also evident that until 120 s the amplitude was very low 
and during failure at 120 s the amplitude values rose higher in all the four channels which denoted 
brittle failure in the specimen with a loud noise. 

 
Figure 7. Average force-time curve for A-Hemi series with recorded acoustic emission (AE) pattern. 

Five specimens were tested in each case and their damage geometry on the bottom facesheet is 
shown in Figure 8. The damage shapes were mostly found to be circular and rectangular. The area of 
damage made by the indenter was measured using ImageJ software (open source Java image 
processing program) [41,42]. These damage areas were then used to compute the percentage of 
damage occurring in the specimen. The hemispherical indenter made 33.4% damage to the 
specimen. On the top facesheet, the damage shape was found to be only circular and its magnitude 
was directly related to the diameter of the indenter. 

Figure 7. Average force-time curve for A-Hemi series with recorded acoustic emission (AE) pattern.

Five specimens were tested in each case and their damage geometry on the bottom facesheet is
shown in Figure 8. The damage shapes were mostly found to be circular and rectangular. The area
of damage made by the indenter was measured using ImageJ software (open source Java image
processing program) [41,42]. These damage areas were then used to compute the percentage of
damage occurring in the specimen. The hemispherical indenter made 33.4% damage to the specimen.
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On the top facesheet, the damage shape was found to be only circular and its magnitude was directly
related to the diameter of the indenter.Materials 2017, 10, 290  9 of 18 
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Figure 8. Observed damage modes of out-of-plane loading of A-Hemi series specimens.

From Figure 9, from 50 s to 180 s, crack initiation occurred with noticeable plastic deformation
and delamination in the specimen and it can be concluded that the crack started to propagate around
180 s and a drop in force values was observed with a rise in amplitude due to the cracking noise.
During bottom facesheet indentation, the force values seemed to rise higher due to the specimen
deflection and then failed. The elastic ply in between the two-rigid ply in the facesheet was the reason
for specimen deflection without failure during indentation. Even before failure, minor brittle cracks
in the top and bottom rigid ply were recorded as AE hits in the data loggers. When the deflection
exceeded the elastic limit, the specimen failed with a brittle fracture. Figure 9 clearly shows the bottom
facesheet failure at 720 s during which the specimen experienced a higher number of AE hits with
a high peak amplitude denoting failure.
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The damage shapes induced by the hemispherical indenter on B-Hemi series specimens are
shown in Figure 10. All the shapes were found to be circular on both the bottom and top facesheets.
The damage made was 30.04% and was lower compared to the A-Hemi series specimens. Due to
the brittle nature of the material used, A-Hemi series specimens had larger cracks in them leading to
higher damage percentage. While B-Hemi series specimens with a RWT-FBK 400 layer absorbed the
energy leading to less crack and lower damage percentage.
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4.2. Force vs. Displacement, Force vs. Time and Peak Amplitude Pattern under Conical Indenter

Figure 11 represents the force-displacement curve when indented using a conical indenter.
Behavior was entirely different from the previous case. Due to the sharp tip of the indenter,
brittle failure was observed in the top facesheet and failure occurred without rise in force values.
When the indenter progressed further, due to the surface contact between the indenter walls and the
specimen, there was a continuous rise in force values and a drop in force values due to the brittle core
cracking. A drop in force values was recorded at 12.03 mm indenter displacement for A-Coni series and
12.84 mm for B-Coni series specimens. Both the A-Coni and B-Coni series could withstand an average
of 920 N and 766 N during failure irrespective of the material used for the facesheet. The load bearing
capacity was significantly influenced by the indenter geometry.
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Figure 11. Comparison of force-displacement curve of A-Coni and B-Coni specimens.

Figure 12 shows the AE pattern recorded. Until 90 s there were minor cracks initiated in the
specimen and after that, top facesheet failure occurred at around 90 s. Until 90 s the amplitude values
recorded were only 40 dB noise level. After which they were raised to 95 dB denoting cracking in the top
facesheet. From 300 s to 660 s there was a rise and fall of force values along with high amplitude data
points recorded by AE data loggers denoting crack propagation throughout the specimen. This pattern
continued until specimen failure.
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Figure 12. Average force-time curve for A-Coni series with recorded AE pattern.

