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A ribbed strategy disrupts conventional metamaterial deformation mechanisms 
for superior energy absorption
Xinxin Wanga,b, Xinwei Lic, Zhendong Lia, Zhonggang Wanga and Wei Zhaib

aSchool of Traffic & Transportation Engineering, Central South University, Changsha, People’s Republic of China; bDepartment of Mechanical 
Engineering, National University of Singapore, Singapore, Singapore; cFaculty of Science, Agriculture, & Engineering, Newcastle University, 
Singapore, Singapore

ABSTRACT  
Enhancing energy absorption in mechanical metamaterials has been a focal point in structural 
design. Traditional methods often include introducing heterogeneity across unit cells. Herein, 
we propose a straightforward ribbed strategy to achieve exceptional energy absorption. We 
demonstrate our concept through modified body-centered cubic (BCC) and face-centered cubic 
(FCC) ribbed truss-lattice metamaterials (BCCR and FCCR). Using stainless-steel 316L samples, 
compression tests indicate a 111% and 91% increase in specific energy absorption (SEA) for 
BCCR and FCCR, respectively, along with an enhancement in compression strength by 61.8% 
and 40.7%. Deformation mechanisms are comprehensively elucidated through both finite 
element analysis and theoretical calculations. The mitigation of stress concentration at nodes, 
redistribution of load transfer pathways within struts, and introduction of multiple plastic 
hinges collectively contribute to increased energy absorption and higher compression strength. 
Using rein-based polymer samples, the ribbed truss-lattice metamaterials also exhibit 
exceptional damage tolerance, experiencing only a 15% loss in maximum strength after cyclic 
compression at 20% strain, while maintaining a 73% higher SEA compared to their non-ribbed 
counterpart. This strategy extends beyond the discussed structures, presenting itself as a 
generic approach to enhance plateau strength and SEA.
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1. Introduction

Metamaterials featuring truss-lattice structures have 
emerged as a paradigm-shifting class of materials, 
celebrated for their outstanding mechanical proper-
ties. Extensively employed across diverse domains, 
including aerospace, biomedical, and automotive 
industries, these lattice structures have attracted con-
siderable attention for their unparalleled ability to 
manipulate and enhance material properties beyond 
traditional material capabilities. The persistent 
pursuit of innovative lattice designs has resulted in 
the proposal of progressively intricate structures. 
Moreover, lattice metamaterials are currently being 
customised for diverse and intricate functionalities, 
including sound absorption [1,2], electrical magnetic 
response [3,4], and thermal regulation [5,6]. The 
rapid advancement of additive manufacturing tech-
nology has provided a more flexible and efficient 

pathway for the customised design of complex meta-
materials [7–9]. In this technological landscape, the 
mechanical properties of metamaterials have attracted 
substantial attention due to the sensitive integration 
of materials, structures, and processes. The compre-
hensive assessment of mechanical performance 
involves crucial aspects such as plateau response, 
load-bearing capacity, and energy absorption, which 
remain fundamental and indispensable characteristics.

In the pursuit of improved performance, a multitude 
of innovative structural design strategies has emerged 
and evolved, encompassing layered [10–12], hybrid 
[13–15], embedded [16,17], gradient [18], bioinspired 
[19,20], hierarchical designs [21–24] and more, partially 
depicted in Figure 1(A). These designs have transcended 
the conventional focus solely on energy absorption. 
Moreover, they extend their influence on elevated pla-
teaus and customised responses, illustrating the 
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multidimensional nature of engineering structures 
[17,25,26]. Nevertheless, the increasing complexity of 
structures presents a challenge for additive manufactur-
ing technologies, prompting a paradigm shift toward 
strategies that prioritise simplicity in design, enhanced 
efficiency in fabrication, and superior mechanical 
performance.

