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Abstract 

Enhancing the energy absorption characteristics of a material/structure without compromising its 

strength and stiffness has been a long-standing challenge in the pursuit of lightweight engineering. Here, 

we introduce a novel tailoring strategy where the wall thickness of the honeycombs is bi-linearly graded 

along the out-of-plane direction to tune their energy absorption and impact resistance by varying two design 

parameters, the gradation parameter α and the normalized taper length η'. Based on the proposed scheme, 

hexagonal honeycombs of the same mass and varying parameters [α, η'] were designed and realized via 

Digital Light Processing (DLP) additive manufacturing. Low-velocity out-of-plane impact tests and 

dynamic FE calculations were performed to examine the collapse response of geometrically tailored 

honeycombs and assess their energy absorption characteristics and collapse mechanisms in relation to those 

observed in conventional (non-tailored) honeycombs of the same mass. The measurements and predictions 

revealed that the bi-linearly wall-thickness tailored honeycombs consistently outperform their non-tailored 

counterparts when the impact energy is high, reporting an increase in energy absorption as high as 250%. 

Such remarkable enhancement in energy absorption is attributed to a transition in the underlying collapse 

mechanism from global buckling mode to progressive crushing of the cell-walls. We also examined the 

impact response of honeycombs with periodic variations in cell-wall thickness and found that the latter 

structures collapse rapidly in an unstable manner, similar to what observed in conventional honeycombs, 

leading to limited capacity to dissipate the impact energy. With careful selection of the design parameters 

[𝛼,𝜂′], we demonstrate experimentally that bilinearly wall-thickness tailored honeycombs can exhibit 

simultaneous improvements in energy absorption and impact resistance, providing new opportunities for 

expanding the property space of honeycombs and opening the door for a wide range of applications. 
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1. Introduction 

Honeycombs are extensively considered in lightweight engineering to create stiffer and stronger 

structures for a wide range of applications, particularly in the aerospace, automotive and defense industries 

[1-4]. When honeycombs are subject to impact or blast loading, their hollow structure collapses and, 

consequently, a significant amount of the kinetic energy is dissipated through inelastic deformation of the 

cell walls, resulting in effective shock mitigation [5]. The impact resistance and energy absorption 

characteristics of honeycombs are strongly affected by the properties of the constituent material and the 

unit-cell geometry [6-11]. Over the years, the energy absorption characteristics of honeycombs with 

different unit-cell geometries (e.g. square [12], triangular [13], Kagome [14], circular [15] and hexagonal 

sections [16] [17]) have been studied in the context of blast or impact protection [18]. Among various unit-

cell geometries, research on hexagonal honeycombs, drawing inspiration from natural patterns, has 

advanced rapidly, owing to their ease of manufacture and their favorable mechanical characteristics [11].  

Recent advances in manufacturing technologies have prompted active research in spatially tailored 

cellular structures [5-7, 19]. In honeycombs, spatial gradients can be realized in three different ways: (i) 

cell-wall thickness gradients  [20-22], (ii) unit-cell size gradients [23, 24] or (iii) material gradients [25, 

26]. For example, spatial variations in yield stress were studied in layered materials by Shen et al. [25, 26] 

and observed a double shock mode when negative gradients were employed. However, cellular structures 

with material gradients face manufacturing constraints, and therefore, the main body of the literature 

concerned with functionally graded honeycombs focuses on gradients in the relative density which allow 

the properties and functionalities of honeycomb structures to be optimally engineered to desired 

applications [7, 27, 28]. It is well-known that the conventional honeycombs are mostly composed of thin-

walled structural ligaments with uniform thickness [29]. In real-life, the energy absorbing structural 

components experience very complex loadings with spatially varying non-uniform stresses, indicating that 
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different portions of the structure or component should possess different mechanical characteristics (for 

optimal deformation modes that mitigate undesirable failure modes) to optimally utilize  the total material 

volume [5, 30-32]. Hence, a uniform cell-wall thickness does not make optimal use of the material to absorb 

impact energy [33, 34], and therefore it is crucial to develop new structural designs with appropriate 

thickness distribution for improving energy absorption properties and material utilization [35]. 

