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ABSTRACT 

Fused deposition modeling (FDM) printed polymers are rarely used as a structural material due to anisotropic 

and low mechanical properties compared with conventional composites. In recent years, greater need has been 

expressed for recycling of materials, such as recyclable FDM, at the end of service life to reduce environmental 

pollution and manufacture cost. However, how the amount of resin uptake in the skin and skin/core interphase 

affects the bending and shear performance of the sandwich composites when replacing the low strength and 

ductile core (conventional core) with a high strength and brittle core (FDM printed PLA (polylactic acid) core) 

still remains unclear. A new manufacturing routine is needed to improve the incorporation of FDM printed 

polymers in composite structures. In this work, FDM printed PLA was used as core material and sandwiched 

between two unidirectional glass fiber reinforced polymer (GFRP) skins to form a sandwich composite by 

compression-molding (CM) process, which provides a good manufacturing strategy for skin/core interphase 

modification. The significance of the CM process is proved by investigating the effect of resin uptake on 

bending and in-plane/out-of-plane shear performances. Current first order shear deformation (FSDT) theory 

lacks a direct connection between the in-plane shear stress and out-of-shear stress in the core region of 

sandwich composites. With the help of DIC, a connection between the in-plane shear and the out-of-plane shear 

strain was built and in-plane shear properties can acquire through out-of-plane shear properties, hence reducing 

the redundancy of sample preparation or the need for simulation. A significant improvement was found 

compared with the optimized resin uptake (Optimized resin uptake range: 20.43% ~ 22.86 wt%) 3D-printed 

PLA core sandwich composite and lowest performance sandwich composite (Improvement: in-plane shear 

strength (~34%)/modulus (~29%), out-of-plane shear strength (~25%)/modulus (~31%), specific peak bending 

load (~19%)). Compared with balsa core sandwich composites, the 3D-printed cores are suitable for use in 

composite sandwich structures in many applications with a satisfactory strength-to-weight ratio.  
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1. INTRODUCTION 

Based on the investigation of the World Bank Group, over 1.3 billion tons of solid waste were produced on the 

whole global earth per year, and this trend will be increased to at least 2.2 billion tons by the year 20251,2. To 

overcome the serious environmental pollution issue coming from aerospace, automotive, and constructions, 

thermoplastic matrix composites have received increased attention due to their characteristics including 

recyclability, eco- and environmentally-friendly nature, thermoformability, and comparable stiffness to the 

thermoset matrix composites3,4. The fused deposition modeling (FDM) process is one of the most common ways 

to fabricate thermoplastics with rapid-prototyping, complex geometries, and infill by topology optimization 

through CAD type software5,6. One of the FDM processes, fused filament fabrication (FFF) has recently 

attracted the attention of many researchers due to a potential match with conventional composites. Blok et al. 

claimed that the continuous carbon fiber/nylon-6 matrix composites fabricated by FFF possess tensile strength 

and modulus of 986 MPa and 62.5 GPa, flexural strength and modulus of 485 MPa and 41.6 GPa, shear strength 

and modulus of 31.16 MPa and 2.26 GPa with ~27% fiber volume fraction (FVF)7. Matsuzaki et al. state that, 

continuous carbon fiber/chopped jute fiber PLA matrix composite fabricated by FFF possesses tensile strength 
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and modulus of 40~185 MPa and 4~20 GPa, respectively under ~6% FVF8. Although many works are 

dedicated to void elimination on the matrix and the mechanical properties are compatible with conventional 

composites, there are still many limitations to this routine, like poor layer adhesion led to anisotropic structure, 

induced thermal residual stress, and poor fiber to matrix bonding. These limitations lead to poor fiber usage 

efficiency and incredibly high cost due to a higher volume demand for fiber compared with conventional 

fabrication for engineering structure construction. Due to the existing limitations, this work will explore the 

feasibility of the 3D-printed thermoplastic polymer lattices for use as cores for sandwich composites. Attention 

is focused on the out-of-plane shear properties through the cross-section of sandwich composites and in-plane 

shear properties along the lengthwise of the FDM printed core determined from three-point bending and four-

point bending tests.  

Sandwich composites with skins bonded on both sides of a lightweight core are usually used in applications that 

require high strength or stiffness-to-weight ratio in the civil, marine, and aerospace industry9–12. Core materials 

such as balsa wood, polyvinyl chloride (PVC), polyethylene terephthalate (PET), and polyurethane (PU) foam 

are often used due to a high bucking load, high energy absorption, high shear stiffness, ease of machining, and 

recyclablibility13–16. In the design of the sandwich structure, one of the critical considerations is that the core 

should provide a sufficiently high shear stiffness to prevent bucking17–19. In recent years, 3D-printed lattice cores 

have been used as the core material in sandwich composites20. Li et al. reported that the carbon fiber skin with 

3D-printed lattice and honeycomb core sandwich composites provide sufficient flexural (3.98~12.94 MPa) and 

shear strengths at a relatively low density (0.2~0.4 g/cm3)21. Ye et al. reported the compressive strengths 

(0.95~4.08 MPa) and specific energy absorption (10~19 J/g) for the 3D-printed PLA pyramidal lattices with 

different aspect ratios22. Xu et al. determined that the 3D-printed honeycomb core, fabricated by selective laser 

sintering (SLS) of glass fiber-filled polyamide-12 powder, has reached a satisfactory critical bucking strength 

(3~12 MPa) 23. All the previously reported results on 3D-printed cores have stressed the importance of core 

topology, wall thickness, and infill density on the core mechanical performance in increasing the strength and 

stiffness while reducing the weight24. To date, it is still inconclusive whether 3D-printed lattice cores can 

replace the conventional cores in sandwich composites in engineering structures, such as wind turbine blades, 

due to the limitations and defects that arise from FDM fabrication. This paper will investigate the mechanical 

performance of 3D-printed core composites and compare it with that of the conventional core composites. To 

this end, 3D-printed core composites are fabricated and tested.  