In the realm of metamaterials, nodes and struts stand 
out as two essential geometric components. The defor-
mation modes of an inclined strut primarily fall into 
two categories: bending or stretching [32]; [33], as 
shown in Figure 1(B). Structures dominated by 
bending exhibit a stable response history and lower 
energy absorption, while those dominated by stretching 
generally display fluctuating stress plateaus and higher 
energy absorption. Despite undergoing various geo-
metric upgrades, the fundamental deformation mechan-
isms of strut-based metamaterials persist in being 
rooted in either bending- or stretching-dominated 
behaviour. In these mechanisms, nodes typically experi-
ence significant stress concentration, while struts guide 

the propagation of stress waves. Numerous efforts 
have been made to mitigate stress concentration [27– 
29] and optimise load transfer [25,30,31,34,35] in these 
systems, as shown in Figure 1(C). As mentioned in the lit-
erature cited above, in recent years, upgrading strat-
egies for lattice structures have been extensively 
investigated, achieving significant progress in various 
aspects. Therefore, building upon this foundation, pur-
suing strategies that are simpler, more efficient, and 
capable of surpassing the improvements brought by 
existing designs will face substantial challenges.

In this study, as proof of concept, we introduce a novel 
class of mechanical truss-lattice metamaterials based on 
body-centered cubic (BCC) and face-centered cubic (FCC) 
structures, denoted as BCCR and FCCR, respectively. 
These metamaterials incorporate rib reinforcements using 
a straightforward ribbed strategy, fostering a synergistic 
interaction between bending and stretching. This design 
approach effectively mitigates stress concentration at 
nodes while introducing multiple plastic hinges. As a 
result, the BCCR and FCCR structures demonstrate 

Figure 1. Design concept. (A) Increasingly complex geometric configurations including layered [10], hybrid [13], embedded [16,17], 
gradient [18], bioinspired [19] and hierarchical structures [21]. (B) Illustration of bending and stretching in an inclined strut. (C) 
Improvements to node stresses [27–29] and strut loads [25,30,31]. (D) Concepts and significance of ribbed strategy for truss- 
lattice metamaterials.
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significant strength enhancements of 61.8% and 40.7%, 
respectively, compared to conventional BCC and FCC struc-
tures. Additionally, they exhibit improvements in energy 
absorption of 111% and 91%, respectively. The validation 
of these enhancements was achieved through a combi-
nation of experimental, numerical, and theoretical 
approaches. We believe that the presented strategy has 
the potential to inspire extensive future research aimed 
at exploring interpenetrating mechanisms and adapting 
them to various geometric configurations.

2. Materials and methods

2.1. Geometry and fabrication

The ribbed concept is validated using BCC and FCC geo-
metries as the based structural carriers. The correspond-
ing ribbed truss-lattice structures denoted as BCCR and 
FCCR, were designed following the strategy presented 
in Figure 1(D). The ribs are placed along the loading 
direction since the struts experience significant 
bending and stretching deformation in that direction. 
Their geometric cases are illustrated in Figure 2(A). In 
three-dimensional space, the nodes of the ribbed 
struts align with the midpoint of the original struts 

based on the simplest configuration and empirical 
methods. For the BCC, BCCR, FCC, and FCCR geometries, 
Figure 2(Bi∼ii) illustrate the fitted mathematical relation-
ships between the relative density rRD and geometric 
parameters (diameter D and length Lc).

The EOS M290 3D printing machine was utilised to 
additively manufacture the lattice specimens through 
the Direct Metal Laser Sintering (DMLS) technique with 
laser power of 400 W, spot diameter of 100 μm, layer 
thickness of 30 μm and layer speed of 2000mm/s. The 
commercial EOS stainless-steel 316L powder was 
chosen as the material for the printed matrix, whose 
composition is shown in Table 1. All the specimens 
shared the same geometric overall dimensions, measur-
ing 24× 24× 24 mm3 (as shown in Figure 2(C)). Within 
this confined space, 4× 4× 4 unit cells were integrated 
in three orthogonal directions, satisfying the cell number 
sensitivity. This specific number of unit cell has been 
demonstrated to reliably achieve the convergence of 
mechanical properties. The strut diameters of conven-
tional BCC and FCC structures are designed as 0.9 mm. 
To maintain the same relative density, the correspond-
ing diameters of BCCR and FCCR truss-lattice structures 
are calculated as 0.804 and 0.822 mm via Computer 
Aided Design (CAD) software, respectively. The original 

Figure 2. Geometric design and specimen demonstration. (A) Geometry case; (B) Relative density of (i) conventional structure and (ii) 
ribbed geometry; (D) Specimens fabricated with stainless-steel 316L; (E) Front view and enlarged unit cell diagrams of four samples.

