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A B S T R A C T

This study investigates the mechanical properties of cementitious composites with 3D-printed auxetic lattices, 
featuring negative Poisson’s ratios (auxetic behavior) in multiple directions. These lattices were fabricated using 
vat photopolymerization 3D printing, and three base materials with varying stiffness and deformation capacities 
were analyzed to determine their impact on the composites’ mechanical behavior. To unravel the reinforcing 
mechanisms of multidirectional auxetic lattices, which exhibit auxetic behavior in both planar and out-of-plane 
directions, X-ray computed tomography (X-ray CT) was utilized to analyze composite damage evolutions under 
different strain levels. The micro-CT characterization reveals that auxetic lattices more effectively constrain crack 
growth and dissipate energy by distributing stress evenly within the cement matrix. In contrast, due to lack of 
lateral confinement, the non-auxetic lattice reinforced composites primarily dissipate energy through extensive 
crack propagation and interfacial damage, leading to lower peak strength. When strain exceeding 5%, although 
the confinement from the auxetic behavior diminished with crack propagation, the lattice can still maintain the 
composite’s structural integrity, resulting in 1.7 times higher densification energy than conventional cement- 
based materials. These findings provide valuable insights for designing auxetic lattice-reinforced cementitious 
composites with enhanced load-bearing capacity and improved dissipation capabilities.

1. Introduction

With the rapid advancement of additive manufacturing technologies, 
3D printing has become a promising method for designing and 
manufacturing cementitious materials with engineered properties 
[1–3]. This innovation addresses the longstanding limitations of con-
ventional cementitious composites, which have been fundamentally 
restricted by their inherent brittleness [4,5]. Under external load, 
microcracks will initiate from the cementitious matrix and propagate 
irreversibly into macrocracks, leading to premature cracking and even 
material failure under low strain conditions [6,7]. This has significantly 
constrained the suitability of cementitious materials for applications 
requiring high levels of ductility, energy absorption capacity, and post 
impact functionality [8,9]. Traditional solutions, such as steel re-
inforcements or fibers, have been employed to limit crack propagation 
and improve ductility [10,11]. However, the effectiveness of these 

methods is often limited by issues such as steel corrosion and the 
anisotropic nature of fiber distributions [12,13].

3D printed lattice structures have demonstrated their effectiveness in 
enhancing the ductility of cementitious materials [14–16]. By properly 
designing the architecture of 3D printed lattice structures, the desired 
mechanical properties of such cementitious composites can be engi-
neered [17–19]. Among the various lattice architectures, auxetic lattices 
have received considerable attention for reinforcing cementitious com-
posites due to their negative Poisson’s ratio [20,21]. This counter- 
intuitive behavior means that auxetic lattices will contract laterally 
under vertical compression, and expand laterally when stretched verti-
cally, offering advantages such as large deformability, high energy ab-
sorption capacity, and excellent indentation resistance [22–24]. 
Typically, the auxetic behavior is achieved through specific structural 
designs that enable the unique deformation characteristics, including re- 
entrant [25], chiral [26], and rotating units [27]. However, auxetic 
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structures usually exhibit relatively low stiffness which prioritize flexi-
bility and tailored deformation mechanisms over rigidity [28,29]. In 
contexts where certain load-bearing capacity is required, auxetic lattice 
structures can often be combined with stiffer materials such as cement- 
based materials to become composite materials, which enables the 
application in the field of civil engineering.

Recently, extensive studies have been conducted focusing on the 
mechanical properties of cementitious composites with auxetic struc-
tures [30,31]. Zhong et al. [32] filled a layered re-entrant manufactured 
by stacking aluminum sheets with the concrete matrix, and reported 
from the uniaxial compression tests that the auxetic structure can 
effectively enhance the peak stress and energy absorption capacity. 
Zhou et al. [33] conducted dynamic compression tests on the foam 
cement paste filled auxetic aluminum sandwich panels, and found that 
relative stiffness determined by the thickness of auxetic sandwich panels 
and matrix density had an obvious influence on the energy absorption 
performances. Zhao et al. [34] investigated the compressive behavior of 
cementitious composites with various lattice structures, each having an 
out-of-plane thickness of 45 mm. Their study showed that the cracking 
of the lattice reinforcement precipitates the failure of the overall com-
posite structures, thereby preventing the composite material from 
reaching the densification stage. More recently, Xu et al. [35] fabricated 
two-dimensional polymeric auxetic frames (which show negative Pois-
son’s ratio only in the loading plane) using the material extrusion (MEX) 
printing technique and subsequently filled these structures with 
cementitious matrix. Their findings indicated that reducing the volu-
metric ratio of the auxetic frame from 28 % to 14 % would result in a 
one-third reduction in terms of ductility. In addition, by using digital 
image correlation (DIC) analysis and finite element modelling (FEM), 
they also found that because of the lateral contraction on horizontal 
direction, the confinement from auxetic lattices causes limited crack 
propagation in the cementitious matrix [36].

Although planar auxetic structures can effectively enhance the 
ductility and even strength of cementitious composites, out-of-plane 
crushing has been reported in such cases [36,37], and planar auxetic 
structures usually require a larger thickness to avoid the out-of-plane 
buckling. Therefore, three-dimensional auxetic lattice structures have 
been designed and studied to harness their negative Poisson’s ratio ef-
fect in multiple directions [38]. In most cases, three-dimensional auxetic 
lattice structures are designed by rotating two-dimensional auxetic sli-
ces on unit cell level [39,40]. Teng et al. [25] first designed a multidi-
rectional re-entrant structure by composing two-dimensional slices, and 
they reported that the energy absorption capacity can be progressively 
improved by adding more two-dimensional slices. Furthermore, others 
could also be designed by connecting two planar auxetic structures by 
out-of-plane frames, and the Poisson’s ratios can be adjusted by tunning 
the shape of the connecting frames [41]. As for its application in 
cementitious composites, Chen et al. [42] manufactured the three- 
dimensional auxetic structures (which show negative Poisson’s ratios 
on both two directions under uniaxial loading conditions) by assembling 
printed beam components and embedding them into ultra-high perfor-
mance concrete. They showed that with only 14 % volumetric rein-
forcement ratio, the auxetic lattice reinforced UHPC showed optimal 
energy absorption under high velocity impact loading. Besides, Hao 
et al. [43] tested cementitious composites with six different types of 
three-dimensional lattice structures printed by multi jet fusion tech-
nology. According to the acoustic emission signals in the elastic stage, 
they concluded that the 3D printed lattices can limit the damage initi-
ation inside the cementitious matrix in the elastic stage during uniaxial 
compression.

