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INTRODUCTION 

Since the emergence of Fused Deposition 
Modeling (FDM) for rapid prototyping in the 
1980s, its use in engineering has increased ex-
ponentially [1–3]. 3D printers build components 
by adding material layer by layer [4–5], using a 
thermoplastic filament such as Acrylonitrile Bu-
tadiene Styrene (ABS) or Polylactic Acid (PLA) 
extruded and deposited by a heated nozzle [6]. 
3D printing has many advantages, such as low 

cost, material savings, customizability, and de-
creased manufacturing time among others. As 
such, 3D printing has been proposed for a vari-
ety of applications, including mechanical com-
ponents [7–8], medical applications [9–11], and 
architected materials [12–13]. One of the most 
relevant applications today is the fabrication of 
energy absorption structures for crashworthiness 
[14–15]. Several studies have been conducted to 
analyze the mechanical properties of 3D printed 
components, particularly their energy absorption 
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and resistance performance [16–17]. In a study 
conducted by Andrew et al. [18], the energy ab-
sorption performance of 3D printed CF/PEEK 
composite structures was analyzed. The experi-
mental investigation included structures with 
hexagonal, chiral, and re-entrant lattice shapes. 
The study demonstrated the effectiveness of these 
3D composite structures, as they offered advan-
tages such as lightweight design and high per-
formance. Similarly, Sankineni [19] evaluated 
the energy absorption capacities of 3D structures 
printed with PLA material. The analysis focused 
on cellular and triply periodic minimal surface 
(TPMS) structures. Among the TPMS structures, 
the deformed Gyroid structure exhibited superior 
energy absorption capacity, withstanding strains 
of up to 11.6%. In another experimental program, 
Zubrzycki et al. [20] evaluated the influence of 
3D printing parameters, using the FDM method, 
on the mechanical properties of structural com-
ponents. This study enabled the determination 
of the optimal printing parameters based on the 
forecasted load requirements for the components. 
Sarvestani et al. [21] developed and analyzed the 
energy absorption performance of 3D printed ar-
chitected polymeric sandwich panels. They fo-
cused on the core of the structures, considering 
topology and density, and proposed alternative 
cellular core architectures such as auxetic, rectan-
gular, and hexagonal geometries. The structures 
were evaluated via low-velocity impact tests. The 
best crashworthiness performance was found for 
the auxetic sandwich panel. Menegozzo et al. 
[22] proposed a novel honeycomb cell geometry 
design, consisting of internal diagonal walls to 
support the external walls. The honeycombs were 
evaluated through quasistatic axial and lateral 
compressive load, using both experimental and 
numerical methods. The specimens were manu-
factured with ABS thermoplastic material. Com-
pared to a hexagonal structure as a control, a 15% 
increase in energy absorption was calculated. 
Bolan et al. [23] evaluated the energy absorp-
tion of 3D-Printed Polymeric Octet-Truss Lattice 
Structures, fabricated from two different acrylate 
resins and cured under UV lighting. Quasi-static 
compression tests were conducted and the effect 
of strut length, radius, material, and density was 
confirmed to determine the failure mode. A semi-
empirical model for predicting energy absorption 
was also proposed. 3D printing technology has 
emerged as a powerful tool for designing innova-
tive cellular energy absorption structures, offering 

the ability to explore complex and unique topolo-
gies. As mentioned above, research on 3D print-
ed structures has largely focused on the experi-
mental, numerical, and theoretical assessment of 
printing parameters and materials. Unfortunately, 
there is a scarcity of studies examining the impact 
of cellular structure topology and mass on out-
in-plane load behavior. Consequently, there is a 
distinct need to expand the body of knowledge 
in this area since the majority of the reported re-
search focuses on flexion, lateral, and in-plane 
compression loading conditions. Thus, the ob-
jective of this work, therefore, is to design and 
evaluate five novel sandwich structures featuring 
triangular, square, and circular geometries. Two 
types of configurations are investigated. The first 
type involves single geometries while the sec-
ond type is called cellular arrangements, which 
consist of individual shapes connected by ribs. 
The direct effect of the ribs was also analyzed. 
These structures were built using ABS material, 
and their performance will be assessed numeri-
cally through out-of-plane quasi-static compres-
sion tests. By emphasizing the geometric aspects 
and mass performance of the structures, this study 
aims to furnish designers with valuable findings, 
beyond the scope of printing parameters, to in-
form the creation of energy absorption structures.