VIRTUAL AND PHYSICAL PROTOTYPING 3



and ribbed struts are controlled to have identical diam-
eters after considering the appropriate overlapping 
effects. The geometrical information and specimen 
masses are presented in Table 2.

2.2. Quasi-static compressions

To evaluate the mechanical behaviour of the specimens, 
quasi-static compression tests were performed. Com-
pression tests were conducted at a controlled strain rate 
of 0.001 s−1 (equivalent to a compression speed of 1.44 
mm/min) using the Shimadzu AG25-TB (50 kN), a high- 
precision and reliable testing machine. The selected 
strain rate ensures that the specimens are subjected to 
gradual and controlled deformation, enabling the 
precise observation and measurement of their response 
to compression forces. Four replicates of each lattice 
specimen were tested under the same experimental con-
ditions. The energy absorption per unit volume (ET) is 
defined as the area under compressive stress–strain 
curves [36]. The specific energy absorption (SEA) can be 
defined as the ratio of the energy absorption per unit 
volume to the equivalent density (rRD r) of the struc-
ture/material [25]. Densification strain under compression 
is based on energy absorption efficiency [25,36–39] and 
determined by the strain corresponding to the last deflec-
tion point of the curve. Their expressions and related 
explanations are shown in Table 3.

2.3. Finite element analysis

Finite element analysis (FEA) is utilised to supplement 
experimental results and reveal mechanical mechanisms. 

All designed structures were modelled, meshed, and 
solved using SOLIDWORKS (Dassault Systèmes Solid-
Works Corp.), HYPERMESH (Altair Engineering Inc.) and 
ABAQUS/CAE (Dassault Systèmes Simulia Corp.), respect-
ively. Parametric modelling was implemented based on 
their respective scripting languages. Considering the 
experiment validation and computational efficiency, the 
approximate global mesh size was set to one-fourth of 
the strut diameter after performing the mesh conver-
gence analysis (Section S1, Supplementary Material). 
The use of 4-node linear tetrahedral elements (C3D4) 
with a combination of small mesh size and large mesh 
count ensures computational solving accuracy. General 
contact (Explicit), surface pairs of all* with self, tangential 
behaviour of friction coefficient 0.2 and normal behaviour 
of hard contact were adopted to model the compression 
conditions. After conducting speed sensitivity analysis 
(Section S2, Supplementary Material), the loading speed 
of 1 m/s was set to achieve a balance between kinetic 
and internal energy, with a conservative threshold of 
5%. The material behaviours of elastic-linear strain hard-
ening were employed. The material data for stainless- 
steel 316L, obtained according to ISO 6892, includes a 
material density r of 7.98 g/cm3, Young’s modulus of 
150 GPa, Yield strength of 460 MPa and ultimate tensile 
strength of 560 MPa. The strain rate and thermal soften-
ing were not introduced since the simulations were veri-
fying experiments under quasi-static loading conditions. 
The ductile failure and damage evolution were not con-
sidered because no significant strut fractures were 
observed during the experimental compression process.