According to the abovementioned literatures, remarkable contribu-
tions have been made to understand the mechanisms of two-dimensional 
auxetic lattice reinforced cementitious composites. In this case, the 
designed auxetic lattices only exhibited negative Poisson’s ratios in the 
planar direction. However, few studies have focused on the mechanisms 
of multidirectional auxetic lattice reinforced cementitious composites, 

where the auxetic lattices are designed to exhibit negative Poisson’s 
ratio in both planar and out-of-plane directions. This is partly because 
manufacturing complex multidirectional lattice structures by traditional 
3D printing techniques such as material extrusion remain challenging. 
More importantly, when utilizing multidirectional structures, it is 
difficult to capture the damage situations insides the composite mate-
rials, as the external surface layer always crumbles first because of lack 
of confinement, making surface observation techniques less efficient. 
Additionally, multidirectional lattice structures possess different me-
chanical features with traditional planar ones, owing to the nature of 
different manufacturing technologies. For traditional planar structure 
made by material extrusion, the side surface is commonly enclosed by 
continuously stacked filaments. In this case, superior in-plane stiffness is 
present, together with a weakened out-of-plane buckling resistance. In 
contrast, multidirectional lattice structures offer more balanced 
confinement in both in-plane and out-of-plane directions. Therefore, 
further research is necessary to elucidate the mechanical properties and 
reveal the underlying mechanisms of cementitious composites rein-
forced with multidirectional auxetic lattice structures.

In this study, uniaxial compression tests were conducted on cemen-
titious composites reinforced with multidirectional auxetic and non- 
auxetic lattice structures. The lattices were printed by the vat photo-
polymerization (VPP) method, allowing for the high-resolution fabri-
cation of complex multidirectional lattice structures. In addition, three 
kinds of printing materials with different stiffnesses, elongation capac-
ity, and hardness were utilized to probe the influence of material 
properties of lattices structures on the overall responses of the com-
posites. The energy absorption capacity of cementitious composites with 
auxetic and non-auxetic lattices were also quantified. Most importantly, 
to unravel the internal damage situations of the cementitious compos-
ites, ex-situ X-ray computed tomography (X-ray CT) tests were con-
ducted under three strain levels to analyze the crack distributions, 
aiming to provide more insights into the functioning mechanisms of 
multidirectional auxetic lattice structures.

2. Materials and Experiments

2.1. Design and manufacturing of multidirectional auxetic structures

The design process of the multidirectional auxetic structure is shown 
in Fig. 1. In planar configurations, the “rotating square” structure was 
first designed by substituting solid squares with struts, as shown in Fig. 1
(a) and Fig. 1(b). This modification enables the structure to remain 
achieving its auxetic mechanisms through joint buckling, while allowing 
the infiltration of cementitious matrix. To transition from a two- 
dimensional structure into a three-dimensional one, two parallel 2D 
structures were positioned at a certain distance to form the horizontal 
frame, shown by Fig. 1(c). The horizontal frame was then vertically 
interconnected by struts, as colored in green in Fig. 1(d). However, 
despite achieving a three-dimensional configuration, the auxetic 
behavior remains in-plane (i.e., contraction occurs only in one direction 
under uniaxial compression). To induce auxetic behavior in all di-
rections, the struts were further rotated around their central axis at a 
certain angle (45◦ in this study), resulting in a unit cell with multidi-
rectional auxetic properties, as shown in Fig. 1(e). The final 3D rotating 
square structure, shown in Fig. 1(f), comprises a 2 × 2 × 2 array of unit 
cells. The diameter of the struts is set as 1.5 mm, and the overall 
structure dimension is 18 × 18 × 18 mm3 with a total volume of 1480 
mm3.

For comparison, non-auxetic octet and cubic shaped structures have 
also been included. Table 1 presents the dimensions and geometrical 
representations of the 3D lattice structures. It should be noted that the 
strut thicknesses for the octet and grid structures were designed as 1.2 
mm and 1.6 mm respectively, to match the total volume of the auxetic 
rotating square structure, thereby ensuring a fair comparison. In addi-
tion, mini dog-bone specimens were designed for testing the material 
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properties, and the dimensions and printing direction are illustrated in 
Fig. 2.

The designed lattice structures were fabricated using VPP printing 
techniques, which can print complex 3D structures with higher resolu-
tion and versatile materials easier than the conventional material 

extrusion techniques. The basic principles of VPP lie in the photo-
polymer resins solidifying under the exposure of ultraviolet (UV) light. 
The parts are printed layer by layer, with each layer exposed to a UV 
light pattern as specified by the slicer software which divides the 3D 
model into horizontal layers. In this study, the ELEGOO Mars 3 resin 3D 

Fig. 1. The schematic overview of the designing process for multidirectional rotating square auxetic structures.

Table 1 
Geometrical representations of designed structures.

Type Unit cell 3D structures Volume

Rotating square (RS) 1480 mm3

Octet (OCT) 1420 mm3

Cubic (CB) 1440 mm3
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printer was used for manufacturing the lattice structures. Three different 
photopolymer resins were employed as base materials: Elegoo Plant- 
based Resin (general-purpose resin), Loctite 3D IND405 High Elonga-
tion Resin (high elongation resin), and Formlabs Rigid 10 K Resin (high 
rigidity resin), abbreviated as G, E, and R respectively. The printing 
parameters are summarized in Table 2. The exposure time denotes the 
duration each layer is exposed to UV light, which is usually longer for 
bottom layers to ensure a better bonding between the printed parts and 
building plate. The light-off delay is a time interval between the 
completion of one layer and the start of the next layer’s exposure to UV 
light, which is usually included for highly viscous resins to ensure a 
correct position of the next layer. After printing, the lattices were 
exposed to 405 nm UV light for five minutes for post-processing.

2.2. Preparation of cementitious composites

The size of the cementitious composite sample was 20 mm × 20 mm 
× 20 mm in cubic shape. The mixture proportions of the cementitious 
matrix are listed in Table 3, where the fine aggregate mortar was used to 
ensure complete infiltration of the lattice structures. Cement, fly ash, 
and fine aggregates were first mixed using the Hobart N50 planetary 
mixer for 4 min. Subsequently, water and superplasticizer were added, 
followed by an additional 4-minute mixing period. The mortar was then 
cast into silicon molds where the 3D printed lattice structures were glued 
to prevent them from moving during subsequent vibration. The speci-
mens were subsequently vibrated for 30 s to ensure a uniform distri-
bution of the matrix. After 2 days, the specimens were demolded and 
cured in an environment with a temperature of 20 ± 2 ◦C and a relative 
humidity of 96 ± 2 % until reaching 28 days of age. The preparation 
process of the cementitious composites is shown in Fig. 3.