Resin uptake represents the amount of resin absorbed as a fraction of the entire sandwich composite. The core 

volume, topology, and resin infiltration time are factors that influence resin uptake25–27. The skin/core interphase 

is the place where fracture initiates on the sandwich structure, so a sufficient amount of resin is needed in this 

area to prevent crack formation28. While the resin is required to infiltrate into the skin/core interphase region to 

bond the skin and core, an unnecessarily high resin uptake in the sandwich composite leads to increased cost 

and weight29. Therefore, reducing resin uptake of sandwich composites is essential to reduce weight, increase 

structural stability, and ultimately reduce costs (such as the Levelized Cost of Energy (LCOE) in the wind 

energy application30. However, to the best of our knowledge, an appropriate range of resin uptake has yet to be 

determined for the FDM printed core sandwich composite based on the bending and shear performances29. We 

vary the amounts of resin uptake through CM process in a 3D-printed core sandwich composite and compare 

both the shear strength and shear stiffness with the corresponding values in a conventional core sandwich 

composite.  

Compression-molding (CM) is a conventional composite fabrication approach that is relatively clean, has low 

resin consumption, and has low labor costs31. In the last decade, the CM process has emerged as a common 

composite manufacturing process with high efficiency and ease of automation. In the CM process, the amount 

of resin uptake of the sandwich composite can be readily controlled by adjusting the compression pressure; 

whereas in the vacuum-assisted resin transfer molding (VARTM) process32, the amount of resin uptake is 

difficult to change as the vacuum pressure is nearly constant.  
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In this paper, we investigate how resin uptake affects the shear strength and shear stiffness of the PLA lattice 

core composites, and compare the results with the corresponding values of the conventional core composites, 

specifically, H60 PVC foam core and balsa core sandwich composites. The flexural properties per unit weight 

of the composite and cost analysis of eleven 3D-printed materials and infill settings are provided. Two types of 

conventional cores, H60 non-perforated smooth core (PSC) and PVC core are used to fabricate the conventional 

core composites. The PLA cores are made at 15% infill density and tetrahedral infill pattern. The PLA cores are 

bonded to glass fiber epoxy composite skins at various amounts of resin uptake by the CM process. The effects 

of the amount of resin uptake on both the in-plane and the out-of-plane shear strength and shear stiffness in the 

core sandwich composites are investigated. The surface strain distributions of two types of cores (3D-printed 

and H60 PVC) sandwich composites are determined by digital image correlation (DIC) to identify the 

vulnerable region of the composite under bending. The failure modes for the sandwich composites are observed. 

A detailed comparison was made between recyclable materials and our work in the discussion section to fully 

insight the future trend of green sandwich composite fabrication and material selections. 

2. METHODS 

The procedures for the preparation of the PLA and conventional core sandwich composites and the details on 

the experimental characterization of the mechanical properties in bending are described in this section. 

 

2.1 Materials 

Three common commercially available filaments in 1.75 mm diameter were used in 3D printing. The first type 

of filament is a thermoplastic polymer consisting of polylactic acid (PLA) and acrylonitrile butadiene styrene 

(ABS) (Craftbot, Carrollton, TX). The second type of filament is chopped fiber-filled thermoplastic polymers; 

they include carbon fiber/PLAs, copper fiber/PLA, brass fiber/PLA, carbon fiber/ polyethylene terephthalate 

(PETG), glass fiber/polypropylene (PP) (Craftbot, Carrollton, TX) (3DXTECH, Grand Rapids, MI). The third 

type of filament is fiber/thermoplastic polymer consisting of continuous carbon fiber/onyx (chopped carbon 

fiber/nylon) (Markforged, Watertown, MA). These filaments were used to investigate the effect of the infill 

pattern, infill density, and core material type on the mechanical properties of the sandwich composites.  

 

PVC foams (Divinycell™ H60; Diab Group, DeSoto, TX) were used as the conventional cores; they are 

lightweight with higher flexibility than a balsa wood33. The as-received foams have dimensions of 121.92 × 

121.92 × 2.54 cm. They were cut using a water-jet to 254 × 50.8 × 12.7 mm. Unidirectional glass fiber fabric 

(UD 970, Saertex, LLC, Huntersville, NC) with a measured aerial density of 957 g/m2 and 1 mm densified 

thickness was used to embed in the epoxy matrix (EPIKOTE™ Resin MGS® RIMR 135; EPIKURE™ Curing 

Agent MGS® RIMH 1366, Hexion, Inc., Columbus, OH) to fabricate the composite skins. The epoxy resin 

used exhibits a low viscosity at room temperature and can be cured at room temperature. Two breathing films 

(Polyester; FibreGlast, Brookville, OH), and two release films (Fluorinated ethylene propylene; FibreGlast, 

Brookville, OH) were used in the CM process.  

 

2.2 3D printing (FDM) process 

The schematic of the fused deposition modeling (FDM) process is shown in Fig. 1. Craftbot 3 fused deposition 

modeling (FDM) dual extrusion 3D printer (Craftbot, Carrollton, TX) was used to print the thermoplastic and 

chopped fiber/thermoplastic specimens. The printing speed was set at 30 mm/s. A 0.4 mm diameter stainless 

steel nozzle and 0.3 mm layer height were used to achieve a smooth surface. The nozzle and bed temperatures 

were set to 215 ℃ and 60 ℃, respectively. The infill density varied from 15%, 30%, 40%, and 80% for PLA. 

The initial deposition layer angle and the subsequent deposition layer angles of the PLA beams were set to 0 

degrees (initial) and 0, 15, 30, 45, 60, 75, and 90 degrees (increment), respectively. Both the initial and 

increment angles of the deposition layer of the composite skins of the 3D-printed core composite beams were 

set to 0°. Several infill patterns were chosen to evaluate the effect of the infill pattern on the bending stiffness of 

the 3D-printed beams and details are shown in Fig. 2. 