Additionally, such geometrically tailored designs of cell walls of honeycombs can mitigate undesirable 

failure or collapse modes [36]. Similarly, Ajdari et al. [21] investigated the in-plane impact response of 

honeycomb structures with gradual changes in cell-wall thickness, reporting enhanced energy absorption 

during the early collapse phase when the relative density was decreased in the direction of crushing. Other 

authors [22] [23] studied the damage mechanisms and energy absorption characteristics of Voronoi 

honeycombs with density gradients and reported that positive gradients could increase the absorbed energy 

while decreasing the peak contact force [23]. Honeycombs with variable wall thickness have also been 

studied more recently in [1], [5], [37], reporting an enhanced impact performance as compared to non-

graded structures under various loading scenarios.  

Useful guidelines for the design of functionally graded honeycombs can also be drawn from studies 

on axial crushing of functionally graded tubes [23]. For example, Zhang et al. [38] reported that a square 

tube with functionally graded thickness (FGT) along the lateral direction can result in an increase in specific 

energy absorption (SEA) of 30 – 35% in comparison with the non-tailored tubes. Further, Sun et al. [3] 

developed a square tube with FGT along the out-of-plane direction and noticed that the SEA of the graded 

tube is higher (15.20 %) than that of its non-tailored counterpart. The FGT approach is found to have a 

substantial effect on both the collapse mechanisms and energy absorption characteristics of the tubes [39, 

40]. The crushing characteristics of circular tubes with FGT can be found in [5, 41]. A recent study showed 

enhanced crushing characteristics of a hybrid tube composed of a conventional circular tube surrounded by 

an auxetic outer tube in a co-axial manner [42]. 

https://www.sciencedirect.com/topics/engineering/lateral-direction
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Impact loads produce complex stress-strain responses in the honeycomb structures, depending on 

the nature of the load, such as low-velocity, high-velocity, and blast loading [43-46]. Given that the mutual 

interaction between damage modes is very complex at low velocities, damage mechanisms can be better 

understood by conducting real-time experiments at such velocities. Previous studies on honeycomb 

structures with spatially graded features were performed mostly via numerical and/or analytical approaches 

[18, 28, 47, 48], as the fabrication of complex cellular structures via traditional manufacturing techniques 

continued to be a challenge. Therefore, experimental studies on honeycombs under out-of-plane impact 

loading are mostly limited to simple topologies and uniform cell-wall thickness. However, recent advances 

in additive manufacturing (AM) technologies have facilitated the fabrication of structured materials with 

spatially tailored architecture and/or material properties at different length scales [49-51], thus providing 

new opportunities for expanding the property space of cellular materials and enhancing their functionalities 

[7, 52-57]. This was recently demonstrated by Kumar at al. [32], where AM was utilized to realize spatially 

tailored honeycombs with varying cell-wall thickness and shown that the energy absorption efficiency 

under out-of-plane compression can be as high as 90%, by far outperforming practical microarchitected 

metamaterials. Such remarkable increase in SEA was the result of a transition from sudden collapse by 

global buckling (associated with low SEA) to progressive failure by local buckling/wrinkling of the cell 

walls (associated with high SEA). Such tailoring scheme was also shown to be effective under low velocity 

impact where an increase in energy absorption of 60% was reported [7]. While previous studies have shown 

that wall-thickness gradients in honeycombs can substantially enhance their mass specific energy 

absorption, the aforementioned gradient design concepts often compromise the overall structural integrity 

and therefore result in reduced strength, stiffness and /or damage tolerance, particularly when loads of lower 

intensity are applied repeatedly [7]. Improving the toughness of honeycomb structures without sacrificing 

the overall stiffness and/or strength has been an abiding challenge, as these mechanical properties are 

usually mutually antagonistic [49, 58].  
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To overcome current limitations in the mechanical characteristics of honeycombs, we propose, in 

this paper, a novel design scheme that provides tunable strength and energy absorption through introduction 

of a bilinear gradient in the cell-wall thickness. We show that the proposed tailoring scheme makes it 

possible to simultaneously tune the impact resistance and energy absorption under out-of-plane 

compression by mitigating the global collapse mode of the honeycombs. Stereolithography-based AM is 

used to realize geometrically tailored hexagonal honeycombs from photocurable resin (PlasGRAYTM), and 

their dynamic responses and collapse mechanisms under out-of-plane compression were experimentally 

and numerically examined through low-velocity impact tests and explicit FE calculations, respectively. To 

examine the effects of impact mass and velocity on their dynamic collapse response, equi-energetic impact 

tests were performed on selected honeycomb designs at both low (15 J) and high levels (130 J) of impact 