2.3. Mechanical tests

The UNITRONIC S205N universal loading stage was used to conduct 
uniaxial compression tests on both the 3D printed lattice structures and 
the cementitious composites. As shown in Fig. 4(a), specimens were 
placed between two steel plates, and the contact surfaces were greased 
with lubricating oil to reduce the boundary friction. The measurements 
of two linear variable differential transformers (LVDTs) were averaged 
to eliminate the errors caused by loading frame rotation. The loading 
rate was kept as 0.01 mm/s controlled by the averaged displacement 
value from two LVDTs. In total, 9 groups of 3D printed lattice 

reinforcements (three kinds of architectures printed by three printing 
materials), and 9 groups of corresponding cementitious composites were 
prepared. For each group of lattice reinforcement and composites, three 
duplicate specimens were prepared to ensure the repeatability, and the 
results were averaged. During the compression test of 3D printed lattice 
structures, photographs were systematically captured at a five-second 
interval to record the deformation states and failure modes of the 
structures. As for the material property tests, a small tensile testing 
machine (TSM) with a load cell range of 500 N was used. As displayed in 
Fig. 4(b), the dog-bone shaped specimens were clamped on both sides, 
and a loading rate of 0.01 mm/s was also used.

2.4. CT scanning

For cementitious composites reinforced by 3D printed lattice struc-
tures, CT scans were conducted to observe the internal damage under 
different loading conditions. The micro-CT scanner (Phoenix X-ray 
Nanotom µ-CT scanner) was used, operating at a tube voltage of 120 kV 
and current of 125 mA. During scanning, the samples were rotated 360◦, 
resulting in the acquisition of 2880 projections stored as 16-bit image 
files with grey-scale values from 0 to 65536. The sensor resolution was 
chosen as 1920 × 1896 pixels with a pixel size of 15 µm. To compare the 
crack distributions under different loading levels, 3 ex-situ CT scans 
were conducted for each specimen: loading the specimen until 0.5 mm 
and unloading to the first scan; re-loading to 1.0 mm and unloading 
again to conduct the second scan; re-loading to 1.5 mm and unloading 
for the third scan. The results were reconstructed using StudioMax 
software and visualized with Dragonfly 3D to examine the internal crack 
information within the matrix.

3. Results and discussions

3.1. Material properties of the 3D-printed resin

The tensile engineering stress–strain curves of the specimens fabri-
cated using three different resins are presented in Fig. 5. The mechanical 
properties have also been summarized in Table 4. It can be noticed that 
only high elongation resin showed ductile behavior after the initial peak 
stress, achieving a fracture strain of up to 62.5 % without any observed 
softening prior to cracking. The reason for such a ductile behavior is that 
the high-elongation resin could generate less rigid crosslinks during the 
polymerization process. With a lower crosslink density, longer polymer 
chains can be formed, which can reduce the risk of brittle failure at 
crosslinks and improve the ductility [44]. The high rigidity resin showed 
superior performance in terms of initial stiffness and peak stress, which 
can reach 7.0 GPa and 82.8 MPa, respectively. In contrast, the general- 
purpose resin exhibited an initial stiffness comparable to that of the high 
elongation resin at 1.4 GPa, but its strength was 28.2 MPa with no plastic 
deformation stage observed before fracturing at a strain of 2.1 %. It 
should be noted that, as a nature of 3D printing techniques, mechanical 

Fig. 2. Dimensions of mini dog-bone specimens.

Table 2 
Printing parameters for different photopolymer resins.

Resin types Layer thickness (µm) Normal layer exposure time (s) Bottom layer exposure time (s) Bottom layer number Light-off delay (s)

General-purpose 50 2.5 35 8 −

High elongation 50 12 35 8 6.5 s
High rigidity 50 16 80 8 6.5 s

Table 3 
Mixing proportions of cementitious matrix (g/L).

Water-to- 
binder 
ratio

CEM I 
42.5 N

Fly 
ash

Fine aggregates 
(0.125–0.250 mm)

Water Superplasticizer 
(Glenium 51)

0.4 615 728 616 538 2.6
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properties of 3D printed specimens are influenced by the printing di-
rection [45,46], while the present study only reported the mechanical 
properties on one direction (i.e., parallel with the printing direction) to 

showcase different material features.
In addition, compared to traditional MEX printing techniques where 

significant anisotropy can be induced due to the weak bonding between 

Fig. 3. Specimen preparation procedure: (a) 3D reinforcement glued in silicon mold, (b) casting fresh mortar, and (c) specimens after demolding.

Fig. 4. Experiment set-up for (a) uniaxial compression test and (b) dog bone tensile test.

Fig. 5. Engineering stress–strain curves for dog bone specimens 3D printed by different resins (the solid lines denote the average values and shaded areas indicate 
the deviations).
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two adjacent layers, the layer adhesion is stronger in VPP printed 
samples since the layers are formed by fully curing liquid resin with a UV 
light. Fig. 6 displays the CT scanning results of the dog bone specimens 
printed by MEX and VPP techniques, where a resolution of 6 µm was 
achieved under a tube voltage of 60 kV and current of 250 mA. The 
printing parameters for the MEX method can be found in literature [35], 
and the printing direction can be found in Appendix A. The printing 
parameters for the VPP printed specimen are identical with those for 
high elongation resin as mentioned in Table 2. As shown in Fig. 6(c), the 
CT determined defect density for the sample printed by the MEX method 
was 1.46 %, and defects showed distinct patterned distributions due to 
the layer-by-layer deposition method. The defects were almost contin-
uous from the bottom end to the top end, and the defects were also 
located between two adjacent layers, suggesting that severe anisotropy 
could be observed in the mechanical performances of MEX printed 
samples. On the contrary, the defect density for the sample printed by 
the VPP method was only 0.01 %, and it can be found from Fig. 6(d) that 
the defects insides the VPP printed sample were generally air bubbles 
inside the hardened resin, where the defects have been enlarged two 
times to ensure a clear visibility. These pores were randomly distributed 
inside the sample, and did not show any obvious distribution patterns 
which are aligned with the printed layers, which suggests that the 
anisotropy may be not that significant compared to MEX printed sam-
ples. Moreover, the defect volume distributions were also compared in 
Fig. 7. It can be found that the defect volumes for MEX printed samples 
were generally distributed between 0 and 0.001 mm3, and there were 
some larger imperfections with a volume beyond 0.001 mm3 which 
could be the internally connected voids between two printing layers. On 
the contrary, the majority of defects in VPP printed samples were in the 
smallest defect size range that can be distinguished by the CT scanning, 
which suggests that the imperfection distribution was more uniform.