RESEARCH AND METHODS

Crashworthiness metrics

Crashworthiness is the capacity of a structure 
to resist impact forces while maintaining the in-
tegrity of the passengers during a collision. This 
is achieved through the controlled deformation of 
the structure. Several parameters have been pro-
posed to evaluate crashworthiness performance, 
the most important of which are listed in Table 
1, with F denoting the axial force, δ the displace-
ment, and m the mass [24].

Material characterization of 
acrylonitrile butadiene styrene

The sandwich structures were printed with 
ABS. The mechanical properties of ABS were 
studied using an ASTM D638 tensile test de-
signed for plastic materials. Type I tensile sam-
ples were printed on a Zortrax® M200 with an 
infill of 100% (see Figure 1). To understand the 
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mechanical behavior of the samples in relation 
to the printing orientation angle, samples were 
printed at 0°, 45°, and 90°, as shown in Figure 2.

The tensile test was conducted on a Shimadzu 
AG-X Plus 100kN universal test machine at a 

speed of 5 mm/min. The deformation was mea-
sured using an Epsilon 3542-050M-050-ST ex-
tensometer. Details of the experimental setup and 
samples are shown in Figure 3. Three tests were 
conducted for each printing angle to ensure the 
accuracy of the results. The stress versus defor-
mation curves, as depicted in Figure 4, demon-
strate the influence of the printing angle on the 
mechanical response of the samples, consistent 
with reported in the literature [20]. As antici-
pated, the sample printed at a 0° angle exhibited 
the lowest strength performance. Conversely, the 
samples printed at 45° and 90° angles exhibited 
superior strength performance. It is worth noting, 
however, that the samples printed at a 90° angle 
displayed a greater strain at the beginning of the 
tensile test. From these curves, a Young modulus 

Table 1. Relevant crashworthiness parameters [24]
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Energy absorbed [Ea] 
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Table 2. Geometric characteristics of the 3D printed sandwich structures, units in mm 
 

Specimen code Base Thickness (𝒕𝒕) Mass (gr) 

SSQ Square 0.5 28.1 

SS45 Square 0.5 45.8 

SRB Rhomboidal 0.5 36.1 

SCC Circular 0.5 50.6 

SSC Square 0.5 60.1 
 
 
Table 3. Summary of relevant energy absorption indicators calculated for ABS sandwich structures 
 

Specimen 
code 

Peak load 
Pmax (kN) 

Mean crushing 
force Pm (kN) 

Energy absorption Ea 
(kJ) 

Specific energy 
absorption SEA (J/gr) 

Crushing force 
Efficiency CFE 

SSQ 9.60 6.09 0.201 7.153 0.634 

SS45 20.34 11.75 0.388 8.471 0.577 

SRB 16.45 10.57 0.349 9.667 0.642 

SCC 24.67 21.81 0.720 14.229 0.884 

SSC 29.77 23.06 0.761 12.662 0.774 
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Fig. 1. Geometric characteristics of a type I sample for an ASTMD 638 test; units in mm [25]

Fig. 2. ABS samples printed with 
printing angle of 0°, 45° and 90°

Fig. 3. (a) Before and (b) after images of the ASTM D638 Tensile test, where the numbers in 
the image indicate: 1-Printed sample, 2-Lower jaw, 3-upper jaw and 4-extensometer
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of 2451 MPa and a yield stress of 29.16 MPa 
were calculated, which are consistent with litera-
ture data [26]. Since similar maximum strengths 
were computed for samples printed at 45° and 
90°, these curves were used in the next section.