3. Results and discussion

3.1. Compressive behaviours

3.1.1. Mechanical response
Figure 3 shows the quasi-static compression results for 
all samples. The purpose of these tests is to elucidate 
how the structures respond under compressive loading 
conditions, with stress–strain curves serving as vital 

Table 1. Material composition of EOS stainless-steel 316L powder.
Composition Cr Ni Mo C Mn Cu P S Si N Fe

Proportion (wt%) 17 ∼ 19 13 ∼ 15 ≦3 ≦0.03 ≦2 ≦0.5 ≦0.025 ≦0.01 ≦0.75 ≦0.1 Balance

Table 2. Geometrical and mass information of experimental specimens (Lc = 24 mm).
Type BCC BCCR FCC FCCR

D (mm) 0.9 0.804 0.9 0.822
Designed rRD 10.6% 10.6% 12.7% 12.7%
Mass (g) 12.396±0.041 12.507±0.072 17.116±0.138 17.686±0.193
Specimen rRD 9.918±0.31% 10±0.59% 12.17±0.8% 12.58±1.1%

Table 3. Evaluation indicators of mechanical properties.
Indicator Expression Explication

Energy absorption per unit 
volume, ET

ET =
�1

0
s(1)d1 s: Stress

1: Strain
Specific energy absorption, SEA SEA = EA

rRD r
rRD: Relative density

Energy absorption efficiency, j j = EA
s(1) r: Matrix material 

density
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tools to characterise their mechanical behaviour. The 
results of the four compression tests for each structure 
are similar, as depicted in Figure 3(Ai∼ii and Bi∼ii). The 
trends of the curves remain almost identical in both 
the elastic and plastic stages. This underscores the 
reliability of the fabricated samples and the repeatability 
of the experiments. Figure S3 shows the energy absorp-
tion efficiency curves for all compressed samples 
(Section S3, Supplementary Material).

Figure 3(Aiii) shows experimental comparisons of 
BCC and BCCR structures using error bands. The mech-
anical response of the BCC structure demonstrates a 
typical bending-dominated mode, and its stress– 
strain curve exhibits a flat tendency. In contrast, the 
BCCR structure with the same rRD exhibits a different 

deformation response. Its compression behaviour pre-
sents two distinct steps: the pre-smooth process and 
the late enhancement stage. Before the strain 
reaches 33%, the BCCR structure undergoes a steady 
compressive deformation similar to that of the BCC 
structure, but its engineering stress is higher. 
However, there is a notable increase in stress for 
BCCR after the strain surpasses 33%, indicating an 
enhanced effect. Note that this increase in stress at 
this point does not imply that the BCCR structure 
has entered a densification stage. Energy absorption 
efficiency continues to increase in the interval 
between strain 33% and 70% (Figure S3B, Section S3, 
Supplementary Material). The mechanical character-
istics of these structures suggest potential for 

Figure 3. The compression results from conventional and ribbed structures. (Ai∼iii) BCC v.s. BCCR; (Bi∼iii) FCC v.s. FCCR; (C) The com-
parison of energy absorption per unit volume and compression strength; (D) SEA comparison; (E) The increment in SEA value for 
different design strategies fabricated with metallic stainless-steel 316L, including embedded, variable cross-sections, hybrid, gradient, 
bio-inspired, and hierarchical metamaterials.
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application in passive safety protection devices and 
systems. These characteristics enable the structure to 
initially withstand a relatively gradual range of stresses 
when subjected to external load. Consequently, this 
enables the protected object to effectively shield 
against the initial impact loads. Subsequently, the struc-
ture transitions into an enhanced protection phase, 
achieving comprehensive resilience to deformation.

Figure 3(Biii) presents the experimental comparison 
of the engineering stress–strain curves between FCC 
and FCCR structures. FCCR structures demonstrate 
superior mechanical performance, including higher 
plateau stress, extended strain-hardening phase, and 
more stable mechanical response. These findings dis-
tinctly highlight the substantial improvement in overall 
mechanical performance resulting from the implemen-
tation of ribbed strategies. Illustrated in Figure 3(C), 
the energy absorption per unit volume for BCCR and 
FCCH structures increased by 211% and 191%, respect-
ively, compared to BCC and FCC. Figure 3(D) shows 
that BCCR and FCCH structures exhibit a SEA increase 
of at least 109% and 94%, respectively, compared to 
BCC and FCC. These performance improvements are 
attributed to adjustments in the overall mechanical 
response of the ribbed truss-lattice structures. Quan-
tified compressive mechanical properties are listed in 
Table 4.