 

The Mark II FDM dual nozzle system 3D-printer (Markforged, Watertown, MA) was used to print the 
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continuous carbon fiber skin/onyx core specimens. The onyx matrix mainly consists of polyamide-6. The 

printing temperature of the onyx and carbon filaments were set at 275 and 250 ℃, respectively. In addition, the 

printing speed was set to 10 mm/s. The layer height was set to 0.125 mm. The thickness of both top and bottom 

wall shells was set to 0.5 mm (deposited layer number: 4; increment angle: -450/+450); the thickness of all side 

walls was set to 0.8 mm. For the continuous fiber specimens, the lower bound of the infill density was set to 

30%; then the upper bound of the infill density was set to the maximum infill density (tetrahedral: 55%, 

rectangular: 62%, and hexagonal: 92%). The continuous solid infill pattern can reach an adjustable infill density 

of up to 100%. Four continuous carbon fiber layers were inserted between the top and bottom skins. The 

orientation of the carbon fiber layers was [00/450/900/1350]. The infill patterns in the continuous carbon fiber 

and onyx are shown in Figs. 3 and 4. 

 

 

 
Figure 1: Schematic of the FDM process; a) 3D Isomeric view of the rectangular PLA beam before sliced into a 

G-code; b) Initially deposited layer with 0o initial deposited orientation (Note: printing speed at wall region: 15 

mm/s, infill region: 30 mm/s); c) Sectional view of 75% deposited state rectangular PLA beam with 0o 

deposited layer incremental orientation (Note: deposited layer height: 0.3 mm); d) Finished 3D-printed PLA 

rectangular beam. 
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Figure 2: Four infill patterns of the PLA beams (152.40 × 25.40 × 6.35 mm): a) 40%-square infill pattern; b) 

40%-parallel infill pattern; c) 40%-2D tetrahedral infill pattern; d) 40%-3D tetrahedral infill pattern. 

 

 

 
 

a) b) 

c) d) 

a) 

b) 

c) 

d) 
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Figure 3: The infill patterns in the continuous carbon fiber layers in the 3D-printed beams: a) the first deposited 

layer at layer orientation of 0o; b) the second deposited layer at layer orientation of -45o; c) the third deposited 

layer at layer orientation of 90o; d) the fourth deposited layer at layer orientation of 45o.  

 

                   
Figure 4: The infill patterns in the onyx (chopped carbon fiber/polyamide-6) layers in 3D-printed beams: a) 30% 

tetrahedral infill; 30% hexagonal infill; c) 45o parallel patterns of rectangular and solid infill; d) -45o parallel 

patterns of rectangular and solid infill.  

 

2.3 Compression-molding of the sandwich specimens 

A schematic of the compression-molding (CM) setup for the sandwich composites is shown in Fig. 5. PVC 

foams were cut, using a water jet, into the desired core geometry. Subsequently, the cores were cleaned with 

ethanol and dried with compressed air for one hour under ambient conditions. The 3D-printed PLA core (15%-

infill density, 3D-tetrahedral infill pattern) was used directly after 3D printing. Epoxy and curing agent were 

mixed at a 10:3 w/w ratio for 10 minutes at room temperature and set for 5 minutes until no visible bubbles 

were observed. Then the resin mixture was put in the vacuum chamber for 20 minutes degas. The release film, 

breathing cloth, glass fabric, and core (PVC foam and 3D-printed core) were laid down in sequence. The epoxy 

mixture was poured gently on the fiber fabric and the core until the skins and core were fully saturated, then 

kept as 50 ℃ for 1.5 hrs to avoid voids formation. The sandwich composites were cured for one day at room 

temperature to reach a partially cured state. Then, a second-stage cure was conducted in an autoclave for 4 hours 

at 80°C to achieve a fully cured state. Three different pressures (164, 197, and 230 kPa) were applied to each 

type of sandwich composite to prepare specimens with different amounts of resin uptake. Pictures of the 

sandwich composites with a foam core and a 3D-printed core are shown in Fig. 6. 

d) 

a) 

b) 

c) 
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Figure 5: Schematic of the compression-molding setup and process: a) resin mixing and processing (Mixing 

time: 10 minutes); b) Resin mixture degassing process (Degas time: 20 minutes); c) compression-molding 

process (Note: skin thickness: ~2 mm; core thickness: ~12.7 mm). 

 

 

  
 

Figure 6: Pictures of core sandwich composites: a) a H60 PVC foam core glass fiber composite plate; b) a PLA 

lattice core.  

 

2.4 Four-point bending tests 

Following the ASTM C393 standard34, the in-plane shear strength and stiffness of the sandwich composites 

were measured.  The specimen dimensions, number of specimens, and crosshead speed used in experiments 

followed the ASTM D790. The loading span was 50.8 mm. A support span to depth ratio of 8:1 was used34,35. 

As for the numerical values and specifications of the three-point bending tests used in this paper were 

previously investigated29. It is noted that it is difficult to reach identical specimen configurations due to 

manufacturing deviation, when the resin uptake difference in two specimens is around 1%, the two specimens 

are considered equivalent.  

 

2.5 The digital image correlation (DIC) technique 

The digital image correlation (DIC)44–47 was used to measure the deformations of the side surface of a specimen 

using the 2D GOM Correlate software (GOM Inc., Charlotte, NC). During a three-point bending, images of the 

specimen surface were acquired every 1 s using a Nikon D7100 camera with 3840×2748 pixel resolution and a 

24 mm Nikon lens. A NiLA VARSA LED light was used for illumination. The camera work distance was 1.3 m; 

it allowed us to capture images of the specimen in the entire support span.  

 

3. CALCULATION OF IN-PLANE SHEAR STRENGTH AND STIFFNESS OF SANDWICH 

COMPOSITES IN FOUR-POINT BENDING 

Both out-of-plane shear strength and stiffness are determined from four-point bending experiments. However, 

even though datasheets are provided by the manufacturer, there are no data provided in the datasheets on the 

out-of-plane shear strength and out-of-plane stiffness. We convert the in-plane shear strength and in-plane-shear 

stiffness of the end-grain balsa core to the corresponding out-of-plane properties for analysis36. We carried out 

the DIC strain measurement to convert the out-of-plane shear strain to the in-plane shear strain and then 

transferred the out-of-plane shear strength and modulus to in-plane shear strength and modulus to compare with 

the 3D-printed lattice core and the end-grain balsa core sandwich composites. All the computation is following 

the FSDT beam theory. 