First numerical model

In order to guarantee the feasibility of numeri-
cal techniques, a tensile test discrete model was de-
veloped in Abaqus/Explicit software. The sample 
was modeled with S4R elements, with elastoplas-
tic properties for ABS material, a Young modulus 
of 2451 MPa, a yield stress of 29.16 MPa, a Pois-
son coefficient of 0.38, and a density of 1024 kg/m3 
(see Section 3). Fixed conditions were imposed on 
the left end, while a velocity condition was applied 
to the nodes on the right end. The strain was deter-
mined by analyzing the X1 and X2 node references 

shown in Figure 5, which are separated by 50 mm, 
as indicated in [25]. Details of the discrete model 
are presented in Figure 5. A comparison of nu-
merical and experimental results for the strain vs. 
stress curves is shown in Figure 6. As can be seen, 
the discrete model accurately reproduces both the 
quantitative and qualitative mechanical response 
of the sample, with a maximum resistance close to 
29 MPa. The difference between the models is less 
than 3%. The numerical model is thus corroborat-
ed and it is possible to continue with the analysis of 
the ABS printed sandwich structures.

Numerical analysis of the 3D 
printed sandwich structures

The main purpose of this article is to evalu-
ate the energy absorption performance of new 3D 
printed sandwich structures. Five structures were 

Fig. 4. Stress vs strain curves for the samples made of ABS material with different printing angles

Fig. 5 Coordinate system and discrete model used for the tensile test
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designed based on square, triangular, and circular 
patterns. The structures consist of a core struc-
ture encapsulated by two face-sheets (skins), with 
The core dimensions are 70 mm in length (L) and 
width (W), with a height (H) of 50 mm. The skins, 
on the other hand, have a length and width of 80 
mm and a thickness of 2 mm. All structures were 
given mechanical properties for Acrylonitrile Bu-
tadiene Styrene material (see Section 3). Table 2 
presents the details of the structures with the top 
skin hidden to show the geometrical patterns. The 
structures were numerically evaluated via quasi-
static out-of-plane compression tests at a speed of 
6 mm/min. The out-of-plane refers to extrusion-
direction. The bottom skin was constrained in all 
directions, while the top skin was unconstrained 
only in the y-direction to allow for the compres-
sion of the structure. During the simulation, the 
core and skins were modeled with shell element 
type S4R, and the plates were considered as rigid 
bodies with R3D4 elements. A friction coefficient 
of 0.15 was used for the contact interaction be-
tween the skins and the compression plates. To 
avoid condensation and to capture the effect of 
the core geometry, a crushing length of 33 mm 

was established. Lastly, an element size of 2 mm 
was determined based on a mesh convergence 
analysis. The discrete model is shown in Figure 7.

RESULTS AND DISCUSSION 

The mechanical behavior of the sandwich 
structures was determined through analysis of 
force displacement curves obtained from com-
pression tests. Figure 8 shows that the geometry 
of the cell had a significant effect, resulting in 
different qualitative and quantitative behaviors. 
The sandwich structures can be divided into two 
groups based on geometric arrangement: the 
first group consists of cores based on polygonal 
shapes (SSQ, SS45, and SRB), while the second 
group consists of structures with cores formed 
by a cellular arrangement, such as SCC and SSC. 
In the case of the first group, the qualitative be-
havior was characterized by a rapid increase in 
force at the beginning of the compression test, 
followed by a sudden decrease until reaching a 
stable behavior. This behavior is typical and it 
has been reported for polygonal structures under 

Fig. 6. Comparison of stress vs strain curves between numerical and experimental tests

Table 2. Geometric characteristics of the 3D printed sandwich structures, units in mm
Specimen code Base Thickness (t) Mass (gr)

SSQ Square 0.5 28.1

SS45 Square 0.5 45.8

SRB Rhomboidal 0.5 36.1

SCC Circular 0.5 50.6

SSC Square 0.5 60.1
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out-of-plane compression loads [18, 28]. Con-
versely, structures SCC and SSC exhibited a 
gentle decrease in force during the first 10 mm 
of displacement. During the crushing process, 
the force showed a wave-like behavior without 
reaching stabilization. The cellular cores exhib-
ited higher strength than the polygonal cores, as 
evidenced by the peak load (Pmax) values rang-
ing from 9-30 kN. The highest resistance was 
observed in structure SCC, which had a Pmax 
value close to 30 kN. In all cases, a densifica-
tion phase was observed at the end of the test. 
The densification phase occurs when a displace-
ment of 25 mm is reached. This phenomenon 

can be attributed to a higher interaction among 
the walls, leading to an increase in the crushing 
force, as explained in [28]. 