Furthermore, we conducted a comparative analysis 
between increment in SEA value and design strategies, 
including embedded [16,40], variable cross-sections 
[27,41], hybrid [13,42], gradient [11,43], bio-inspired 
[44,45], and hierarchical architectures [25,46] as shown 
in Figure 3(E). The increment in SEA value refers to the 
percentage increase in SEA values of the new structures 
compared to their corresponding original structures 
after implementing these strategies. These structures 
are fabricated by metal additive manufacturing using 
stainless-steel 316L. Their matrix structure type, detailed 
fabrication techniques and printing parameters are dis-
played in Table S1 (Section S4, Supplementary Material). 
The results indicate that the ribbed strategy enhances 
SEA to a greater extent compared to the other strategies. 
This strategy can be further extended to a variety of 
truss-lattice configurations, not limited to just BCC and 
FCC geometries. Additionally, this approach offers the 
benefit of simplified design and reduced additive manu-
facturing failure rates. This further emphasises its 

promising potential in the fields of materials engineer-
ing and structural design.

3.1.2. Deformation mode
The FEA results of BCC, BCCR, FCC, and FCCR truss-lat-
tices are depicted in Figure 3(A∼B). The FCC and FCCR 
structures may exhibit more defects in the final speci-
mens due to the increased complexity of support 
requirements during metal additive manufacturing. 
As a result, the simulation results may be slightly 
higher than the experimental results. The deformation 
processes of these structures are illustrated in Figure 4
(A). Regarding stress response and deformation pro-
cesses, there is a notable consistency between the 
numerical simulation results and experimental 
findings, confirming the reliability of FEA. There is a 
significant alteration in the stress distribution at the 
nodes of both BCC and FCC structures after ribbing. 
For the BCC structure, when the strain reaches 25%, 
the stresses are entirely concentrated at the nodes, 
resulting in a pronounced high-stress distribution in 
the node area. However, with the implementation of 
the novel strategy we proposed, the BCCR structure 
exhibits a significant improvement in stress distri-
bution at the nodes under the same compressive 
strain, effectively transferring the high stresses. Simi-
larly, the FCCR structure initially exhibits a widespread 
high-stress distribution before reinforcement. However, 
after the addition of ribs, stress redistributions result in 
reduced stress levels at the nodal regions and 
increased stress in the strut components. This 
phenomenon further emphasises the significant poten-
tial of the ribbed strategy in optimising and adjusting 
the mechanical performance of the structure.

Figure 4(B) presents a Scanning Electron Microscope 
(SEM) image capturing a strut from physical speci-
mens. After the application of external loads, there is 
an increase in the number of microscopic cracks 
within the strut, and the sintered metal interfaces 
have started to fracture gradually. The degree of 
crack formation varies in different locations. At pos-
itions distant from the nodes, the occurrence of 
cracks is relatively limited and less conspicuous. 
However, in proximity to the nodes, extensive cracking 
becomes more prominent. This observation suggests 
that greater plastic deformation occurs in the nodes 
during the deformation process, resulting in the 

Table 4. Quantified compressive mechanical properties (Experiment).
Property BCC BCCR FCC FCCR

Compression strength (MPa) 5.41 ± 0.13 8.76 ± 0.13 21.99 ± 0.38 30.93 ± 0.33
Energy absorption per unit volume (kJ/m3) 3950.64 ± 230.86 8335.09 ± 89.71 10795.47 ± 428.53 20641.92 ± 259.65
Specific energy absorption (J/g) 4.40 ± 0.25 9.22 ± 0.06 8.7220 ± 0.4080 16.92 ± 0.75
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development of more pronounced cracks. Therefore, in 
the structural design of truss-lattice metamaterials, the 
node reinforcement holds significant importance.