 

The specimen dimensions and in-plane and out-of-plane directions are shown in Fig. 7. 

a) b) 
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Figure 7: Specimen dimensions and in-plane and out-of-plane directions of the sandwich composites. 

 

The out-of-plane shear strength and stiffness can be determined by the ASTM C393 standard. The in-plane 

shear strength is calculated following the ASTM D234437 using  
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Figure 8: Schematic diagram of the sandwich composites under the four-point bending test. 
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where Δ��� is the out-of-plane shear deflection shown in Fig. 8. In four-point bending, the effective support 

span which carries the shear loads is the distance between the loading span and the support span (in our case, it 

is 0.5#"). Here, the out-of-plane engineering shear strain is considered to be approximately the ratio of out-of-

plane shear deflection to half of the effective support span. The out-of-plane shear deflection (Δ��� =

�!�

45
) is 

calculated from the total deflection (the total deflection: Δ") following the ASTM C393 standard.  

Δ" =
66
�!�

7

894:
+


�!�

45
                                                                    (3) 

Here, the shear rigidity of the sandwich composites is < = =���(% + &)"$ 4&⁄ ; the second term in eq. (3) is the 

out-of-plane shear deflection. Plugging the shear rigidity term into the out-of-plane shear deflection (Δ��� in eq. 

(2)), we have 

Δ��� =

�!�B

"C���(�DB)��
                                                                  (4) 

Next, substituting eq. (4) into eq. (2), the out-of-plane shear strain is determined as 

���� =

�B

C���(�DB)��
                                                                  (5) 

Here, from the DIC results, the ratio of the in-plane shear strain to the out-of-plane shear strain is constant (E =

0.35), it is used to calculate the in-plane shear strain. 

E = −
HIJ

H���
                                                                             (6) 

Substituting eq. (5) into eq. (6), the in-plane shear strain is  

��� =
�
�BK

C���(�DB)��
                                                                     (7) 

Finally, the in-plane shear stiffness is determined as 

=�� =
LIJ

HIJ
=

M(�DB)�

NK�B
=���                                                             (8) 

 

4. RESULTS AND DISCUSSION  

 

The 3D printing filaments were selected through the three-point bending tests. And the details on bending and 

shear properties of the PLA core and conventional core sandwich composites are described in this section. 

 

4.1 The effects of infill density, deposited layer orientation, and filament type on the flexural properties of 3D-

printed lattice beams  

 

Prior to shear properties of 3D-printed core sandwich composite investigations, a proper 3D printing filament 

and manufacture setting should be chosen. So, the 3D-printed lattice beams were investigated by three-point 

bending tests. The detailed results are summarized in the supplementary file. PLA materials stand out compared 

with the rest of the 3D-printed beams due to their high mechanical performance and cost-effectiveness. A 

systematic comparison between 3D-printed and conventional core materials is shown in Fig. 9. 
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Figure 9: Specific flexural properties versus density of 3D-printed polymer beams, foam, and honeycomb 

structures: a) specific flexural modulus versus density; b) specific flexural strength versus density38–42. (Note: 

the red dashed line zone is indicating the conventional material, the blue dashed line zone is indicating the 3D-

printed material.) 

 

A detailed comparison of the specific flexural strength and modulus between the 3D-printed polymer beams, 

foam, and honeycomb structures is shown in Fig. 9. Before stepping into the shear properties investigation, a 

proper thermoplastic polymer for 3D printing process should be chosen by comparing the specific bending 

stiffness and strength of the conventional polymer core (like PVC foam, PET foam, etc.) and the 3D-printed 

core. Although the continuous carbon fiber onyx matrix 3D-printed beams possess a better specific bending 

stiffness and strength, the cost is much higher than PLA which is not cost-effective. Chopped 

fiber/thermoplastic 3D-printed beams possess a lower bending stiffness and strength than 3D-printed pure 

thermoplastic beams. Although the chopped carbon fiber/PLA possesses a better specific bending stiffness and 

strength than all the other 3D-printed thermoplastic polymer beams, whether the chopped carbon fiber is cost-

effective for the core materials remains uncertain. So, the PLA material stands out among all the rest of 3D 

printing materials. As for the conventional core materials, the aluminum honeycomb possesses the highest 

specific bending stiffness and strength. However, the metal materials are not chemically stable compared to 

polymer cores. So, the balsa is selected for the conventional core materials for benchmark purposes. The PVC 

foam is also selected for benchmark purposes since it is one of the most widely used core materials in the 

sandwich structure. 

 

4.2 The effect of resin uptake on the shear strength and stiffness of compression-molded sandwich 

composites 
The in-plane shear and out-of-plane shear of sandwich composites were investigated by three-point bending and 

four-point bending tests. Whether the 3D-printed PLA beam is suitable for engineering application and how the 

resin uptake affects the sandwich structure was illustrated in this section. 

a) b) 
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Figure 10: Load vs deflection curve for sandwich composites with four types of core and multiple levels (H60 

core: 38%~44% and 3D-printed core: 19~25%) of resin uptake sandwich composites under four point bending 

loads: a) H60 PVC core; b) PLA core.  

 

Core Material 
O: 
(%) 

# 
(PP) 

& 
(PP) 

$ 
(PP) 

% 
(PP) 

H60_PVC 

38.41 101.6 12.7 48.12 16.17 

41.25 101.6 12.7 48.01 16.61 

44.93 101.6 12.7 49.09 17.32 

15%/3D-tri infill_ 

PLA 

19.31 101.6 12.7 52.19 17.92 

19.81 101.6 12.7 51.88 17.98 

20.84 101.6 12.7 51.76 17.12 

22.01 101.6 12.7 51.58 17.17 

23.07 101.6 12.7 50.85 16.27 

23.97 101.6 12.7 51.98 17.72 

24.40 101.6 12.7 51.51 17.42 

25.17 101.6 12.7 51.96 17.59 

25.81 101.6 12.7 51.88 17.97 

Balsasud 

_End Grain Balsa 

70.23 − 12.7 50.80 16.70 

58.87 − 12.7 50.80 16.70 

51.52 − 12.7 50.80 16.70 

 

Table 1: A summary of resin uptake (O: ), span length, and specimen geometries of compression-molded 

sandwich composites under four point bending loads. 