The collapse mode determines the mechani-
cal response and energy absorption capacity of 
the structures. The stiffness provided by the cell 
pattern determines the generation of static and 
dynamic yield hinge lines during the compression 
test. In the first group, progressive deformation 
of the cells is observed (see Figure 9), with vis-
ible buckle effects, especially in structures with 
a rhomboidal pattern (SRB), as evidenced by the 
large difference between Pmax and Pm in Figure 
8. Structures with cell arrangement (SCC and 

Fig. 7. Discrete model for the compression test of 3D printed sandwich 
structures (specimen SSQ shown for reference)

Fig. 8. Compression force vs displacement curves for 3D printed sandwich structures
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Fig. 9. Final deformation state for the 3D sandwich structures made of polygonal cores

Fig. 10. Final deformation state for the 3D sandwich structures made of cellular arrangements

SSC) exhibit better stress distribution, thanks to 
the ribs acting as joint elements between circu-
lar and square shapes. This improved stress dis-
tribution increasing the strength of the structures. 
New hinge lines were formed in these elements, 
as shown in Figure 10. Cells located around the 
periphery of the sandwiches experienced higher 
deformation as they are not encapsulated. This 
behavior is expected due to the lack of constraints 
on the outer elements, allowing them to rotate 
around the x-axis. This phenomenon has been 
previously observed and documented in the liter-
ature [27]. In Figures 9 and 10 the top skins were 
hidden to easily observe the pattern deformation 
of the cores. For the quantitative analysis of the 
sandwich structures, the most representative en-
ergy absorption indicators were calculated using 
the mathematical expressions presented in Table 

1. The results are presented in Table 3. Struc-
tures with cellular arrangements (SCC and SSC) 
showed better mechanical response compared 
to structures based on polygonal forms without 
ribs. The structure SSC exhibited the maximum 
strength resistance with a Pmax value of 29.77 kN. 
This represents a 32% improvement compared to 
the weakest structure SSQ (structure with typical 
grid core) with a computed value of 9.60 kN. The 
improved performance of the SSC structure can 
be attributed to better stabilization of the core un-
der load, as evidenced by the lower mean force 
(Pm) value of 6.09 kN, indicating the low stiff-
ness of the square pattern in the SSQ structure. 
Energy absorption (Ea) is an important parameter 
as it considers both elastic and plastic deforma-
tions. Ea values ranging from 0.201 kJ to 0.761 
kJ were obtained. The structure with the best Ea 

Table 3. Summary of relevant energy absorption indicators calculated for ABS sandwich structures
Specimen 

code
Peak load
Pmax (kN)

Mean crushing 
force Pm (kN)

Energy absorption 
Ea (kJ)

Specific energy absorption 
SEA (J/gr)

Crushing force 
Efficiency CFE

SSQ 9.60 6.09 0.201 7.153 0.634

SS45 20.34 11.75 0.388 8.471 0.577

SRB 16.45 10.57 0.349 9.667 0.642

SCC 24.67 21.81 0.720 14.229 0.884

SSC 29.77 23.06 0.761 12.662 0.774
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performance of 10.76 kJ was the one with a cir-
cular cellular arrangement (SSC), representing a 
278% improvement compared to the lowest Ea 
value obtained. Considering the different masses 
of the structures, the specific energy absorption 
(SEA) was calculated to identify the best ratio be-
tween mass and Ea. The structure with a circular 
cellular arrangement (SSC) exhibited the highest 
SEA value of 14.229 J/g. In general, cellular ar-
rangements tend to exhibit better Ea performance 
compared to typical rectangular structures. This is 
attributed to the high-density that can be achieved 
at the core, which is in agreement with the find-
ings described in [21].