3.2. Deformation mechanism

Figure 5(Ai∼ii) illustrate the deformation sequences of 
representative volume unit cells for the four structures 
captured during both the experimental and simulation 
processes. At a compression strain of 25%, there is 
notable consistency in the key deformation locations 
between the experimental and simulation results. 
Figure 5(B) presents simplified collapse sequence dia-
grams for both conventional and ribbed structures. In 
the case of the former, each node is connected to 
four struts. When subjected to an external load, these 
four struts undergo bending deformation relative to 
the centre node. As a result, stress is consistently trans-
ferred to the central node, resulting in stress concen-
tration. This phenomenon is supported by the FEA 
contour plots in Figure 5(A). The process of stress 

transfer essentially involves the dissipation of energy 
within the struts. As stress is fully transmitted to the 
nodes, the dissipated energy reaches the threshold of 
the structure. In the proposed configuration, the 
ribbed struts result in the emergence of new nodes 
along the original struts. Near these nodes, three 
additional struts are connected. The sections compris-
ing the original struts still undergo bending defor-
mation around the newly formed nodes. However, 
the introduction of an additional strut provides robust 
support to this node, effectively redistributing the 
stress borne by the new node back onto the struts. 
This augmentation creates a more intricate network 
of load-bearing elements, fundamentally altering the 
stress distribution dynamics within the structure. The 
ribbed structure involves a greater degree of defor-
mation in the original struts, an increased number of 
nodes experiencing stress concentration, and a higher 
count of reinforcing struts providing support. This intri-
cate interplay of elements characterises the enhanced 
structural configuration, showcasing a more intricate 

Figure 4. Deformation process. (A) Comparison of compression results between quasi-static experiment and FEA simulation (ε = 25%); 
(B) Microscopic deformation distal from and proximal to the node ends via SEM.
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and distributed response to external loads. The 
enhancement not only amplifies the load-bearing 
capacity but also disperses stress more effectively, con-
tributing to the overall resilience of the structure.

For strut-based metamaterial structures, the arrange-
ment of struts in space can be divided into body-cen-
tered diagonal, face-centered diagonal, and vertical 
struts (Figure 5(Ci)). They correspond to three different 
deformation modes and plastic hinge formation, as sim-
plified in Figure 5(Cii). Based on the energy absorbed by 
the strut [38,47], the mean plateau strength sp of plastic 

collapse was theoretically derived to supplement the 
validation of the mechanical mechanism, and it is calcu-
lated as:

sp=
D3tan2a 2mp+2na+4ptan− 1

��
2
√

tana
( 

+4pcos− 1 1�������
1+sin2a
√

  

3L2
c (Lc − 2D)

ss

(1)

The a represents the angle between the diagonal and 
the base (Figure 5(Ci)). The Lc denotes the length of the 
unit cell. The m, n, and p respectively represent the 
number of struts along the vertical, body-centered 
cubic diagonal, and face-centered cubic diagonal. ss 

represents the tensile strength of matrix material. 
Table 5 provides their corresponding values. The 
shared struts exist between adjacent unit cells in FCC 
and FCCR configurations. Consequently, the sp of BCC, 
BCCR, FCC, and FCCR structures can be calculated 
using Equations (2∼5). Considering the actual diameters 
and lengths, the average plateau strengths are compiled 

Figure 5. Deformation mechanism. (A) Extracted unit cell deformation processes of experimentation and simulation: (i) BCC v.s. BCCR; 
(ii) FCC v.s. FCCR. (B) Different collapse evolution between conventional and ribbed strategies. (C) Different distributions of (i) strut 
types correspond to (ii) different deformation patterns. (D) Theoretical and experimental comparison of mean plateau strength.

Table 5. Number of struts and mean plateau strength of 
different types in a unit cell.

Type m n p Shared struts?