 

The load versus deflection curves for sandwich composites under three-point bending and four-point bending 

are shown in Fig. 10. Based on the peak bending loads of sandwich composites from Fig. 10, the 3D-printed 

lattice core is more sensitive to the level of resin uptake due to lower flexibility than the H60 PVC foam core. 

This phenomenon is even apparent under the three-point bending tests. When the resin uptake increases, the 

peak load of H60 PVC foam core sandwich composites increases under four-point bending loads. As for the 

3D-printed lattice core sandwich composites, when the resin uptake increases, the peak load increases and then 

decreases. This indicates that the 3D-printed core sandwich composites need to modify the resin uptake at an 

adequate level to get the best bending load capacity. 

b) a) 
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A summary is provided in Table 1 on the resin uptake, span length, and specimen geometries of the 

compression-molded sandwich composites. The span to depth ratios for four-point bending is 8:1. Such a span-

to-depth ratio in four-point bending is chosen to maximize the shear loads in the core of sandwich composites. 

Since the out-of-plane shear strength and stiffness are calculated under two loading conditions (three-point 

bending and four-point bending), two specimens with the resin uptake difference within 1% are considered 

identical. Here, the core thickness used is 12.7 mm. Therefore, the width and depth are an average value of two 

specimens within 1% of resin uptake difference. Based on the UD970 glass fabric and BALSASUD 

datasheets39,49, the resin uptake of the balsa core/UD970 glass skin sandwich composites are listed in Table 1. 

The resin uptake in the balsa core sandwich composites is identical to that of the balsa and PVC foam core 

sandwich composites. The resin uptake of the balsa core sandwich composites is for benchmark purposes. 

 

Figure 11: Scatter plot of various properties of 3D-printed core and H60 PVC foam core sandwich composites a) 

stiffness versus resin uptake; b) three-point bending to four-point bending stiffness ratio versus resin uptake; c) 

fracture toughness versus resin uptake. (Note: subscript 1 indicates the specimen conditions under the three-

point bending, subscript 2 shows the specimen conditions under the four-point bending). 

 

The scatter plots of stiffness, stiffness ratio, and fracture toughness versus resin uptake of the sandwich 

composites are shown in Fig. 11. In Fig. 11a, for the PLA core sandwich composites, four-point bending 

stiffness increase when the resin uptake increases. However, the stiffness of H60 PVC foam core sandwich 

composites remains relatively constant for varying levels of resin uptake. Based on the sandwich beam theory, 

the stiffness of resin is not compatible with the skin stiffness, and the effect of resin uptake can be neglected. So 

this theory is not appropriate for evaluating the PLA core sandwich composites. From Fig. 11b, the ratio of 

a) b) 

c) 
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three-point bending and four-point bending stiffness increased with respect to an increased resin uptake of the 

3D-printed core sandwich composites. This indicates that a better skin-core bonding quality can be more 

beneficial to the bending than shear strength and stiffness in the 3D-printed core sandwich composites due to 

the different span lengths of bending tests. Because bending and shear stiffness keeps relatively constant for 

H60 PVC foam core composite, the ratio of three-point bending and four-point bending stiffness is also stable. 

Based on Fig. 11c, there are no direct correlations between the fracture toughness and the level of resin uptake. 

Because the resin uptake is not the only factor that drives the fracture toughness, the consistency of core 

flexibility, stiffness, and fracture initiation mechanism also influence the fracture toughness. 

 

 
 

 

Figure 12: 3D contour plot of out-of-plane shear stiffness versus three-point bending and four-point bending 

stiffness for compression-molded sandwich composites.  

 

3D contour plot of out-of-plane shear stiffness versus three-point bending (Q6) and four-point bending (Q") 

stiffness of compression-molded sandwich composites is shown in Fig. 12. The span length ratio (#6 #"⁄ ) was 

set as 2, and specimen dimensions were assumed as 12.7 × 50.8 × 254 mm with 2 mm skin thickness. From Fig. 

12, when the three-point bending stiffness keeps constant, a higher four-point bending stiffness leads to a higher 

out-of-plane shear stiffness. When the four-point bending stiffness keeps constant, a higher three-point bending 

stiffness leads to a lower out-of-plane shear stiffness. In our case, when considering the PLA core sandwich 

composites, the value of Q6 Q"⁄  keeps increasing with the increase of resin uptake. From Fig. 12, higher values 

of Q6 Q"⁄  leads to lower values of out-of-plane shear stiffness. However, this does not indicate the out-of-plane 

shear stiffness linearly decreases versus resin uptake, because Q6 is also increasing versus resin uptake. How the 

out-of-plane shear stiffness of the PLA core sandwich composites varies needs further investigation. The 

numerical values of peak force, displacement at peak force, stiffness, stiffness ratio, and fracture toughness are 

summarized in Table 2. 

 

Core Material 
RSTU 
(V) 

WSTU 
(PP) 

Q" 
(V/PP) 

Q6 Q"⁄  
(−) 

=Y 

(Z) 

H60_PVC 

2979.17 19.58 836.13 0.32 84.79 

2987.36 19.52 843.87 0.32 86.63 

3143.79 15.14 863.26 0.33 81.73 
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15%/3D-tri infill_ 

PLA 

8615.95 15.14 2266.44 0.34 17.97 

9159.36 6.22 2106.77 0.38 33.96 

11083.15 5.47 2348.70 0.35 30.27 

10667.97 5.02 2393.88 0.35 27.44 

10701.05 5.19 2396.33 0.37 29.40 

9920.35 4.71 2369.83 0.38 63.60 

9459.38 4.77 2294.60 0.39 22.25 

10512.55 4.71 2534.64 0.35 23.70 

8865.42 4.04 2357.97 0.39 50.14 
 

Table 2: A summary of peak force ( RSTU), displacement at peak force ( WSTU), stiffness (Q"), stiffness ratio 

(Q6 Q"⁄ ), and fracture toughness (=Y,") of compression-molded sandwich composites under four-point bending. 