energy. We also examined the effect of impact direction by inverting the gradation pattern in the 

honeycombs, and we explored the impact responses of honeycombs with periodic variations in the cell-

wall thickness, obtained by stacking bilinear gradation patterns in a systematic way. The numerical and 

experimental results presented in this study provide adequate guidelines for the design and application of 

wall-thickness tailored honeycombs in high performance structural applications [12]. The outline of this 

paper is as follows: in Section 2, we describe the experimental techniques involved in the fabrication and 

mechanical testing of the honeycombs; in Section 3, we present and discuss the results obtained from the 

low-velocity impact tests and dynamic FE calculations and finally, in Section 4, we present the key findings 

of this study. 

2. Experimental and numerical procedure 

This section presents the materials, design idea, and fabrication procedure employed to 

manufacture the honeycombs. The formulas used for configuring different geometries of tailored 

honeycomb samples with graded walls are given. The low-velocity impact set up for the experimental test 

is introduced, and the finite element (FE) modeling procedure is also presented.   

2.1. Materials and fabrication 
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Figure 1: (a) Schematic showing the wall profile of bi-linearly graded honeycomb structures, (b) schematic 

of the drop weight impact setup, and (c) CAD images and corresponding wall profiles of (1) uniform 

thickness and (2-16) geometrically tailored honeycombs. 

An Asiga PRO2 desktop 3D printer was employed to fabricate the honeycomb structures via slide 

and separate™ (SAS™) 3D printing technology. All honeycombs were fabricated using PlasGRAY™ 
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photopolymer and were of relative density,  ρ̅ = 19 %. Soon after 3D printing, all samples were post-cured 

by UV light for 120 s to increase the cross-link density in the printed samples. The process parameters for 

additive manufacturing are summarized in Table S1 (Supplementary Material), while the mechanical, 

thermal and physical properties of PlasGRAY™ are listed in Table S2. Asiga Composer™ software 

(version 1.2.9) was used to set the printing process parameters and generate the sliced file required for the 

SAS process. As shown in Fig. 1a, we consider geometrically tailored honeycombs with bilinear wall 

thickness gradients along the out-of-plane direction of the honeycomb, as well as conventional (non-

tailored) honeycombs with uniform cell wall thickness 𝑡0, and their geometrical parameters are listed in 

Table 1. The bilinear gradation pattern (see Fig. 1a) consists of a tapered base and a neck at the top with 

uniform cross-section, and its geometry can be described by two non-dimensional parameters, the (i) 

gradation parameter, 𝛼 = ± 𝑡𝑚𝑖𝑛 𝑡𝑚𝑎𝑥⁄ , where 𝑡𝑚𝑖𝑛 and  𝑡𝑚𝑎𝑥 represent the minimum and maximum wall 

thickness, respectively, and the (ii) normalized gradation length of the tapered base, 𝜂′ = 𝜂 ℎ⁄ , where 𝜂 is 

the height of the tapered base and ℎ is the total height of the honeycomb. Note that in the limit of  𝜂′ → 1, 

the bi-linear gradient becomes a linear gradient and in the limit of 𝛼 → 1, the cell wall thickness becomes 

uniform (non-tailored case).  

Table 1: Geometrical parameters of non-tailored and tailored honeycomb structures. 

Case h (mm) 𝒕𝟎 (mm) 𝜼 𝜼′ 𝒕𝒎𝒊𝒏 (mm) 𝒕𝒎𝒂𝒙 (mm) 𝜶 

1 30 1 30 1 1 1 1 

2 30 1 30 1 0.89 1.11 0.8 

3 30 1 27 0.9 0.90 1.12 0.8 

4 30 1 24 0.8 0.91 1.14 0.8 

5 30 1 21 0.7 0.92 1.15 0.8 

6 30 1 18 0.6 0.93 1.16 0.8 

7 30 1 30 1 0.75 1.25 0.6 

8 30 1 27 0.9 0.77 1.28 0.6 

9 30 1 24 0.8 0.79 1.32 0.6 

10 30 1 21 0.7 0.81 1.35 0.6 

11 30 1 18 0.6 0.83 1.39 0.6 
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12 30 1 30 1 0.57 1.43 0.4 

13 30 1 27 0.9 0.60 1.49 0.4 

14 30 1 24 0.8 0.63 1.56 0.4 

15 30 1 21 0.7 0.66 1.64 0.4 

16 30 1 18 0.6 0.69 1.72 0.4 

 

We also note that the sign of the gradation parameter 𝛼 is taken as positive (+) in case the wall 

thickness in the graded portion increases in impact direction, while 𝛼 is considered negative (-) if the cell 

wall thickness decreases in the direction of impact. Fig. 1c shows a map of the generated honeycomb 

geometries with their respective cell wall profiles, noting that the overall in plane dimensions (41.4 mm × 

41.4 mm), height h = 30 mm and the number of unit cells (3 × 3) were kept constant in all samples. 