The damage geometries of the A-Coni series specimens under a sharp conical indenter as shown
in Figure 13 were found to be circular, rectangular, and triangular. Specimens even failed leaving over
few cracks in the bottom facesheet with force values reducing to zero. The damage due to the conical
indenter was 48.62%. This is higher compared to the A-Hemi series specimens and is purely because
of the indenter geometry. In some cases, the specimens failed even before the indenter fully penetrated
through the bottom side of the facesheet, while hemispherical indenters fully penetrated inside.
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Figure 13. Observed damage modes of out-of-plane loading of A-Coni series specimens.

AE pattern for B-Coni series of the specimen is shown in Figure 14. From the amplitude values
obtained using an AE data logger, it can be observed that the values of noise amplitude were very high
around 95 dB from the beginning of the experiment, which represents cracking in the specimen and
a cluster of data was recorded over 400–450 s representing brittle crack in the specimen with a drop in
force values. The force values seemed to increase continuously throughout the experiment until the
specimen cracked into two halves.

The damage shapes of B-Coni series of specimens as shown in Figure 15 were found to be square,
circular, and triangular, with few cracks on the bottom facesheet. Damage of 36.50% was noticed
for the conical indenter in the B-Coni series and this was due to the sharp tip of the indenter that
pierced through the bottom facesheet. Due to the elastic nature of material used in the B-Coni series,
more energy was absorbed making the indenter penetrate further down to impart damage to the
specimen which led to a higher damage percentage compared to the A-Coni series specimens.
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Figure 15. Observed damage modes of out-of-plane loading of B-Coni series specimens.

4.3. Force vs. Displacement, Force vs. Time and Peak Amplitude Pattern under Flat Indenter

When a flat indenter was used for indentation, the force-displacement curves as shown in
Figure 16 were found to be different from the other two cases. The rise in force values was seen until
130 s and due to further loading, the force values dropped suddenly and again started to rise until the
bottom facesheet failed. The failure was purely due to brittle fracture as the specimens immediately
cracked without plastic deformation.
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As the indenter started to penetrate the specimen, at 90 s low amplitude values were recorded
showing minor crack initiation in the top facesheet. Figure 17 shows that the number of AE hits was
higher at 120–230 s during which there was a crack initiation in the specimen and intermediate rise
and fall in force values were noted as an effect of core design; the specimen failed around 570–600 s.
From the amplitude values recorded using AE data loggers, there was rise in amplitude over 90–100 s
and at 570 s respectively. These amplitude patterns gave us the information to confirm the brittle crack
initiation and specimen failure timings accurately.
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Damage geometry in A-Flat series of specimens as shown in Figure 18 was found to be rectangular
and circular. Few specimens even cracked into two halves. A damage of 40.94% was made by the flat
indenter. The damage modes during failure were found to be brittle cracking of the core.
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Figure 18. Observed damage modes of out-of-plane loading of A-Flat series specimens.

B-Flat specimens were found to fail with a drop in force values as shown in Figure 19.
The specimens mostly failed before the indentation of the bottom facesheet. Due to the flat indenter,
the specimens buckled and due to further displacement of the indenter, the specimens were found
to fail with a brittle fracture. As shown in Figure 19, low amplitude AE data values were recorded
from 70 to 120 s specifying minor crack in the specimen. A rise in the number of AE hits was observed
at 80 s. The amplitude pattern shows that there was a rise in amplitude value around 120 s and this
pattern continued until the specimen failed.



Materials 2017, 10, 290 14 of 18
Materials 2017, 10, 290  14 of 18 

 

 
Figure 19. Average force-time curve for B-Flat series with recorded AE pattern. 

Damage geometry on the bottom facesheet of B-Flat series of specimens as shown in Figure 20 
was only of the circular type. Even the top facesheet incurred only circular damage. Damage of 
36.16% was observed. The flat indenter completely penetrated through the bottom facesheet leaving 
the damage shape to be circular, the same as that of its contact face. 

 
Figure 20. Observed damage modes of out-of-plane loading of B-Flat series specimens. 

4.4. Energy Absorption Characteristics 

The total energy absorbed by the specimen during indentation is dependent on the indenter 
geometry and type of material used for the specimen. The energy absorbed by the specimen is 
calculated from the area under the force-displacement curve as specified in ASTM D6264/6264M-12. 
Area under the curve is calculated by using  ܧ୫ୟ୶ = ሺδ୫ୟ୶ሻܧ = න ሺδሻ݀δஔౣ౮ஔబܨ   

Emax represents the energy required for the indenter to reach its maximum displacement. This energy 
also represents the energy required to impart failure in the specimen. The failure mentioned here 
denotes that the specimen’s bottom facesheet is indented, the specimen has cracked into halves or 
the force value has reached zero. 