    
Figure 13: Scatter plots of out-of-plane shear strength and stiffness versus resin uptake of compression-molded 

sandwich composites: a) out-of-plane shear strength; b) out-of-plane shear stiffness; c) specific out-of-plane 

shear strength; d) specific out-of-plane shear stiffness. 

 

Scatter plots of out-of-plane shear strength and stiffness versus resin uptake of PLA core, and H60 PVC foam 

core sandwich composites are shown in Fig. 13. The optimized resin uptake regime of PLA core sandwich 

composites is from 20.43% to 22.86%. In the PLA core sandwich composites, the specific out-of-plane shear 

strength and stiffness increase versus increased resin uptake due to a better skin-core bonding quality. The 

specific out-of-plane shear strength and stiffness decrease versus increased resin uptake. Compared with the 

H60 PVC foam core sandwich composites, the out-of-plane shear strength and stiffness of 3D-printed core 

sandwich composites are around 2~3 times higher, and the specific out-of-plane shear strength and stiffness are 

a) b) 

c) d) 
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2~3 and ~2 times higher, respectively.  

 

 
Figure 14: In-plane shear strength and stiffness versus resin uptake of compression-molded sandwich 

composites: a) in-plane shear strength; b) in-plane shear stiffness; c) specific in-plane shear strength; d) specific 

in-plane shear stiffness. 

 

The measured in-plane shear strength and stiffness are plotted versus the resin uptake in the sandwich 

specimens with 3D-printed core, H60 PVC foam core, and balsa core are shown in Fig. 14. Based on the 

sandwich beam theory and BALSASUD datasheets, the in-plane shear strength, and stiffness of balsa core 

sandwich composites are considered as 2.72 and 186 MPa with 0.152 g/cm3 nominal core density. These 

numerical values were used in multiple wind turbine blade structure performance simulation50–53. Based on the 

ASTM standards and 2D-DIC results, the in-plane shear stiffness was determined from out-of-plane shear 

strength and stiffness. The 3D-printed core sandwich composites have 2~3 times higher in-plane shear strength 

and similar in-plane shear stiffness than balsa core sandwich composites. The 3D-printed core sandwich 

composites also possess 3~3.5 times higher specific in-plane shear strength than balsa core sandwich 

composites. The specific in-plane shear stiffness of 3D-printed and raw balsa core sandwich composites are 

similar. The UV light curing epoxy-based agent coated balsa core sandwich composites possess 8.19% and 

15.16% higher specific in-plane shear stiffness than 3D-printed core sandwich composites within all resin 

uptake regimes, and 9.81% and 17.44% higher within an optimized resin uptake regime. Generally speaking, 

the 3D-printed core stands out among conventional core materials in shear strength and specific shear strength 

and stiffness. The 3D-printed core possesses slightly lower specific in-plane shear stiffness than the UV light-

curing epoxy-based agent-coated balsa core. This can be enhanced by modifying the skin/core interphase 

appropriately. Compared with raw balsa core and PLA core, these two materials possess similar in-plane shear 

a) b) 

c) d) 
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strength and stiffness. But the 3D-printed core could be more cost-effective because this core could save resin 

during manufacture compared with the balsa core. A summary of in-plane and out-of-plane shear of 3D-printed, 

H60 PVC foam, and balsa core sandwich composites are listed in Table 3 and Table 4. 

 

 

Table 3: In-plane and out-of-plane shear strength and stiffness of 3D-printed and H60 PVC foam core sandwich 

composites. 

 

Core Material 
O:,S�� 

(%) 

O:,STU 

(%) 

gThh,S�� 

(i &PM⁄ ) 

gThh,STU 

(i &PM⁄ ) 

��� 
(jR�) 

=�� 
(jR�) 

���,S�� gThh,S��⁄  

(=R�

/(Qi PM⁄ )) 

���,STU gThh,STU⁄  

(=R�

/(Qi PM⁄ )) 

=��,S�� gThh,S��⁄  

(=R�

/(Qi PM⁄ )) 

=��,STU gThh,STU⁄  

(=R�

/(Qi PM⁄ )) 

Raw balsa 50.23 70.23 0.58 0.67 

2.72 186 

4.06 4.71 277.50 322.11 

Coating1_balsa 38.87 58.87 0.52 0.62 4.40 5.18 301.19 354.47 

Coating2_balsa 31.52 51.52 0.49 0.58 4.66 5.54 318.80 379.11 

 

Table 4: Out-of-plane shear strength and stiffness of balsa core sandwich composites. 

 

4.3 Surface strain distribution of compression-molded sandwich composites by 2D-DIC technique 

The surface strain distribution of two types of sandwich composites is shown in Fig. 15. 

 
 

Figure 15: First order principal strain distribution of the PLA lattice core sandwich composites: a) the sandwich 

composite of 19.31% resin uptake under four-point bending load with 64s timeframe; b) the sandwich 

Core 
Material 

gThh 
(i &PM⁄ ) 

E 
(−) 

���� 
(jR�) 

=��� 
(jR�) 

���� gThh⁄  
(=R�
/(Qi P3⁄ )) 

=��� gThh⁄  
(=R�
/(Qi P3⁄ )) 

��� 
(jR�) 

=�� 
(jR�) 

��� gThh⁄  
(=R�
/(Qi P3⁄ )) 

=�� gThh⁄  
(=R�
/(Qi P3⁄ )) 