2.2. Low-velocity impact tests 

Low-velocity drop weight impact tests were performed according to ASTM D7136 standard by 

employing a CEAST 9350 impact tower with a 30 kN dynamic load cell. The velocity of the drop mass was 

measured by an optical laser measurement system. The load cell was connected to a data acquisition system 

(CEAST DAS 64k) with a sampling rate of 3 MSPS (Million Samples per Second). As shown in Fig. 1b, 

the samples were placed on the flat base of the machine and a flat-ended cylindrical steel block of 60 mm 

diameter was dropped from a given height H to subject the sample to uniform out-of-plane compression 

during the test. The impact energy was adjusted by varying the mass m and/or drop height H of the impactor. 

To prevent repeated impacts on the same sample in a single test, an automatic braking system was used to 

arrest the motion of the rebounding striker. Two types of loading protocols were used: (1) impact loading 

performed with the same drop mass m = 16.75 kg and velocity vi = 3.86 m/s resulting in an impact energy 

of 130 J, and (2) equi-energetic impacts with 15 J and 125 J, realized with various combinations of m and 

vi. The parameters used for the equi-energetic impact tests are summarized in Table 2. 
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Table 2: Summary of test parameters for equi-energetic impacts performed with 15 J and 125 J. 

Impact Energy 

(J) 

Impact mass, m 

(kg) 

Average Impact 

Velocity, vi (m/s) 

Drop Height, H 

(mm) 

Momentum  

(kg m/s) 

15 J 

11.75 1.60 130 18.80 

16.75 1.34 91 22.45 

21.75 1.17 70 25.45 

26.75 1.06 57 28.36 

125 J 

11.75 4.61 1085 54.17 

16.75 3.86 761 64.66 

21.75 3.39 586 73.73 

26.75 3.06 476.5 81.86 

 

The time histories of striker displacement 𝛿(𝑡) and velocity 𝑣(𝑡) were determined by evaluating  

𝛿(𝑡) = 𝛿𝑖 + 𝑣𝑖𝑡 +
𝑔𝑡2

2
− ∫ (∫

𝐹(𝑡)

𝑚

𝑡

0
𝑑𝑡) 𝑑𝑡

𝑡

0
      (1) 

and   

                             𝑣(𝑡) = 𝑣𝑖 + 𝑔𝑡 − ∫
𝐹(𝑡)

𝑚
𝑑𝑡

𝑡

0
  ,          (2) 

respectively, where 𝛿𝑖  is the striker displacement at time 𝑡 = 0 (incipient contact with the target), 𝑣𝑖 is the 

striker velocity at time 𝑡 = 0 (measured by the optical laser system), 𝑚 is the total striker mass, 𝑔 is the 

gravitational acceleration and 𝐹(𝑡) is the contact force at time 𝑡 (measured by the load cell). Then, the 

energy absorbed by the sample at time 𝑡 can be calculated using 

𝐸𝑎(𝑡) =
𝑚(𝑣𝑖

2−(𝑣(𝑡))2)

2
+ 𝑚𝑔𝛿(𝑡) .     (3) 

 

2.3. Finite element modelling 

Dynamic FE calculations were performed in ABAQUS/Explicit to simulate the collapse response 

of the architected honeycombs considered in this study. A shell model of the entire honeycomb structure 

(41.4 × 41.4 × 30 mm) was developed in ABAQUS and meshed using four-node shell elements with 

reduced integration (S4R in ABAQUS), finite membrane strains and seven integration points through the 

thickness of the element. The element size was set globally to le = 0.4 mm, giving 65,475 elements in total, 

as shown in Fig. S1 (Supplementary Material). Note that further reductions in the mesh size caused the 
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computation time to increase substantially without significantly changing the predicted collapse response. 