3.2. Mechanical performances of 3D-printed lattice structures

The stress–strain curves of auxetic and non-auxetic lattices printed 
by different resins are displayed in Fig. 8. Lattices printed by the high- 
rigidity resin exhibited the highest strength and initial stiffness but the 
lowest ductility, and also went through the most severe brittle failure. As 
displayed in Fig. 9(a)~(c), the failure pattern for these structures was 
brittle, where splash of the broken struts was observed from the camera. 
Consequently, the stress–strain curves of high-rigidity lattices exhibited 
a sharp decline after reaching the peak stress, which was due to the 
brittleness of the printing base material.

For lattices printed using general-purpose resin, the failure process 
was generally less abrupt. In the rotating square and octet structures 
shown in Fig. 8 (a) and Fig. 8 (b), stresses started to decline after the 

Table 4 
Mechanical properties of three used resins.

Resin types Elastic modulus Tensile stress at yield Elongation at yield Tensile stress at fracture Elongation at fracture

General-purpose 1.4 GPa − − 28.2 MPa 2.1 %
High rigidity 7.0 GPa − − 82.8 MPa 1.2 %
High elongation 1.7 GPa 34.7 MPa 3.3 % 43.9 MPa 62.5 %

Fig. 6. CT scanning results of (a) dog bone specimen printed by MEX, (b) dog bone specimen printed by VPP, (c) defects insides MEX printed specimen, and (d) 
defects insides VPP printed specimen, where only the gauge regions (parallel section) were displayed here as the region of interest.

Fig. 7. Defect volume distributions obtained by CT images for MEX and VPP 
printed specimens.
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initial crack appeared. However, since the peak stress was lower (below 
2 MPa) compared to those printed with the high-rigidity resin (above 4 
MPa), the energy released upon fracture was insufficient to completely 
break the entire cross section. Therefore, these lattices did not show 
abrupt failure. This is supported by Fig. 9(d) and Fig. 9(e), where some 
cracks did not fully penetrate the entire cross-section (indicated by the 
red dashed circle), allowing the damaged lattice struts to maintain some 
contact with other parts of the structure, which led to a gradual decline 
in the post-peak branch. However, as shown in Fig. 8(c), the cubic lattice 
printed with general-purpose resin displayed brittle failure at a strain 
level of about 12 %. This occurred because the cubic structure is more 
aligned with the loading direction, resulting in a higher energy release 
upon fracture, which fully broke the cross-section of the struts, as seen in 
Fig. 9(f). Consequently, the lattice lost its integrity, ultimately leading to 
a drop in stress level to zero.

On the contrary, the lattices printed by high elongation resin only 
showed local buckling at the joints instead of cracking. For the rotating 
square auxetic lattice, the stress–strain curves continued to increase 
rather than fluctuate as observed in the octet and cubic lattices. This 
behavior can be attributed to the joints buckling inward (as indicated by 
the red dashed circle in Fig. 9(g)) and eventually contacting with each 
other due to the auxetic nature of the structure. As a result, the buckling 
of the struts did not lead to a reduction in load-bearing capacity. 

However, in the octet and cubic lattices, the buckling of the struts could 
not form new contacts as shown in Fig. 9(h) and Fig. 9(i), so the stress 
levels continued fluctuating until the full densification was reached. 
Nevertheless, when utilizing the high elongation resin as the base ma-
terial, no cracking occurred in all three kinds of lattices until the end of 
the test, suggesting that the fracture behavior of 3D-printed lattices were 
more related to the material properties.

The Poisson’s ratios printed with the high elongation resin were 
calculated and shown in Fig. 10, where the Poisson’s ratio here is 
defined as the ratio between horizontal displacement and vertical 
displacement of the lattice specimens (i.e., the global Poisson’s ratios for 
the lattice structure). It is noteworthy that, due to the premature 
cracking and loss of structural integrity in lattices printed with the high 
rigidity resin and the general-purpose resin, only rotating square lattices 
printed with the high elongation resin showed negative Poisson’s ratios. 
This indicates that, despite the architectural design intended to achieve 
a negative Poisson’s ratio, material brittleness can inhibit the auxetic 
behavior. As shown in Fig. 10, the Poisson’s ratios of auxetic lattice (RS) 
were initially negative, and then turned into positive stage because of 
the densification of the structure and the contact of adjacent joints 
displayed in Fig. 9(g). In addition, the Poisson’s ratios of auxetic lattice 
structures in the other direction are also shown in Fig. 11. It can be found 
that the designed rotating square lattice structures showed auxetic 

Fig. 8. Stress–strain curves of (a) rotating square, (b) octet, and (c) cubic lattice structures 3D-printed by different resins (the solid line denotes the average values, 
and shaded area indicates the deviation).

Fig. 9. Failure modes of 3D printed structures with different architectures and printing materials: (a)~(c) rotating square, octet, and cubic lattice printed by high 
rigidity resin; (d)~(f) rotating square, octet, and cubic lattice printed by general-purpose resin; (g)~(i) rotating square, octet, and cubic lattice printed by high- 
elongation resin.
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behaviors in both directions, suggesting that the confinement on the 
cementitious matrix could exist in both directions. Conversely, The 
Poisson’s ratios of cubic shaped lattices were initially lower compared to 
these of octet structures but became increasingly more positive after 
reaching 10 % strain, due to the local buckling near the joints, as shown 
in Fig. 9(i).

To further explore the anisotropy of the designed auxetic lattice 
structures, the high-elongation resin printed auxetic lattices were tested 
along three principal directions, and the results have been shown in 
Fig. 12. No obvious anisotropy can be captured from the testing results. 
This is mainly because the auxetic lattice was composed by a unit cell 
array of 2 × 2 × 2, so the arrangement of the unit cells along each di-
rection was the same with each other. Besides, this can be also attributed 
to the less anisotropy of VPP 3D printing method where no patterned 
defects were observed between two adjacent printing layers. Therefore, 
also considering the symmetrical nature of octet and cubic lattices, the 
subsequent results for cementitious composites were compared and 
discussed based on the compression test in direction one.