Mean plateau strength (MPa)

Experimental Theoretical

BCC 0 8 0 ✗ 6.0638 ± 0.0725 5.65
BCCR 4 16 0 ✗ 16.6973 ± 0.173 17.539
FCC 0 0 8 ✓ 17.795 ± 0.336 18.84
FCCR 4 0 16 ✓ 33.313 ± 0.427 35.984
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in Table 5. A comparison with experimental values 
reveals a consistent alignment between the two, as illus-
trated in Figure 5(D). Following the reinforcement 
design, the number of struts for the three types has 
changed, introducing more deformable plastic hinges. 
In comparison to the strut diameters, the energy dissipa-
tion in the plastic hinges takes precedence.

sBCC =
D3 tan2a 16a
3L2

c (Lc − 2D)
ss (2) 

sBCCR =
D3 tan2a (8p+ 32a)

3L2
c (Lc − 2D)

ss (3) 

sFCC=

D3 tan2a 32tan− 1
��
2
√

tana
( 

+32cos− 1 1
����������
1+sin2a
√

  

3L2
c (Lc − 2D)

ss

(4) 

sFCCR=
D3 tan2a 8p+64tan− 1

��
2
√

tana
( 

+64cos− 1 1�������
1+sin2a
√

  

3L2
c (Lc − 2D)

ss

(5) 

3.3. Further discussion

3.3.1. Length effect of ribbed strut
In the structures mentioned above, we positioned the 
rib at the midpoint of the strut. A new rib-node is 
introduced between the original two nodes of the 
original strut after ribbing (Figure 6(A)). The varying 
position of the rib-node results in a change in the 
length of the ribbed strut. The ribbed length coeffi-
cient η is introduced, defined as the ratio of the 
ribbed strut’s length to the unit cell’s length. Two 
extreme values exist for η: when h = 0, the BCCR 
evolves into a BCC; when h = 1, the BCCR transforms 
into a BCCZ, a structure reported in other literature 
[37,38]. The structures corresponding to h = 0 and 
h = 1 are different from the proposed BCCR configur-
ation. To parametrically evaluate the effect of η value 
on mechanical enhancement, we set the strut diameter 
of BCC and FCC to be 0.6 mm. Figure 6(A) also shows 
the schematic diagrams of geometric BCC-based and 
FCC-based unit cells. Table 6 presents the correspond-
ing strut diameters for the BCCR and FCCR structures, 
maintaining the same relative density. The compres-
sive performance of these structures were analyzed 
using FEA methods with consistent solving setups 
and environments.

Figure 6(B∼C) illustrates the stress–strain curves for 
varying ribbed strut lengths of BCCR and FCCR struc-
tures. Adjusting the length of the ribbed strut influ-
ences the stress evolution trend and mechanical 
response of the structure. This variation impacts the 

strength, stiffness, and overall performance of the 
structures under the same relative density. For BCCR, 
as η increases from 0 to 2/3, the developing strain 
of the strengthening phase is advanced correspond-
ing to a decrease in slope. With further increases in 
η, the enhancement phase gradually disappears, and 
the curve trend approaches the traditional bending 
response. For FCCR, as η increases from 0 to 2/3, 
the serrated features in stretching deformation notice-
ably are improved, and a higher plateau with smaller 
fluctuations in mechanical response is experienced. As 
η continues to increase, this favourable state also 
diminishes, and the curve trend approaches the tra-
ditional fluctuating response observed in stretching 
deformation. Figure 6(D∼E) illustrates the comparative 
analysis of energy absorption per unit volume for 
different geometric configurations. Under both 
matrix structures, similar trends are observed, charac-
terised by an initial increase (0 ≤ h ≤ 2/3) followed 
by a decrease (2/3 , h ≤ 1) in specific energy 
absorption. Based on this, Figure 6(F) summarises 
the relationship between the reinforcement coefficient 
and mechanical characteristics, response mechanisms, 
and energy absorption. In the current design, a coeffi-
cient of 2/3 enables the truss-lattice structure to 
achieve optimal compression performance. This work 
can provide valuable insights for future structural 
geometric designs.