The wall thickness gradient of the honeycomb was implemented in the model by adjusting the element 

thickness, te, in accordance with  

𝑡𝑒(𝑧) = [𝑡𝑚𝑎𝑥 − (𝑡𝑚𝑎𝑥 − 𝑡𝑚𝑖𝑛)
𝑧

𝜂
] |𝑓𝑙𝑜𝑜𝑟 (

𝑧

𝜂
− 1)| + 𝑡𝑚𝑖𝑛 𝑓𝑙𝑜𝑜𝑟 (

𝑧

𝜂
)    (4) 

 

where z represents the coordinate parallel to the through-thickness direction of the honeycomb, with z = 0 

at the base. The FE calculations were performed on non-tailored ( = 1.0, = 1.0) and tailored 

honeycombs with   = {0.4, 0.6, 0.8} and = {0.6, 0.8, 1.0}, giving a total of 10 different structures. The 

base of the drop weight tower and the flat-ended impactor were represented in the model by rigid surfaces, 

and these were placed in contact with the bottom and top face of the honeycomb, respectively. The inertia 

of the drop weight was accounted for by assigning a point mass in the range of 11.8 – 26.7 kg to the top 

surface through a reference point. The contact interactions between the honeycomb and the rigid surfaces 

as well as the self-contact between the collapsing cell walls were modelled using the “General Contact” 

capability in ABAQUS/Explicit with a friction coefficient of 0.2 against tangential sliding. The bottom 

surface was kept fully fixed during the analysis, while the top surface was imposed an initial velocity v0 in 

the z-direction in the range of 3.1 – 4.6 m s-1, to mimic various impact conditions in line with our 

experiments. Note that the top surface was only allowed to move freely in the z-direction and had all other 

DOFs fully constrained.  

The elastic response of the PlasGRAYTM resin (density 𝜌𝑠= 1180 kg m-3) was modeled using isotropic linear 

elasticity with Young’s modulus 𝐸𝑠= 950 MPa and Poisson’s ratio 𝜈𝑠= 0.4 (in line with our experiments, 

see Fig. S2, Supplementary Material), while the inelastic response of the resin was described using the 

Drucker-Prager (DP) plasticity model [59]. The friction angle in the DP model was chosen as β = 37° to 

match the pressure-sensitive yielding of the polymer, as observed from uniaxial tension and compression 

experiments performed in this study (see Fig. S2, Supplementary Material). To limit the dilation of the 

polymer during plastic straining, we chose a non-associated flow rule with the dilation angle set close to 
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zero [32], while the eccentricity parameter in the flow potential was set to 𝜖 = 0.1 [32]. Strain hardening in 

compression was modelled based on the uniaxial stress vs. strain data plotted in Fig. S2b (Supplementary 

Material), while the strain rate dependence of the flow stress was assumed to follow the Eyring model [60]. 

 �̇�𝑝 = �̇�0exp (
𝜏𝑒𝑞

𝜏0
)   where   𝜏0 =

𝑅𝑇

𝑉0
 . (4) 

Here, �̇�𝑝 is the plastic shear strain rate, 𝜏𝑒𝑞 is the applied equivalent shear stress, �̇�0 is a pre-exponential 

factor, R is the gas constant, T is the temperature, V0 is the activation volume and 𝜏0 is a reference stress 

describing the degree of rate sensitivity. Note that under uniaxial loading, 𝜏𝑒𝑞 = 𝜎/√3 and �̇�𝑝 = √3휀̇, 

where 𝜎 and 휀̇ are the applied stress and strain rate, respectively. Under isothermal conditions, the rate 

sensitivity 𝜏0  is a constant and can be determined by fitting eq. (4) to yield stress vs. strain rate data. 

However, for the PlasGRAYTM resin used in this study, stress vs. strain curves have so far only been 

reported for quasi-static strain rates, and therefore, we performed a least-square fit of eq. (4) to the yield 

stress vs. strain rate data reported in [61] for a similar DGEBA based photocurable resin where the yield 

strength of the photo-resin increased by ~65% between strain rates of 0.001 and 1 s-1, yielding 𝜏0 = 2.49 

MPa. The obtained rate sensitivity was then used in the Eyring model (eq. (4)) to generate a family of stress 

vs. strain curves based on the measured quasi-static compressive response of the PlasGRAYTM resin (Fig. 