3.3. Mechanical performance of cementitious composites

3.3.1. Stress–strain curves
The compressive stress–strain curves of cement mortar (reference 

group) and cementitious composites embedded with 3D-printed auxetic 
structures (rotating square) are presented in Fig. 13(a) and (b), respec-
tively. It can be seen from the figure that the inclusion of 3D printed 
lattice structures in cementitious materials leads to a lower initial 

stiffness compared to that of the reference group. This can be attributed 
to the introduction of a material phase that is less stiff than the 
cementitious mortar. It can also be observed that the peak strain at 
maximum stress increased from 2.7 % in the reference group to 
approximately 4.5 % on average for cementitious composites containing 
auxetic lattice structures. In addition, the composites reinforced by the 
high rigidity rotating square-shaped lattice structures exhibited com-
parable strength to the reference group, while auxetic lattice structures 
printed with high elongation resin led to an overall reduction in com-
posites’ strength.

However, unlike the reference group where stresses dropped sharply 
after the peak, the cementitious composites with auxetic lattices printed 
using high elongation resin exhibited improved post-peak ductility. 
After the peak stress of 14 MPa, the stress stabilized at approximately 10 
MPa, forming a plateau before entering the densification stage, where 
the stress increased exponentially. However, in terms of lattices printed 
by high rigidity resin and general-purpose resin, their role in improving 
the post-peak ductility is less pronounced, where the stresses of com-
posites dropped to nearly zero. This behavior can be attributed to the 
brittleness of the lattice structures printed with these resins. After the 
failure of lattices within the cementitious matrix, the fractured parts 
acted as flaws of the matrix, diminishing the load bearing capacity of the 
composites. On the contrary, lattices printed with high elongation resin 
maintained their structural integrity until the densification stage, 
thereby preserving the integrity of the composites and enabling the 
improved post-peak ductility. This highlights the importance of using 

Fig. 10. Global Poisson’s ratios for lattice structures printed by resin with high elongation capacity.

Fig. 11. Poisson’s ratios of rotating square (auxetic lattice structures) on 
two directions. Fig. 12. Stress–strain curves for rotating square auxetic lattices tested along 

three principle directions.
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deformable materials to manufacture auxetic lattices to enable the 
proper function in cementitious composites.

Fig. 14 presents the compressive stress–strain curves of cementitious 
composites reinforced with different architectures of 3D printed lattice 
structures, using the high elongation resin as the printing material. It can 
be seen from the figure that, in contrast to the non-auxetic structures 
(octet and cubic), the stress–strain curves for auxetic lattice reinforced 
cementitious composites showed a distinct peak before transitioning 
into the plateau stage, while the composites with non-auxetic lattice 
reinforcement went directly into the plateau stage. This may be attrib-
uted to the confinement effect provided by the negative Poisson’s ratio 
of the auxetic lattice structures. The auxetic lattices tend to contract 
laterally under compression, which could constrain the expansion of 
cementitious matrix and lead to an increase in stress. However, with the 
increase of compressive strain, the constrain gradually reduced due to 
the relatively lower stiffness of auxetic lattices compared to cement 
matrix. The detailed explanations will be provided in Section 4. In 
addition, although higher than non-auxetic lattice reinforced compos-
ites, the strength for auxetic lattice reinforced composites was lower 
compared to the reference cement mortar. However, the area under the 
stress–strain curves were still higher compared to the reference group. 
This is beneficial when the intended application scenario is for energy 
absorption or impact resistance. In these cases, a higher area under the 
curve can be more important than the peak strength. Admittedly, the 

peak strength is somewhat reduced by introducing a softer polymer- 
based materials into the cementitious matrix, but this trade-off sug-
gests that auxetic cementitious composites could be applied in scenarios 
where post-peak ductility is more important. More detailed discussion of 
the energy absorption capacity will be discussed in the following 
section.

3.3.2. Energy absorption capacity
Fig. 15(a) illustrates a typical compressive stress–strain curve for 

cementitious composites reinforced with lattices printed using the high 
elongation resin, which can be divided into three stages: ascending 
stage, plateau stage, and densification stage. In the densification stage, 
the cementitious composites become fully compacted, where the stiff-
nesses drastically increase and stresses increase exponentially, showing 
that the material would act more rigidly and lose its ability to further 
effectively absorb energy. As mentioned above, the onset strains of the 
densification stage are different for composites with different lattice 
architectures and printing materials. Therefore, to compare the ultimate 
energy absorption capacity for lattice-reinforced cementitious compos-
ites with different materials and architectures, the densification energy 
defined as the energy absorption before reaching densification stage was 
used here. In this study, the energy absorption efficiency was utilized to 
determine the onset strain of densification stage [47,48], which can be 
expressed as 

η(ε) = 1
σ(ε)

∫ ε

0
σ(ε)dε (1) 

where η is the energy absorption efficiency as a function of strain ε; σ is 
the stress as a function of strain. Fig. 15(b) shows the calculated energy 
absorption efficiency, and the onset strain of densification stage εd can 
be therefore determined as 

dη(ε)
dε

⃒
⃒
⃒
⃒

ε=εd

= 0 (2) 

which indicates that the onset strain corresponds to the strain level 
where the energy absorption efficiency η reaches its local maximum. In 
other words, when the strain exceeds the onset strain, the energy ab-
sorption efficiency begins to decline due to the exponential increase in 
stress, indicating the beginning of the densification stage. The densifi-
cation energy E is defined integration of stress–strain curves until the 
onset strain of densification, multiplied by the sample volume (V). 

E = V •

∫ εd

0
σ(ε)dε (3) 

The densification energies for cementitious composites reinforced with 

Fig. 13. Stress–strain curves for reference cement mortar (a) and cementitious composites with auxetic reinforcement printed using different resin formulations (b) 
where the solid line denotes the average values and shaded area indicates the deviation.

Fig. 14. Stress–strain curves for reference cement mortar and cementitious 
composites with auxetic lattices (rotating square, RS) and non-auxetic lattices 
(octet, OCT; and cubic, CB).
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auxetic lattices printed by different resins are shown in Fig. 16(a). 
Compared to the reference sample without reinforcement, the densifi-
cation energy for samples with auxetic lattices with high elongation 
capacity was 1.68 times that of reference mortar. However, when 
general-purpose resin or high rigidity resin was used, the densification 
energy was lower. This reduction is attributed to the embedded lattices 
breaking during the loading process, which introduced defects within 
the matrix, resulting in a relatively lower plateau stress. Additionally, 
Fig. 16(b) shows the effect of different lattice architectures printed with 
the high elongation resin on densification energy. The rotating square 
architecture demonstrated the most significant improvement in densi-
fication energy for cementitious composites. Although the octet and 
cubic structures also enhanced densification energy compared to the 
reference, their average values were lower than those with rotating 
square. This could be caused by the stress peak observed in cementitious 
composites with auxetic lattices, while composites with non-auxetic 
structures transitioned directly to the plateau stage as shown in Fig. 14.