As mentioned earlier, structures with square 
cellular arrangements exhibit higher resistance 
(Pmax) and Ea. However, this does not necessar-
ily mean they have the best crashworthiness be-
havior. To evaluate this, the crush force efficiency 
(CFE) was calculated. The cellular arrangements 
(SCC and SSC) showed better performance than 
their polygonal counterparts. CFE values rang-
ing from 0.774 to 0.884 were obtained. The best 
CFE performance, with a value of 0.884, was 
achieved by the circular cellular arrangement 
(SCC). This corresponds to a 53% increase com-
pared to the typical sandwich structure (SS45). 
Physically, at the beginning of the compression 
test, the circular geometry allows for a better dis-
tribution of stress along the rib joints. The cir-
cular shape, reinforced by ribs, provides greater 
stability to the structure, resulting in a larger 
area under the stress-strain curve. At this stage, a 
greater contact interaction between the cells and 
join-plates takes place, effectively minimizing 
the buckling effect. Additionally, due to the high-
density nature of cellular structures, the core ex-
hibits less porosity. This characteristic contrib-
utes to achieving a higher crushing force during 
the compression test. Based on this, sandwich 
structures with circular cellular arrangements are 
recommended for crashworthiness applications. 
There are many advantages associated with these 
structures, including excellent energy absorption 
capacity, low weight, relative low peak load with 
the plates acting as joint connections [21]. 

CONCLUSIONS

In this article, we analyzed the energy ab-
sorption and strength of 3D sandwich struc-
tures made with ABS using the finite element 

method. We assessed five structures with cores 
based on polygonal and cellular arrangements 
through compression tests. Based on our nu-
merical simulations, we draw the following 
conclusions. The fused deposition method (3D 
printing) is a powerful tool for designing thin-
walled structures. It allows for the creation of 
complex geometries that are lightweight, yet 
possess acceptable strength and are cost-effec-
tive. As demonstrated in Section 3, the print-
ing angle has a significant impact on the me-
chanical response of the printed components. 
Therefore, this parameter should be determined 
based on the specific application of the sand-
wich structures, such as axial or bending load. 
When it comes to sandwich structures, cellu-
lar cores exhibited better resistance compared 
to polygonal cores without ribs. This resulted 
in improved load carrying capacity. Physically, 
the ribs increased the stability of the structure. 
Moreover, cellular structures exhibit larger 
densities, so more interaction at the core walls 
is achieved. The highest resistance, equal to 
29.77 kN, was calculated for the SSC structure. 
This represents an increase of 32% compared to 
the typical grid core (SSQ).

The energy absorption of the structures de-
pends on the geometry of the core. Cellular ar-
rangements showed an increase in this param-
eter of 278% compared to the SSQ structure 
(single shape). The ribs in the cellular cores 
contributed to better structural stability and 
controlled deformation. At this point, the ribs 
played a significant role in preventing buckling 
phenomena and promoting the formation of 
a greater number of hinge lines. The analysis 
of specific energy absorption (SEA) revealed 
a heavier structure does not necessarily mean 
better performance in terms of Ea. The best 
SEA value of 14.229 kJ was calculated for the 
circular cellular arrangement (SCC).In terms 
of crush force efficiency (CFE), cellular ar-
rangement cores (SSC and SCC) demonstrated 
improvements ranging from 34% to 53% com-
pared to the lowest CFE value of 0.577, which 
was calculated for the SS45 sandwich structure. 
This meant a low value of Pmax with an accept-
able energy absorption. Lastly, considering the 
high CFE value of 0.884 exhibited by the cir-
cular cellular core (SCC), this particular geom-
etry pattern is highly recommended for applica-
tions requiring energy absorption. It combines 
acceptable resistance with low weight.
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