S2b, Supplementary Material) and these were then used to define the rate-dependent strain hardening 

behavior in ABAQUS. Damage initiation and evolution was also included in the constitutive description 

by using the “Ductile Damage Model” in ABAQUS, which is based on concepts of continuum damage 

mechanics. In this model, the equivalent plastic strain (i.e. power conjugate to the von Mises stress) at the 

initiation of damage, 
p

i , was specified for different values of stress triaxiality T, to account for the 

pressure-sensitive failure strain of the PlasGRAYTM resin, as observed from our uniaxial 

tension/compression experiments (Fig. S2). Since thermoset polymers typically fail at lower strains under 

elevated deformation rates [62], the plastic failure strains (
p

i = 0.15 at T = -0.3 and 
p

i = 0.03 at T = 0.3) 

in the model were chosen lower than those measured under quasi-static conditions, which resulted in brittle 
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crushing of the cell walls, as observed in our impact experiments. Following the initiation of damage, the 

material stiffness was gradually degraded using an energy-based linear damage evolution law with the 

fracture energy set to Gf = 10 N m-2. We note that the effect of Gf on the collapse response of the honeycomb 

was relatively small over the range 1 N m-2 ≤ Gf ≤ 100 N m-2, according to our preliminary FE calculations. 

To replicate numerically the buckling of the cell walls during the impact response, as observed 

experimentally, we initially performed a buckling analysis in ABAQUS for each type of honeycomb 

structure using the same geometry, mesh and boundary conditions as described above. The shape of the 

first buckling mode was extracted from the latter analysis and was then used as a geometric imperfection 

in the dynamic FE calculations, where a small perturbation amplitude of t0/100 was sufficient to trigger 

elastic buckling in the FE analysis. The analysis was performed up to the point of full densification (or until 

the impactor rebounded), and the time histories of the displacement and contact force applied on the loading 

surface (on top of the sample) were extracted from the FE analysis outputs. 

3. Results and discussion 

In this section, experimental and finite element (FE) results of the dynamic collapse behavior of 

graded honeycombs, including the effect of various design parameters and strain rates are discussed.  

Besides, the impact response of honeycombs with periodic thickness variations in the out-of-plane direction 

is also presented.  

3.1. Effect of the design parameters α and 𝜂′ 

In this section, we investigate the effects of the gradation parameter 𝛼 and normalized gradation 

length 𝜂′ on the impact responses of the 3D printed honeycombs. Figs. 2a, c and e show the contact force 

vs. displacement curves of graded honeycombs with 𝛼 = 0.8, 0.6 and 0.4, respectively, measured at an 

impact energy of 130 J, while the corresponding energy vs. time histories are illustrated in Figs. 2b, d and 

f, respectively. In each of these figures, contours are included for five different choices of normalized 

gradation length, 𝜂′ = {1, 0.9, 0.8, 0.7, 0.6}, along with the measurements obtained for the non-tailored 
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counterpart. It can be seen that, for the case 𝛼 = 0.8, the contact force vs. displacement (Fig. 2a) and energy 

vs. time traces (Fig. 2b) for honeycombs with 𝜂′ = {0.6, 0.7, 0.8, 0.9} are very similar and follow the trends 

observed for the non-tailored sample. As shown in Fig. 2a, the contact force on the samples (excluding 𝜂′ 

=1.0) reaches a peak at a deformation of only ~2 mm and quickly vanishes thereafter, suggesting that these 

samples underwent sudden collapse by unstable propagation of cracks in the honeycomb walls. The 

geometrically tailored honeycombs only have a clear advantage over their non-tailored counterpart for the 

case of 𝜂′ = 1 (i.e. tapered wall along entire height of the honeycomb with a linear gradient) where the 

sample responds to the impact with a fluctuating contact force following the initial peak (see Fig. 2a), 

enabling a relatively stable collapse response and resulting in a significant increase in energy absorption 

(see Fig. 2b). It has been shown previously [7] that the energy absorption of graded honeycombs increases 

with increasing thickness gradient, and this is also observed in the present work where samples with 𝛼 =

0.6 (see Fig. 2c) and 𝛼 = 0.4 (see Fig. 2e) offer a persistent, albeit fluctuating, resistance against structural 

collapse for all choices of 𝜂′ considered here, and therefore absorb kinetic energy more effectively as 

compared to their non-tailored counterparts (see Figs. 2d and f). 