3.3.3. Correlation analysis
To better understand the interplay between the properties of lattice 

structures and those of cementitious composites, the average values of 
densification energy and strength (peak stress) were compared via heat 
maps in Fig. 17. The stress–strain curves for the corresponding cemen-
titious composite samples are provided in Appendix B. It can be clearly 
seen that, when using the resin with high elongation capacity, the 
auxetic lattice structures exhibited superior performance in improving 
both densification energy and strength compared to the other two non- 
auxetic structures. However, in cases where a high rigidity resin or a 

general-purpose resin were employed, the benefits of the auxetic 
rotating square lattice become less apparent and can sometimes lead to 
poorer performance compared to non-auxetic structures. This is related 
to the mechanisms underlying the auxetic behavior in 3D-printed lattice 
structures. Achieving auxetic behavior often requires significant local 
deformation, such as buckling at the strut joints in this study. However, 
brittle materials can cause abrupt fractures at these joints, turning the 
broken struts into flaws within the cementitious matrix and ultimately 
reducing the load-bearing capacity of the composites.

For non-auxetic lattices such as cubic shaped ones, when the resin of 
high rigidity was used, the strength could reach 29.92 MPa which is far 
higher than that of the cementitious matrix (around 20 MPa). This 
enhancement can be attributed to the inclination of cubic-shaped lattice 
architecture with the loading direction, which reduces the likelihood of 
buckling under compression. In this scenario, the benefits of high ri-
gidity and strength from the printing materials can be fully harnessed, as 
they are not diminished by the buckling tendency observed in auxetic 
lattices. This mechanism is further supported by the results observed 
with the other two materials (i.e., the high-elongation and general- 
purpose resins). In these cases, cubic-shaped lattices did not 
contribute to strength improvement. This is primarily because the lower 
strength and stiffness of these resins make the lattices more susceptible 
to tilting under compression, either through buckling or cracking as 
shown in Fig. 9(f) and Fig. 9(i), so their contribution after embedded 
inside the cement matrix is also less significant. Overall, these results 
underscore the importance of both base material properties and lattice 
structure design in determining the mechanical performance of 
cementitious composites, which indicates the potential to design 

Fig. 15. Representative stress–strain curves for cementitious composites with lattices printed by resin with high elongation capacity (a), and energy absorption 
efficiency to determine the onset strain of densification stage (b).

Fig. 16. Densification energy: (a) cementitious composites with auxetic lattices printed by different resins, and (b) cementitious composites with different archi-
tectures printed by the high elongation resin.
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cementitious composites with a diverse range of properties by consid-
ering the properties of the base material and the architecture of 
embedded lattice structures.

4. CT scanning analysis

To further unravel the underlying mechanisms of the mechanical 
properties for cementitious composites embedded with auxetic lattice 
structures, the ex-situ CT test was utilized to monitor the internal 
damage conditions. Two cementitious samples embedded with rotating 
square (auxetic) and octet (non-auxetic) lattices printed by resin with 
high elongation capacity were prepared. Each sample was loaded to the 
strain levels of 2.5 %, 5 %, and 7.5 % respectively, and after reaching 
every strain level, the two specimens were then unloaded and taken for 
the CT scanning, which constitutes a total of six CT scans.

4.1. Crack distributions

The cracks within cementitious composites featuring auxetic and 
non-auxetic lattice structures under different strain levels are visualized 
in Fig. 18. The vertical view where the 3D printed lattice structures have 

been hided is displayed for a clear observation of cracks. The color bars 
in the figure show the crack volume distributions segmented by the 6- 
connected connectivity criterion (face-based connectivity). Essentially, 
a voxel is considered connected to another voxel if they share a face, so 
the single crack identified in this study is made up of multiple voxels that 
are connected along one face to the neighboring voxels. The detailed 
explanations on the 6-connected connectivity can be found in Appendix 
C.

When the samples were compressed to a strain of 2.5 %, cracks were 
already evident within the matrix. In cementitious composites rein-
forced with rotating square lattices, the cracks are more likely to be 
distributed on the outer side of the specimen, and only a few minor 
cracks were observed in the core area. This is beneficial since, if the core 
remains less damaged, it can continue to bear loads and distribute 
stresses, and ensure the composites remain functional for resisting 
subsequent events. However, in composites with non-auxetic octet lat-
tices, the crack distribution was more extensive. This suggests that the 
auxetic behavior of the rotating square lattice structures can confine the 
lateral expansion of cementitious matrix under uniaxial compression, 
leading to less damage in the cement matrix. The non-auxetic octet 
structure will expand together with the matrix and thus lacks the 

Fig. 17. Heat maps for cementitious composites with 3D printed lattice structures: (a) densification energy and (b) strength.

Fig. 18. Cracks inside the cementitious composites with auxetic (top row) and non-auxetic (bottom row) lattice structures.
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confining capability of the auxetic structure. This less damaged matrix 
induced by auxetic lattices could also explain the fact that there is an 
obvious stress peak for cementitious composites reinforced with rotating 
square structures, as observed from Fig. 14, while others transitioned 
directly to the plateau stage. Upon reloading the sample to a strain of 5 
%, cracks started to emerge in the core area of composites reinforced 
with auxetic lattices. However, most of the cracks in the core area were 
tiny cracks, and some larger cracks have formed at the outside area, as 
indicated by the color bar. This indicates that, with the increase of 
compressive strain, the confinement from auxetic lattice structure 
gradually reduces. Due to the lack of confinement at the outside area 
(such as the corners and the surface which were not fully reinforced by 
the lattices), the cracks started to propagate. For composites with octet 
lattice, cracks progressively interconnected to form larger cracks pene-
trating the core area. Upon reloading to a strain of 7.5 %, large cracks 
were observed in the core area in both cases.