From the energy calculation, it can be concluded from Table 4 that the energy required to reach 
maximum displacement is 9.40 J with a conical indenter for A-Coni series specimens and about 9.66 J 
for B-Coni series specimens. Indentation energy required for a flat indenter to indent was about 
6.96 J for A-Flat series and 8.95 J for B-Flat series. Therefore, the hemispherical indenter required the 
lowest energy to make an indentation which was about 6.87 J and 8.82 J for A-Hemi and B-Hemi 
series specimens respectively. This may be because when the conical indenter indented downwards, 

Figure 19. Average force-time curve for B-Flat series with recorded AE pattern.

Damage geometry on the bottom facesheet of B-Flat series of specimens as shown in Figure 20 was
only of the circular type. Even the top facesheet incurred only circular damage. Damage of 36.16% was
observed. The flat indenter completely penetrated through the bottom facesheet leaving the damage
shape to be circular, the same as that of its contact face.
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4.4. Energy Absorption Characteristics

The total energy absorbed by the specimen during indentation is dependent on the indenter
geometry and type of material used for the specimen. The energy absorbed by the specimen is
calculated from the area under the force-displacement curve as specified in ASTM D6264/6264M-12.
Area under the curve is calculated by using

Emax = E(δmax) =
∫ δmax

δ0

F(δ)dδ

Emax represents the energy required for the indenter to reach its maximum displacement. This energy
also represents the energy required to impart failure in the specimen. The failure mentioned here
denotes that the specimen’s bottom facesheet is indented, the specimen has cracked into halves or the
force value has reached zero.

From the energy calculation, it can be concluded from Table 4 that the energy required to reach
maximum displacement is 9.40 J with a conical indenter for A-Coni series specimens and about
9.66 J for B-Coni series specimens. Indentation energy required for a flat indenter to indent was
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about 6.96 J for A-Flat series and 8.95 J for B-Flat series. Therefore, the hemispherical indenter
required the lowest energy to make an indentation which was about 6.87 J and 8.82 J for A-Hemi
and B-Hemi series specimens respectively. This may be because when the conical indenter indented
downwards, there was reduced resistance to indent the top facesheet as the indenter has a very sharp
tip. As it progressed further the contact between the indenter and the specimen increased due to the
conical geometry. The contact between the indenter and specimen is the main reason for the higher
energy required by the indenter to displace into the specimen. It is also true in the case of a flat and
hemispherical indenter, the energy required is higher for the flat indenter as there is a huge contact
area between the indenter and the facesheet. In the hemispherical indenter, the contact area is only
a single point due to the curvature of the indenter tip. In short, the energy required for displacement is
lower. Therefore, indenter geometry and contact area have a major influence on the energy required
for maximum displacement. When the contact area increases, the energy required for maximum
displacement increases.

Table 4. Maximum energy required by the indenter for displacement.

Specimen Emax (J)

A-Hemi 6.87
A-Coni 9.40
A-Flat 6.96

B-Hemi 8.82
B-Coni 9.66
B-Flat 8.95

The reasons for the high standard deviation in the displacement values in Table 5 with the conical
indenter are as follows: Indenter displacements in the above mentioned three possible modes of
failure are entirely different, it is evident that in (1) the indenter penetrated through the bottom
facesheet, therefore the displacement of the indenter at failure is equal to or greater than the thickness
of the specimen (displacement ≥16 mm); in (2) the indenter did not penetrate the bottom facesheet
(position of indenter is inside the core), but the specimens failed (cracked into two halves) due to crack
propagation with force values reaching zero, therefore the displacement of the indenter at failure is less
than the specimen thickness (3 mm < displacement < 16 mm); and in (3) the force values reached zero
after the indenter penetrated the top facesheet forcing the specimen to crack, therefore the displacement
of the indenter at failure is equal to or less than the top facesheet thickness (displacement ≤3 mm).

Table 5. Experimental observation of sandwich panels.