In Fig. 3, we compare the measured contact force vs. displacement histories of non-tailored (Fig. 

3a) and tailored (Figs. 3b-d) honeycombs to those obtained from the dynamic FE calculations. The FE 

model is able to capture the sudden and unstable collapse of the non-tailored (𝛼 = 1.0 and 𝜂′ = 1.0) and 

tailored honeycomb with 𝛼 = 0.8 and 𝜂′ = 0.8, as seen from Figs. 3a and b, respectively. For the honeycombs 

with smaller 𝛼 values (see Figs. 3c-d), the model predicts fluctuating contact forces following the initial 

peak, and this is also found in good qualitative agreement with the measured responses. However, the 

predictions of the initial peak load and the subsequent fluctuation amplitudes are somewhat under-predicted 

by the FE model. Two possible reasons for these discrepancies are: (i) geometric inaccuracies and/or 

material defects in the 3D printed structures (not accounted for in the FE calculations); and (ii) differences 

between the actual strain rate sensitivity of the PlasGRAYTM resin and the literature data that was used to 

describe the rate dependent hardening behavior in the DP model, as detailed in Section 3. 
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Figure 2: Low-velocity impact response of geometrically tailored honeycomb structures subject to an 

impact energy of 130 J: (a, c, e) contact force vs. displacement curves for different choices of gradation 
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parameter α = {0.8, 0.6, 0.4}; (b ,d, f) time histories of absorbed energy for α = {0.8, 0.6, 0.4}; in all 

figures, contours are included for different choices of η' = {1.0, 0.9, 0.8, 0.7, 0.6}. 

 

 

Figure 3: Predicted and measured contact force vs. displacement histories for: (a) non-tailored, (b) 

tailored honeycomb with 𝛼 = 0.8 and 𝜂′ = 0.8,  (c) tailored honeycomb with 𝛼 = 0.6 and 𝜂′ = 0.8, and 

(d) tailored honeycomb with 𝛼 = 0.4 and 𝜂′ = 0.8. 
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Figure 4: Illustration of the collapse response of (a) non-tailored and (b) tailored (𝛼 = 0.4 and 𝜂′ = 1.0) 

honeycombs; FE deformation maps (showing the von Mises stress in MPa) are compared to high-speed 

images recorded during the impact tests. 

The relatively stable collapse response and enhanced energy absorption characteristics of tailored 

honeycombs can be explained with the help of Fig. 4 where high speed images and FE contour plots (von 

Mises stress in units of MPa) are presented to illustrate the impact response of a non-tailored (𝛼 = 1.0, 𝜂′ = 

1.0, see Fig. 4a) and tailored honeycomb (𝛼 = 0.4, 𝜂′ = 1.0, see Fig. 4b). It can be seen from these images 
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in Fig. 4a that the non-tailored structure starts to collapse at a compressive strain of ε = 8%, which coincides 

with the peak load in Fig. 3a, and fails in a brittle manner by fragmentation and splitting of cell walls. In 

contrast, the tailored honeycomb starts to fracture near the top face where the cell walls are thinner, and 

proceeds to collapse in a progressive manner by local wrinkling and crushing until the entire structure is 

reduced to small pieces of fragments. Such progressive failure mode is favorable in energy absorbing 

cellular structures, such as honeycombs, because it provides a sustained resistance against structural 

collapse, which elevates their total energy absorption capacity, as seen from Fig. 2. It is also worth noting 

that the predicted deformation maps in Fig. 4 are found in very good agreement with the experimental 

evidence, which suggests that the observed failure modes are adequately captured in our FE analyses. 

Based on the data plotted in Fig. 2, we evaluated, for each choice of 𝛼, the normalized peak contact 

force and normalized absorbed energy defined as  

 tailored

non tailored

F
F

F −

=     and    
,

,

a tailored

a

a non tailored

E
E

E −

= , (5) 

respectively, and plotted the obtained data as functions of 𝜂′ in Figs. 5a and b, respectively; we also included 

in these figures the corresponding FE predictions (dashed lines) as evaluated from eq. (5). The experimental 

data in Fig. 5a shows that honeycombs with lower values of 𝛼 possess lower initial peak loads due to the 

simultaneous decrease in the neck thickness 𝑡𝑚𝑖𝑛 (see Table 1) which limits the collapse load of the 

structure, and this trend is reflected in the numerical predictions. Except for a few cases, the normalized 