3.3.2. Damage tolerance behaviour
Damage tolerance refers to the permissible extent of 
initial defects and their progression during usage 
within a structure. The damage tolerance behaviour 
of ribbed truss-lattice metamaterial is demonstrated 
by evaluating energy absorption under cyclic com-
pression [48–50]. To evaluate the damage resistance 
characteristics of the proposed structure, resin-based 
samples were fabricated using the Voxelab Proxima 
6.0 digital light processing (DLP) 3D printer (Zhejiang 
Flashforge 3D Technology Co., Ltd, China). The printing 
parameters include a layer height of 0.05 mm, base 
time of 3.5 s, and attach time of 35 s. Compression 
tests were performed on an Instron 5848 MicroTester 
with a load measurement precision of ±0.5%. The 
engineering stress–strain curves for a single quasi- 
static loading are depicted in Figure 7(A∼B). The 
polymer truss-lattice structure exhibited a response 
trend similar to that of its metallic counterparts. After 
the reinforcement stage, the BCCR structure exhibited 
a distinct mechanical signature characterised by 
stretching dominance. The FCC structure exhibited a 
serrated response, however, the FCCR structure 
enhanced the plateau strength and improved the 
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response fluctuations after ribbing. The performance 
enhancement of resin-ribbed polymer microlattice is 
analogous to that of metals, as both can be attributed 
to the disturbance of conventional collapse mechan-
isms by the presence of ribs. Figure 7(C) provides 
details of stress curves after five cyclic loadings for 
both BCC and BCCR structures, each subjected to a 
compression strain of 20%. Despite a diminishing 
trend in energy absorption with an escalating 
number of cycles, the ribbed structure outperformed 
its conventional counterpart. Even after the fifth cycle 
loading, BCCR exhibited a 73% higher energy absorp-
tion with only a 15% loss in maximum strength than 
BCC, as illustrated in Figure 7(D). Due to the formation 

of additional plastic hinges after ribbing, more com-
pression energies are stored in the deformed struts 
of the BCCR structure under loading conditions. 
These energies are rapidly released after unloading. 
As a result, the ribbed structures consistently exhibit 
elevated strength and plateau characteristics after 
each cyclic loading.

Figure 6. Comparison of mechanical properties for different ribbed strut lengths. (A) Schematic diagrams of geometric BCC-based and 
FCC-based unit cells; (B)∼(C) Engineering stress-strain curves; (D)∼(E) Energy absorption per unit volume; (F) The classification of 
mechanical characteristics for different structures.

Table 6. The diameter D of the ribbed strut with different η 
(unit: mm).
Type η = 0 η = 1/3 η = 1/2 η = 2/3 η = 5/6 η = 1

BCCR 0.6 (BCC) 0.558 0.534 0.512 0.492 0.564 (BCCZ)
FCCR 0.6 (FCC) 0.567 0.545 0.525 0.508 0.570 (FCCZ)
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4. Conclusions

In conclusion, we have introduced a readily applicable 
structural design concept to enhance load-bearing 
capacity and energy absorption. The strategy involves 
customising the deformation mechanisms of conven-
tional structures and introducing additional plastic 
hinges within the deformation sequence. The BCCR and 
FCCR truss-lattice structures fabricated using stainless- 
steel 316L were quasi-statically compressed. The results 
revealed a respective strength enhancement of 61.8% 
and 40.7% over conventional BCC and FCC, coupled 
with improvements in energy absorption of 111% and 
91%, respectively. The deformation mechanisms invol-
ving combinations of bending and stretching interactions 
were consistently determined through experiments, 
simulations, and theoretical analyses. The length effects 
of the ribbed strut via FEA suggest that a reinforcement 
coefficient of 2/3 optimises compression performance 
for the ribbed truss-lattice. The damage-tolerant 

behaviour of resin-based ribbed structures was evaluated 
through cyclic compression loading, revealing that the 
BCCR structure still exhibited 73% higher energy absorp-
tion compared to BCC after the fifth cycle. The reduction 
of node stress concentrations, optimisation of load trans-
fer paths, and integration of deformed plastic hinges 
cooperatively facilitate energy dissipation during the 
compression process. This study validates the rationale 
behind the ribbed strategy. However, the actual research 
extends beyond this, including the interaction effect 
between adjacent ribs, the hierarchical effects caused 
by more ribs and the matching effects of ribbed direction 
and position. The highlighted strategy transcends the 
limitations of these two basic truss-lattice structures, 
offering the potential for widespread applicability across 
various lattice geometries.
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