Specimen

Max Force that the
Specimen Can

Withstand during
Crack Initiation

Max
Displacement
During Drop

in Force

Damage
Area on Top

Facesheet

Damage Area
on Bottom
Facesheet

Percentage of
Damage Occurred
in Exposed Area

(Bottom Side)

(kN) (mm) mm2 mm2 (%)

A-Hemi Average ± SD 1.36 ± 0.07 2.62 ± 0.40 133.60 1531.00 33.40

A-Coni Average ± SD 0.92 ± 0.21 12.03 ± 2.02 * 168.28 396.12 48.62

A-Flat Average ± SD 2.0 ± 0.29 2.34 ± 0.31 132.02 963.32 40.94

B-Hemi Average ± SD 1.31 ± 0.16 3.37 ± 0.38 133.41 1379.20 30.04

B-Coni Average ± SD 0.76 ± 0.29 12.84 ± 5.15 * 163.43 757.80 36.50

B-Flat Average ± SD 1.54 ± 0.13 2.25 ± 0.50 133.30 1659.16 36.16

* Specimens under conical indenter failed in three possible modes (1) Bottom facesheet failure after indenter
penetration; (2) Specimen cracked into two halves during indenter penetration with force values reducing to zero;
and (3) Force values reached zero during indenter penetration on top facesheet (specimens did not crack and
indenter did not penetrate through bottom facesheet).
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5. Conclusions

The indentation behavior of a 3D printed vertical pillared trapezoidal sandwich structure was
studied by quasi-static indentation testing under edge supported conditions. The indentation effect by
varying the facesheet material was also discussed. Special emphasis was given to the damage behavior
by varying the indenter geometry. Some of the major findings include:

(1) Indenter geometry (geometry of impacting object) has a major influence in determining the
load bearing capacity of the sandwich structures. Type A and type B series specimens could
withstand loads up to 2.0 kN and 1.54 kN under a flat faced indenter. The specimens are prone
to damage easily under sharp tip indenters with a low load bearing capacity of 0.92 kN and
0.76 kN for Type A and type B series specimens. These findings also agree with the findings of
other researchers.

(2) 3D printed trapezoidal sandwich structures of type A series can withstand high loads but fail
immediately with brittle behavior with lower indenter displacements. This failure mode was
because of the brittle material used for 3D printing. In addition, the type B series specimens could
only withstand low loads but failed only after higher indenter displacement. Indenter geometries
and facesheet material variation were found to be the factors most influencing the load bearing
capacity and energy absorption characteristics of the specimen.

(3) High sensitive AE patterns as a cluster of low amplitude noise levels indicate invisible crack
initiation in the specimens and high amplitude noise levels obtained indicate crack propagation
in the specimen. Therefore, this type of high sensitive crack detection technique is useful in
detecting even minor and internal failures in aerospace applications reducing the high risk of
complete part failure during operation.

Acknowledgments: This work was supported under the A*STAR TSRP—Industrial Additive Manufacturing
Programme by the A*STAR Science & Engineering Research Council (SERC) (Grant No. 1325504105).

Author Contributions: Vishwesh Dikshit and Arun Prasanth Nagalingam conceived and designed the
experiments and wrote the article. Yee Ling Yap and Arun Prasanth Nagalingam performed the experiments.
Arun Prasanth Nagalingam, Yee Ling Yap, and Swee Leong Sing analyzed the data and wrote the article.
Wai Yee Yeong and Jun Wei guided the research, advised on the experimental analysis, and reviewed this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Sun, D.; Zhang, W.; Zhao, Y.; Li, G.; Xing, Y.; Gong, G. In-plane crushing and energy absorption performance
of multi-layer regularly arranged circular honeycombs. Compos. Struct. 2013, 96, 726–735. [CrossRef]

2. Nagasankar, P.; Balasivanandha Prabu, S.; Velmurugan, R. Role of different fiber orientations and thicknesses
of the skins and the core on the transverse shear damping of polypropylene honeycomb sandwich structures.
Mech. Mater. 2015, 91, 252–261. [CrossRef]

3. Han, B.; Zhang, Z.-J.; Zhang, Q.-C.; Zhang, Q.; Lu, T.J.; Lu, B.-H. Recent advances in hybrid lattice-cored
sandwiches for enhanced multifunctional performance. Extreme Mech. Lett. 2017, 10, 58–69. [CrossRef]