H60_PVC 

0.45 0.32 2.14 12.11 4.75 26.84 2.87 86.43 6.36 191.46 

0.47 0.32 2.12 11.82 4.56 25.36 2.81 84.59 6.03 181.57 

0.48 0.32 2.13 11.11 4.46 23.25 2.77 80.04 5.80 167.42 

15%/3D-
tetra 

infill_ 

PLA 

0.55 0.35 5.39 26.15 9.72 47.16 6.91 173.14 12.46 312.24 

0.56 0.35 5.75 23.66 10.27 42.22 7.36 156.76 13.14 279.72 

0.60 0.35 7.18 28.73 11.93 47.72 9.38 188.84 15.58 313.64 

0.61 0.35 6.92 29.29 11.35 48.02 9.03 192.61 14.81 315.80 

0.65 0.35 7.26 30.98 11.26 48.03 9.70 202.24 15.04 313.50 

0.60 0.35 6.27 27.06 10.44 45.01 8.08 178.81 13.46 297.42 

0.61 0.35 6.10 26.77 9.99 43.85 7.91 176.40 12.95 289.00 

0.61 0.35 6.68 29.98 10.90 48.91 8.63 197.88 14.07 322.81 

0.61 0.35 5.57 26.17 9.10 42.73 7.13 173.39 11.64 283.03 

a) b) 
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composite of 23.97% resin uptake under four-point bending load with 97s timeframe. 

 

To fully evaluate the structural integrity of the 3D-printed sandwich composites, the 2D-DIC technique was 

employed to further visualize the surface strain during the four-point bending tests. The surface strain 

distribution of two types of sandwich composites is shown in Fig. 15.  From Fig. 15a, a lower resin uptake 

could lead to an uneven strain distribution in the core due to an insufficient amount of resin in the interphase. 

However, an adequate level of resin uptake could introduce a proper amount of resin to achieve a sufficient 

shear stress transfer from the skin to the core. Comparing Fig. 15a with 15b, the surface strain distributed 

between the loading span and loading nose when four-point bending loads are relatively low. When a high level 

of four-point bending loads is applied to the sandwich composite, the surface strain concentrates below the two 

indenter pins. Also, a certain amount of negative strain was captured at the right span and below the two 

indenter pins. This indicates that failure will most likely arise in these regions, which will be a skin-core 

debonding and core shearing failure mode. So, modification of the resin uptake in the PLA lattice core sandwich 

composites is crucial for structural integrity due to the skin/core debonding in the early stage of the structural 

loading. 

 

4.4 Failure modes for the 3D-printed and H60 PVC foam core sandwich composites 

Figure 16 shows the failure modes of PLA lattice core sandwich composites under multiple levels of resin 

uptake.  

 

 
 

Figure 16: Failure modes of the PLA lattice and PVC foam core sandwich composites under four point bending 

tests: a) skin/core debonding and core shearing failure (PLA); b) skin/core debonding, core shearing, and core 

crushing failure (PVC foam). 

In the four-point bending tests, all the PLA lattice core sandwich composites exhibited a skin/core debonding 

and core shearing failure, and all the H60 PVC foam core sandwich composites exhibited an extra core crushing 

failure. This phenomenon indicates that the PLA core has higher stiffness than the H60 PVC foam core. 

However, the PVC foam core can sustain a larger energy absorption due to better skin/core bonding. Most of 

the PLA lattice core sandwich composites exhibited a skin/core debonding and core shearing failure in the 

three-point bending tests. Most of the H60 PVC foam core sandwich composites exhibited local indentation 

failure29. This indicates that in the H60 PVC foam core sandwich composites, the skin/core bonding quality is 

sufficiently high to carry and transfer the shear loads from the skin to the core. However, the 3D-printed core is 

much stiffer than the H60 PVC foam core, and the skin/core can be considered the most vulnerable region in the 

sandwich composites. In general, the PVC foam core should be stiff enough to carry the shear loads in the 

actual structure, and the skin/core interphase of the 3D-printed core sandwich composites should be enhanced to 

prevent structure catastrophic failure. 

 

5. DISCUSSION ON MECHANICAL PROPERTIES OF FDM/CM MANUFACTURED SANDWICH 

a) b) 
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COMPOSITES 

 

Although the 3D-printed core possesses higher in-plane, out-of-plane shear strength and similar in-plane, out-

of-plane shear modulus compared with balsa core. It is still not clear whether it is possible to replace the skin 

material with a high-efficiency recyclable material (like thermoplastic matrix, etc.) with a compatible 

mechanical performance with conventional skin material. A detailed comparison between recyclable skin, PLA 

core and glass skin, balsa core is shown in Table 5. 

 

Refer

ence 

Core 

Material 

/�B (mm) 

Skin 

Material 

/�k(mm) 

Process �l
�� �l

���  =l
�� =l

���  ml nl
� Ql

� <l
� 

− PLA lattice 

truss/12.7 

GFRP 

/2 

FDM-CM 601.8~714.9  

(N/g)  
 
49.4~82.2 
(MPa/kg) 
 

20.9~28.0 
(MPa/(g/cm3)) 

469.4~535.1  

(N/g) 

507.8~579.2 

(MPa/(g/cm3

)) 

42.73~48.91 

(GPa/(Kg/m3)
) 

27.5~35.7 

(N/g)  
 
592.1~767.1 
(MPa/kg) 
 

206.4~296.6 
(MPa/(g/cm3

)) 

1.15~1.23 

(kN*m2/kg) 
 
23.8~26.7 
(kN*mm/g) 
 

2.3~2.7 

(kN/mm)/ 
(g/cm3) 
 
20.3~24.2 
(GPa/(g/cm3)) 

90.3~242.7 

(J/Kg) 

Pirouzf
ar et 
al.49 

PLA 
honeycom
b/1~2 

GFRP 
/1 

FDM-WL-
Adhesive 

1.4~2.9 
(MPa/kg) 

− − − 70.4~145.6 
(MPa/kg) 

125~450 
(N*m2/kg) 

− 26.4~28.5 
(J/Kg) 

Ridlwa
n et 
al.50 

PLA lattice 
truss 
/5~15 

GFRP 
/2~4 

FDM-
VARTM-
Adhesive 

− − − − − 46~48 
(kN*mm/g) 