4.2. Crack volumes

Crack volume distributions under the compressive strain of 2.5 %, 
5.0 % and 7.5 % are displayed in Fig. 19. It should be noted that, to 
compare the confining effect of auxetic lattice structures, the region of 
interest (ROI) here was selected as a cube shaped 17 mm × 17 mm × 17 
mm, as shown in Fig. 19(d). This is because the exterior layer was not 
completely reinforced by the 3D printed lattices, and thereby cracks 
first, but the interior core was effectively confined by the surrounding 
lattice structures and is more representative to compare the confinement 
effect. It can be seen from Fig. 19(a) that, when the compressive strain 
reached 2.5 %, the cracks in auxetic lattice reinforced cementitious 
composites were distributed within a smaller volume range, in which the 
maximum crack volume was around 3 mm3. On the contrary, the cracks 
in cementitious composites with non-auxetic octet structure reached 
more than 10 mm3. Therefore, it can be indicated that it is the auxetic 

behavior from the RS lattice that can lead to a less damaged cementi-
tious matrix. When the specimens were reloaded to 5.0 % strain, larger 
cracks started to form in composites with auxetic lattice, where one 
crack with a volume of 16 mm3 has appeared. Nevertheless, the crack 
volume distribution trend for auxetic lattice reinforced composites is 
still more leftwards shifted. In other words, the median number for crack 
volume of composites with auxetic lattices (0.12 mm3) was smaller than 
that of composites reinforced with positive Poisson’s ratio lattices (0.23 
mm3), suggesting that the auxetic lattices can still limit crack develop-
ment in the cementitious matrix. However, when the strain was 
increased to 7.5 %, no difference can be found in the crack volume 
distributions, which indicates that the confinement from the negative 
Poisson’s ratio lattice was not that effective at such a strain level.

In addition, the total crack volumes have also been compared in 

Fig. 19. Crack volume distributions at compressive strains of (a) 2.5%, (b) 5.0%, (c) 7.5%, and (d) selection of the region of interest.

Fig. 20. Crack volumes for cementitious composites with non-auxetic octet and 
auxetic rotating square lattice structures.
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Fig. 20. At a strain of 2.5 %, composites with octet lattices showed a 
higher total crack volume compared to composites with auxetic rotating 
square lattices. This indicates that auxetic lattice structures can reduce 
damage degree and maintain structural integrity better than the non- 
auxetic structures. With the increase of strains, although the gap be-
tween compositions with different lattices narrowed slightly, cementi-
tious composites reinforced with rotating square lattice still 
demonstrated a smaller crack volume, which indicates its potential 
application where high resistance to cracking under severe strain con-
ditions is required.

4.3. Microstructural damage mechanisms

To further discuss the microstructural damage mechanisms in com-
posites reinforced by different lattice structures, crack distributions are 
displayed by slicing on three parallel planes at an interval of 5 mm along 
the ZY direction and XY direction. The CT scanning results at a strain 
level of 2.5 % have been selected, and the corresponding states at the 
stress–strain curve are illustrated in Fig. 21. At this strain level, the non- 
auxetic lattice-reinforced composites begin transitioning into the 
plateau stage, whereas the auxetic lattice-reinforced composites remain 
in the ascending phase, approaching their peak strength.

Fig. 22 shows the microstructural damage of auxetic lattice rein-
forced cementitious composites. In the ZY planes, particularly those 
closer to the out surface of the specimens (left and right planes), cracks 
were more dispersed. This dispersion is primarily attributed to the lack 
of confinement provided by the lattice structure in the exterior regions 
of the composite. In contrast, the central ZY plane shows vertical cracks 
initiated from the joints. As highlighted by the arrows in Fig. 22(b), 
these vertical cracks are primarily caused by indentation from the lattice 
joints. The indentation creates localized tensile forces within the cement 
matrix, resulting in cracks that resemble tensile splitting cracks. How-
ever, these vertical cracks did not penetrate through the entire spec-
imen, but were limited within the unicell of the auxetic lattice. This is 
because the adjacent lattice joints eventually come into contact, forming 
a new confinement that stabilizes the cement matrix on both sides of the 
crack.

The XY plane provides additional insights into the influence of the 
auxetic lattice on microstructural damage. Similar with the observations 
at left and right planes on ZY direction, cracks appear to be more 
concentrated at the exterior region of the composites. As the auxetic 
structure contracts inward under load, the cement matrix tends to 
expand outward due to its natural deformation behavior (i.e., positive 
Poisson’s ratio). This opposing deformation between the lattice and the 
matrix leads to the peeling of the matrix’s exterior layer. However, in the 
interior, the lattice and matrix mutually constrain this inverse 

deformation, resulting in fewer cracks distributed in the core area. This 
interaction between the inward-contracting lattice and the outward- 
expanding matrix creates a stabilizing effect that reduces crack devel-
opment and contributes to the improved mechanical performance of the 
auxetic lattice-reinforced composite.

The microstructural damage observed in non-auxetic octet lattice 
reinforced cementitious composites is illustrated in Fig. 23. Compared to 
composites reinforced with auxetic lattices, these non-auxetic lattice- 
reinforced composites exhibit a greater number of vertical cracks, 
especially in the ZY planes. The formation and distribution of these 
vertical cracks are closely linked to the deformation behavior of the 
lattice structure under compression. As indicated by the blue dashed 
line, which outlines the deformed shape of the unit cell, the outward 
displacement of the lattice nodes during compression leads to localized 
compression of the cement matrix near the nodes. However, the sur-
rounding reinforcement fails to provide adequate confinement due to its 
outward-expanding tendency, a characteristic of the non-auxetic struc-
ture. This lack of confinement exacerbates the development of vertical 
cracks along the ZY planes.

In the XY planes, the damage is predominantly characterized by 
interfacial damage between the octet lattice reinforcement and the 
cement matrix. This type of damage is in contrast with the crack patterns 
observed in auxetic lattice-reinforced composites. The underlying 
reason for this difference lies in the higher positive Poisson’s ratio of the 
non-auxetic octet structure (above 0.3), which indicates a greater lateral 
expansion tendency compared to the cement matrix. This larger lateral 
deformation tendency of the octet lattice also explains the more signif-
icant interfacial debonding and subsequent interfacial crack propaga-
tion. As a result, the lattice reinforcement fails to provide lateral 
confinement to the matrix, which increases the likelihood of shear crack 
formation under uniaxial compression.

In comparison, the non-auxetic octet reinforced cementitious com-
posites showed more severe vertical cracks, and more significant inter-
facial damage were observed at both interior and exterior areas of the 
composites. This indicates the auxetic lattice showed a better composite 
action with the cement matrix, and it also explains the reason that the 
auxetic lattice reinforced composites showed a higher stress than the 
non-auxetic counterpart at a strain of 2.5 %. In addition, the energy 
dissipation characteristics of the lattice reinforced composites are also 
influenced by these microstructural damage mechanisms. Due to a 
larger number of vertical cracks and the significant interfacial damage, 
the non-auxetic lattice reinforced composites tend to dissipate energy 
through the extensive propagation of cracks and the interfacial frictions 
between the lattice structure and the cement matrix. In contrast, due to 
the inward-contracting behavior, auxetic lattice reinforced cementitious 
composites tend to dissipate energy more efficiently by constraining 
crack growth and distributing stress more evenly in the cement matrix, 
which allows the material to dissipate energy over a larger volume.