4. Fathers, R.K.; Gattas, J.M.; You, Z. Quasi-static crushing of eggbox, cube, and modified cube foldcore
sandwich structures. Int. J. Mech. Sci. 2015, 101–102, 421–428. [CrossRef]

5. Norouzi, H.; Rostamiyan, Y. Experimental and numerical study of flatwise compression behavior of carbon
fiber composite sandwich panels with new lattice cores. Constr. Build. Mater. 2015, 100, 22–30. [CrossRef]

6. Cao, B.T.; Hou, B.; Li, Y.L.; Zhao, H. An experimental study on the impact behavior of multilayer sandwich
with corrugated cores. Int. J. Solids Struct. 2017, 109, 33–45. [CrossRef]

7. Liu, J.; He, W.; Xie, D.; Tao, B. The effect of impactor shape on the low-velocity impact behavior of hybrid
corrugated core sandwich structures. Compos. Part B Eng. 2017, 111, 315–331. [CrossRef]

8. Dikshit, V.; Prasanth, N.A.; Kumar, J.; Yap, Y.L.; Yeong, W.Y. Investigation of quasi static indentation on
3D printed honeycomb based truncated-pyramid square structure. In Proceedings of the 2nd International
Conference on Progress in Additive Manufacturing (Pro-AM 2016), Singapore, 16–19 May 2016.

http://dx.doi.org/10.1016/j.compstruct.2012.10.008
http://dx.doi.org/10.1016/j.mechmat.2015.08.002
http://dx.doi.org/10.1016/j.eml.2016.11.009
http://dx.doi.org/10.1016/j.ijmecsci.2015.08.013
http://dx.doi.org/10.1016/j.conbuildmat.2015.09.046
http://dx.doi.org/10.1016/j.ijsolstr.2017.01.005
http://dx.doi.org/10.1016/j.compositesb.2016.11.060


Materials 2017, 10, 290 17 of 18

9. Lu, L.; Song, H.; Huang, C. Experimental investigation of unbound nodes identification for metallic sandwich
panels with truss core. Compos. Struct. 2017, 163, 248–256. [CrossRef]

10. Andrews, E.W.; Moussa, N.A. Failure mode maps for composite sandwich panels subjected to air blast
loading. Int. J. Impact Eng. 2009, 36, 418–425. [CrossRef]

11. Zhu, S.; Chai, G.B. Damage and failure mode maps of composite sandwich panel subjected to quasi-static
indentation and low velocity impact. Compos. Struct. 2013, 101, 204–214. [CrossRef]

12. Campi, F.; Massabò, R. An analytical assessment of the influence of skin imperfections on the indentation
collapse mechanism in composite sandwich beams. Compos. Struct. 2011, 94, 299–311. [CrossRef]

13. Caprino, G.; Durante, M.; Leone, C.; Lopresto, V. The effect of shear on the local indentation and failure of
sandwich beams with polymeric foam core loaded in flexure. Compos. Part B Eng. 2015, 71, 45–51. [CrossRef]

14. Meraghni, F.; Desrumaux, F.; Benzeggagh, M. Mechanical behaviour of cellular core for structural sandwich
panels. Compos. Part A Appl. Sci. Manuf. 1999, 30, 767–779. [CrossRef]

15. Scarpa, F.; Burriesci, G.; Smith, F.; Chambers, B. Mechanical and electromagnetic behaviour of auxetic
honeycomb structures. Aeronaut. J. 2003, 107, 175.

16. Ashab, A.S.M.; Ruan, D.; Lu, G.; Xu, S.; Wen, C. Experimental investigation of the mechanical behavior
of aluminum honeycombs under quasi-static and dynamic indentation. Mater. Des. 2015, 74, 138–149.
[CrossRef]

17. Cheng, S.L.; Zhao, X.Y.; Xin, Y.J.; Du, S.Y.; Li, H.J. Quasi-static localized indentation tests on integrated
sandwich panel of aluminum foam and epoxy resin. Compos. Struct. 2015, 129, 157–164. [CrossRef]

18. Icardi, U.; Sola, F. Indentation of sandwiches using a plate model with variable kinematics and fixed degrees
of freedom. Thin Walled Struct. 2015, 86, 24–34. [CrossRef]

19. Petras, A.; Sutcliffe, M.P.F. Indentation resistance of sandwich beams. Compos. Struct. 1999, 46, 413–424.
[CrossRef]