− − 

Azzouz 
et al.51 

PLA lattice 
truss 
/10 

Flax/PP 
/1 

FDM-
VARTM-
Adhesive 

533~830 
(N/g) 

− − − 26~34 (N/g) − − − 

Monti 
et al.52 

Balsa 
/15.9 

Recycled 
Flax/Elium 
/2 

VARTM 6.7 
(MPa/(g/cm3)) 

− 600 
(MPa/(g/cm3

)) 

− 240~320 
(MPa/(g/cm3

)) 

− 800~1600 
(N/mm)/ 
(g/cm3) 

− 

Awad 

et al.53 

Balsa/GFRP

/12 

GFRP 

/3 

VARTM 3.6 

(MPa/(g/cm3)) 

− − − 198.2 

(MPa/(g/cm3

)) 

− 14.4 

(GPa/(g/cm3)) 

− 

 

Table 5: A comparison of flexural and shear properties between 3D-printed PLA and balsa core sandwich 

composites. (Notice: 1. WL: wet layup process, Flax: natural flax fabrics, PP: polypropylene, Elium: liquid 

thermoplastic resin; 2. �B: the thickness of the core, �k: the thickness of skin, �l
��: specific in-plane shear stress 

or specific peak in-plane shear load, �l
���: specific out-of-plane plane shear stress, =l

��: specific in-plane shear 

modulus, =l
���: specific out-of-plane plane shear modulus,ml: specific flexural strength or specific peak bending 

load, nl
�: specific flexural rigidity, Ql

�: specific flexural stiffness, <l
�: specific energy absorption under bending 

load.) 

 

Compared with Pirouzfar et al.49, a sufficient thickness of the sandwich structure plays a significant role in 

achieving good bending and shear strength and stiffness. Based on Ridlwan et al.50 investigation, applying glass 

skin on both the top/bottom and width side of the core can greatly enhance the flexural rigidity of the sandwich 

composite. Compared with Azzouz et al.51 results, flax fabric with PP thermoplastic matrix skin possesses a 

similar specific peak bending and shear load to glass fabric and epoxy resin matrix. This finding indicates that 

using the natural fiber and thermoplastic polymers in the sandwich composites not only maintains similar 

mechanical properties to the glass fiber/thermoset matrix skin sandwich structure, which is safe to use in many 

applications but also the sandwich composite is fully recyclable and can greatly reduce the chance for 

environmental pollution. Based on Monti et al.52 findings, using a recycled flax fiber composite skin can still 

reach good structure stability, but the shear and bending strength keep decreasing based on the time and method 

of recycling. Compared to Monti et al.52 and Awad et al. 53 results, a 3D-printed core can give a higher shear 
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strength than a balsa core, which is consistent with Figs. 13 and 14. 

 

CM process plays a critical role in modifying the bending and shear properties of the 3D-printed core sandwich 

composites by changing the resin amount in the skin/core interphase. Because the chemical bonding between 

epoxy resin and PLA is different from the conventional core material. Modifying the amount of resin on the 

skin/core interphase can be the first step in strengthening the 3D-printed core sandwich composites. 

Furthermore, there is a great potential for further improving mechanical performance by considering modifying 

materials and maintaining adequate resin on the skin/core interphase of the 3D-printed core sandwich composite. 

 

6. CONCLUSION 

3D-printed PLA core sandwich composites were fabricated by the FDM/CM approach. Compared with 

VARTM or VARTM/adhesive bonding process, the advantage of the FDM approach is that it can produce an 

improved core infill pattern to strengthen the core stiffness and strength and increase the homogeneity of the 

core structure. Compared with VARTM/FDM/adhesive bonding process, the CM approach can modify the resin 

uptake in the skin and skin/core interphase region. Based on our investigation, modifying the resin uptake in the 

skin and skin/core interphase cannot greatly affect the bending or shear stiffness of the balsa and PVC foam 

sandwich composites, which are mainly affected by core density and the amount of fibers in the skin. However, 

for 3D-printed core sandwich composites, the amount of resin absorbed in the skin/core interphase plays a 

significant role in influencing the bending and shear properties of 3D-printed core sandwich composites due to a 

different chemical bonding mechanism. The CM process can easily modify the resin uptake by varying the level 

of compression applied to the sandwich composite, and this process is more suitable than conventional 

manufacturing routines (VARTM, adhesive bonding, etc.) when a 3D-printed thermoplastic core is used in the 

sandwich structure.  

 

The out-of-plane and in-plane shear strength and stiffness of two types of core sandwich composites were 

investigated by three-point bending and four-point bending tests and derived through the FSDT theory. In the 

3D-printed core sandwich composites, based on the information on specific out-of-plane shear strength and 

stiffness, the optimized resin uptake regime of PLA core sandwich composites is from 20.43% to 22.86%. 

Insufficient resin in the skin/core interphase cannot carry the shear load from the skin to the core. Based on the 

information of 2D-DIC, an insufficient amount of resin in the skin/core interphase could lead to an uneven 

strain distribution in the core. A resin-rich zone on the skin/core interphase will not be beneficial to the 

sandwich structure due to low ductility in this region. 

 

3D-printed PLA core stands out among the conventional PVC core materials and is similar to conventional 

balsa core materials in terms of shear and specific shear strength and stiffness. The use of thermoplastic 

resin/polymer ] can greatly reduce the recycling cost and environmental pollution. Although balsa is a naturally 

grown and sustainable material, the recycling efficiency is low after the resin is impregnated inside of balsa. 

Since resin uptake in the skin/core interphase region of the 3D-printed PLA core sandwich composites plays a 

critical role in mechanical performance. A suitable strategy for skin/core interphase enhancement warrants 

further study. Also the level of degradation of recycled PLA mechanical performance compared to virgin 

materials should be examined. As a result, this work presents some new and important findings that support the 

greater use of additive manufacturing of core materials for use in sandwich composites in many applications 

such as wind turbine blades and aerospace structures by providing benefits in terms of manufacturability and 

recyclability.  
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