5. Conclusions

This study explores auxetic lattices that can be used as reinforcement 
in cementitious composites to provide higher load bearing capacity and 
damage dissipation than the non-auxetic counterparts. The uniaxial 
compression tests were conducted on cementitious composites rein-
forced with 3D printed auxetic and non-auxetic lattices. The multidi-
rectional auxetic lattice was designed to have a negative Poisson’s ratio 
in all directions, and non-auxetic lattices with a similar volume were 
also included for comparison. In addition, to investigate the influence of 
mechanical properties of the lattice structures, the lattices were printed 
with base materials featuring distinctively different stiffnesses and 
deformation capacities. To better understand the reinforcing mecha-
nisms of the auxetic lattice structures in cementitious matrix, micro CT 
scanning was carried out under three different compressive strains, and 
the crack distribution patterns and volumes were analyzed to gain a 
deeper understanding of the micro-cracking and failure mechanisms for 

Fig. 21. Stress state at a strain level of 2.5% where the CT scanning was 
selected for microstructural analysis.
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cementitious composites with auxetic lattices. The conclusions can be 
summarized as follows.

1) According to the micro CT characterization, the ductile cracking 
mechanism was found to explain the peak stress and improved post- 

peak ductility for cementitious composites reinforced by auxetic 
lattices. At a strain level of 2.5 %, the cracks were more discon-
nectedly distributed, and the crack volume insides the core of auxetic 
lattice reinforced composites was 60 % lower than these with non- 
auxetic lattices. With the increase of strain level up to 5 %, the 

Fig. 22. Microstructural damage situations for cementitious composites with auxetic rotating square lattice on different slice planes, where gray components 
represent the lattice and red components represent the cracks. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 23. Microstructural damage situations for cementitious composites with non-auxetic octet lattice on different slice planes, where gray components represent the 
lattice and red components represent the cracks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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auxetic lattice can still mitigate crack merging and local failure of 
cement matrix. When the strain reached 7.5 %, although the effect on 
limiting crack as disconnected was no longer obvious, the lattice 
structure could still contribute to maintain the integrity of composite 
materials, with the total crack volume was still 20 % lower compared 
to cementitious composites with non-auxetic lattice structures.

2) The damage dissipation energy mechanisms were found to be 
different in auxetic and non-auxetic lattice reinforced cementitious 
composites. Because of lack of lateral confinement on cement matrix, 
the non-auxetic octet lattice reinforced cementitious composites tend 
to dissipate energy through extensive propagation of cracks and 
interfacial damages between the lattice and the cement matrix. In 
contrast, due to the inward-contracting behavior, auxetic rotating 
square lattice reinforcement showed a better composite action with 
the matrix, so the composites tend to dissipate energy by con-
straining crack growth and distributing stress more evenly in cement 
matrix.

3) The auxetic lattice structures can compensate the strength reduction 
caused by introducing a relatively soft and deformable material into 
the cementitious matrix. Conversely, when a stiff and brittle printing 
base material was adopted, the performance of the auxetic lattices in 
enhancing the composite material’s strength dimished. This decline 
was primarily attributed to fractures at the joints of auxetic lattice 
structures, which precipitated the structural failure of the 
composites.

4) When using a printing material with high deformability, the auxetic 
lattice reinforced cementitious composites showed superior post- 
peak ductility and densification energy absorption capacity 
compared to the plain cement mortar, and composites reinforced 
with non-auxetic lattice structures. However, when the printing 
material did not have enough deformability to enable the auxetic 
behavior of lattice structures, the improvement in energy absorption 
capacity of the composites was not significant not even if the lattices 
were designed to be auxetic.

This study designs the enhanced energy absorbing cementitious 
composites by embedding auxetic lattice structures. Compared to 
traditional methods such as fiber or steel reinforcements, 3D printing 
offers greater precision and customization, ensuring high-quality 
auxetic lattices that can be tailored to fit specific forms, reducing the 
need for on-site adjustments. However, steel and fibers are widely 
available, often leading to lower material costs due to economies of 
scale. Steel and fiber reinforcement methods are more scalable, while 
the 3D printed lattices are currently limited on smaller scales, making 
them only applicable to small areas and less cost-effective in larger 
projects. Future improvements could involve in-situ CT tests to avoid 

crack closure caused by unloading, offering more detailed insights into 
internal composite action. Additionally, exploring alternative printing 
methods to manufacture larger auxetic lattices and investigating their 
suitability for application in larger scales is also recommended, along 
with further research into the size effect and other influencing factors on 
lattice performance.
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Appendix A 

The printing layer view of the dog bone specimens by material extrusion method is shown in Fig. A1. More detailed information about the printing 
parameters can be found in reference [35].

Fig. A1. Printing layer view of dog bone specimen printed by MEX method.

Appendix B 

The stress–strain curves for cementitious composites reinforced with lattices printed by different materials are shown in the figures below. Fig. B1
shows the stress–strain curves for cementitious composites reinforced by cubic lattices, and Fig. B2 shows the stress–strain curves for cementitious 
composites reinforced by octet lattices, and Fig. B3 shows the stress–strain curves for cementitious composites reinforced by rotating square lattices. In 
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these figures, blue lines denote the high rigidity resin, green lines denotes the general-purpose resin, and orange lines denote the high elongation resin.

Fig. B1. Stress–strain curves for cementitious composites with cubic lattices printed by different materials.

Fig. B2. Stress–strain curves for cementitious composites with octet lattices printed by different materials.

Fig. B3. Stress–strain curves for cementitious composites with rotating square lattices printed by different materials.

Appendix C 

The basic principles of the 6-connected criterion is shown in the figure below. For two voxels which can be considered as 6-connected, these two 
voxels must share a face, indicating that that they are directly touching each other along one of their six faces. Conversely, if two voxels only share 
edges or corners, they are labelled as separate parts. The choice of connectivity criterion would affect the results of connectivity-based analysis, but the 
6-connection criterion is less computationally intensive and ensures that connected components are more clearly defined.

Fig. C1. Illustrative diagram of the 6-connection criterion.
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