20. Rajaneesh, A.; Sridhar, I.; Akisanya, A.R. Indentation failure of circular composite sandwich plates. Mater. Des.
2016, 89, 439–447. [CrossRef]

21. St-Pierre, L.; Fleck, N.A.; Deshpande, V.S. The dynamic indentation response of sandwich panels with
a corrugated or y-frame core. Int. J. Mech. Sci. 2015, 92, 279–289. [CrossRef]

22. Zameer Abbas, S.; Ahmad Khalid, F.; Zaigham, H. Indentation and deformation behavior of feco-based bulk
metallic glass alloys. Mater. Sci. Eng. A 2016, 654, 426–435. [CrossRef]

23. Zhou, G.; Hill, M.; Loughlan, J.; Hookham, N. Damage characteristics of composite honeycomb sandwich
panels in bending under quasi-static loading. J. Sandwich Struct. Mater. 2006, 8, 55–90. [CrossRef]

24. Muscat–Fenech, C.D.M.; Cortis, J.; Cassar, C. Characterizing qslvii damage of composite sandwich hulls.
Procedia Eng. 2014, 88, 141–148. [CrossRef]

25. Tan, Y.J.; Tan, X.; Yeong, W.Y.; Tor, S.B. Additive manufacturing of patient-customizable scaffolds for tubular
tissues using the melt-drawing method. Materials 2016, 9, 893. [CrossRef]

26. Lee, J.M.; Yeong, W.Y. Design and printing strategies in 3D bioprinting of cell-hydrogels: A review.
Adv. Healthc. Mater. 2016, 5, 2856–2865. [CrossRef] [PubMed]

27. Sing, S.L.; An, J.; Yeong, W.Y.; Wiria, F.E. Laser and electron-beam powder-bed additive manufacturing of
metallic implants: A review on processes, materials and designs. J. Orthop. Res. 2016, 34, 369–385. [CrossRef]
[PubMed]

28. Wong, K.K.; Ho, J.Y.; Leong, K.C.; Wong, T.N. Fabrication of heat sinks by selective laser melting for
convective heat transfer applications. Virtual Phys. Prototyp. 2016, 11, 159–165. [CrossRef]

29. Tan, W.S.; Chua, C.K.; Chong, T.H.; Fane, A.G.; Jia, A. 3D printing by selective laser sintering of polypropylene
feed channel spacers for spiral wound membrane modules for the water industry. Virtual Phys. Prototyp.
2016, 11, 151–158. [CrossRef]

30. Wilkinson, S.; Cope, N. Chapter 10—3D printing and sustainable product development a2–akhgar,
mohammad dastbazcolin pattinsonbabak. In Green Information Technology; Morgan Kaufmann: Boston,
MA, USA, 2015; pp. 161–183.

31. Thornton, A. Additive Manufacturing (AM): Emerging Technologies, Applications and Economic Implication;
Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2015; pp. 1–154.

32. Joshi, S.C.; Sheikh, A.A. 3D printing in aerospace and its long-term sustainability. Virtual Phys. Prototyp.
2015, 10, 175–185. [CrossRef]

http://dx.doi.org/10.1016/j.compstruct.2016.12.028
http://dx.doi.org/10.1016/j.ijimpeng.2008.08.005
http://dx.doi.org/10.1016/j.compstruct.2013.02.010
http://dx.doi.org/10.1016/j.compstruct.2011.05.006
http://dx.doi.org/10.1016/j.compositesb.2014.10.042
http://dx.doi.org/10.1016/S1359-835X(98)00182-1
http://dx.doi.org/10.1016/j.matdes.2015.03.004
http://dx.doi.org/10.1016/j.compstruct.2015.04.005
http://dx.doi.org/10.1016/j.tws.2014.10.002
http://dx.doi.org/10.1016/S0263-8223(99)00109-9
http://dx.doi.org/10.1016/j.matdes.2015.09.070
http://dx.doi.org/10.1016/j.ijmecsci.2014.11.021
http://dx.doi.org/10.1016/j.msea.2015.12.048
http://dx.doi.org/10.1177/1099636206056888
http://dx.doi.org/10.1016/j.proeng.2014.11.137
http://dx.doi.org/10.3390/ma9110893
http://dx.doi.org/10.1002/adhm.201600435
http://www.ncbi.nlm.nih.gov/pubmed/27767258
http://dx.doi.org/10.1002/jor.23075
http://www.ncbi.nlm.nih.gov/pubmed/26488900
http://dx.doi.org/10.1080/17452759.2016.1211849
http://dx.doi.org/10.1080/17452759.2016.1211925
http://dx.doi.org/10.1080/17452759.2015.1111519


Materials 2017, 10, 290 18 of 18

33. Yap, Y.L.; Yeong, W.Y. Shape recovery effect of 3D printed polymeric honeycomb: This paper studies the
elastic behaviour of different honeycomb structures produced by polyjet technology. Virtual Phys. Prototyp.
2015, 10, 91–99. [CrossRef]

34. Yap, Y.L.; Lai, Y.M.; Zhou, H.F.; Yeong, W.Y. Compressive strength of thin-walled cellular core by inkjet-based
additive manufacturing. In Proceedings of the 1st International Conference on Progress in Additive
Manufacturing, Singapore, 26–28 May 2014; pp. 333–338.

35. Dikshit, V.; Yap, Y.L.; Goh, G.D.; Yang, H.; Lim, J.C.; Qi, X.; Yeong, W.Y.; Wei, J. Investigation of out of plane
compressive strength of 3D printed sandwich composites. IOP Conf. Ser. Mater. Sci. Eng. 2016, 139, 012017.
[CrossRef]

36. Dikshit, V.; Prasanth, N.A.; Kumar, J.; Yap, Y.L.; Agarwala, S.; Yeong, W.Y. Out of plane compressive strength
of 3D printed vertical pillared corrugated core structure. In Proceedings of the 2nd International Conference
on Progress in Additive Manufacturing, Singapore, 16–19 May 2016; pp. 128–133.

37. Yang, H.; Lim, J.C.; Liu, Y.; Qi, X.; Yap, Y.L.; Dikshit, V.; Yeong, W.Y.; Wei, J. Performance evaluation of projet
multi-material jetting 3D printer. Virtual Phys. Prototyp. 2017, 12, 95–103.

38. Lu, L.; Sharf, A.; Zhao, H.; Wei, Y.; Fan, Q.; Chen, X.; Savoye, Y.; Tu, C.; Cohen-Or, D.; Chen, B. Build-to-last:
Strength to weight 3D printed objects. ACM Trans. Graph. 2014, 33, 97. [CrossRef]

39. Dayyani, I.; Shaw, A.D.; Saavedra Flores, E.I.; Friswell, M.I. The mechanics of composite corrugated
structures: A review with applications in morphing aircraft. Compos. Struct. 2015, 133, 358–380. [CrossRef]

40. American Society for Testing Materials. ASTM D6264/D6264M-12. Standard test Method for Measuring the
Damage Resistance of a Fiber-Reinforced Polymer-Matrix Composite to a Concentrated Quasi-Static Indentation Force;
ASTM International: West Conshohocken, PA, USA, 2012.

41. Schindelin, J.; Rueden, C.T.; Hiner, M.C.; Eliceiri, K.W. The ImageJ ecosystem: An open platform for
biomedical image analysis. Mol. Reprod. Dev. 2015, 82, 518–529. [CrossRef] [PubMed]

42. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. Nih image to ImageJ: 25 years of image analysis. Nat. Methods
2012, 9, 671–675. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/17452759.2015.1060350
http://dx.doi.org/10.1088/1757-899X/139/1/012017
http://dx.doi.org/10.1145/2601097.2601168
http://dx.doi.org/10.1016/j.compstruct.2015.07.099
http://dx.doi.org/10.1002/mrd.22489
http://www.ncbi.nlm.nih.gov/pubmed/26153368
http://dx.doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Three-Dimensional (3D) Printing of Core 
	Materials 
	Processing of 3D Printed Sandwich Structure 

	Test Procedures and Observations 
	Significance of the Test 
	American Society for Testing and Materials (ASTM) Standard 
	Experiment Equipment and Load 
	Experimental Plan 

	Result and Discussion 
	Force vs. Displacement, Force vs. Time and Peak Amplitude Pattern under Hemispherical Indenter 
	Force vs. Displacement, Force vs. Time and Peak Amplitude Pattern under Conical Indenter 
	Force vs. Displacement, Force vs. Time and Peak Amplitude Pattern under Flat Indenter 
	Energy Absorption Characteristics 

	Conclusions 