peak force induced in the graded honeycombs during the impact increases with decreasing 𝜂′ due to the 

concomitant increase in 𝑡𝑚𝑖𝑛 (see Table 1), offering higher resistance against elastic buckling of the cell 

walls. The experimental data further shows that the graded honeycombs with 𝜂′ ≤ 0.65 and 𝛼 ≥ 0.6 

achieve 1F  , indicating that their peak load is higher than that of the non-tailored counterpart. However, 

this finding could not be confirmed by our FE calculations which predict 1F   for all tailored honeycomb 

structures in Fig. 5a. This discrepancy could be attributed to defects present in the 3D printed structure and 

geometric inaccuracies associated with printed structures, both of which were not considered in our FE 
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models. Although the neck thickness 𝑡𝑚𝑖𝑛 of the graded honeycombs is always smaller than the wall 

thickness of the non-tailored honeycomb in a mass preserving tailoring scheme (see Table 1), the presence 

of the tapered base in the graded honeycomb reduces the height with constant thickness (i.e. h − ), and 

this, in turn, leads to an increase in the resistance against buckling which might have outweighed the effect 

of the smaller wall thickness 𝑡𝑚𝑖𝑛 in the experiments, for some choices of  𝛼 and 𝜂′. Post-test photographs 

of the collapsed honeycomb structures are presented in Fig. S3 (Supplementary Material), showing that the 

tapered base of some of the tailored honeycombs remained partially intact following the impact, and this 

was more evident for samples with larger thickness gradients (i.e. smaller values of 𝛼). Although a decrease 

of the parameter 𝛼 resulted in a reduction of the peak load at the onset of structural collapse (recall Fig. 5a), 

it also led to a gradual improvement in the energy absorption capacity of the graded honeycombs, as seen 

from Fig. 5b. This can be explained by the occurrence of progressive damage and failure in the tailored 

honeycombs (see Fig. 4), which enables the structure to sustain a high level of impact force over a prolonged 

period, resulting in a steady increase in energy absorption over time (see Fig. 2). While the non-tailored 

structures possess higher energy absorption in their initial peak load (see Figs. 2b, d, f), the “fluctuating 

plateau” (due to progressive failure) is missing in their collapse response (see Fig. 2a, c, e) and therefore 

they absorb less energy in total. Substantial improvements in energy absorption are observed for the 

samples with 𝛼 ≤ 0.6, where the total energy absorption is about 250 % higher (experimentally) as 

compared to that measured for the non-tailored honeycomb of equal mass. For 𝛼 = 0.8, the absorbed energy 

drops sharply as the value of 𝜂′ decreases from 1.0 to 0.8, due to the concomitant transition in failure mode 

from stable to sudden collapse of the honeycomb structure (see Fig. 2a); however, such transition in failure 

mode was not observed in the corresponding FE calculations which predicted a normalized absorbed energy 

1aE  . Although the FE predictions capture the overall trends of the measurements in Fig. 5b, the 

measured aE  values are more sensitive to variations in 𝜂′ than the corresponding FE predictions. This 

difference might have been triggered by small geometric inaccuracies and defects produced by the 3D 
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printing process (not accounted for in the FE calculations), which can affect the deformation and failure 

characteristics of the structure. 

In summary, our experimental results in Fig. 5 show that it is practically possible to achieve 

simultaneous improvements in strength and energy absorption by adopting geometrically tailored designs 

of honeycombs with 𝜂′ ≤ 0.7 and 𝛼 ≥ 0.6. However, when enhanced energy absorption is the prime 

objective of the design, honeycombs with steep gradients in the cell wall thickness (for e.g., 𝛼 = 0.4) offer 

the advantage of achieving optimal energy absorption while the strength of the honeycomb can be 

independently tuned by adjusting the parameter 𝜂′. In the following section, we further explore the impact 

response of graded honeycombs with fixed design parameters 𝛼 = 0.4 and 𝜂′ = 0.7; specifically, we examine 

the effects of impact mass and velocity on their contact force and energy absorption characteristics. 

 

Figure 5: Predicted and measured low-velocity impact responses of geometrically tailored honeycomb 

structures subject to an impact energy of 130 J: (a) normalized peak force and (b) normalized absorbed 

energy as functions of the normalized taper length 𝜂′ for different choices of gradation parameter α = {0.8, 

0.6, 0.4}.  

3.2. Effect of impact mass and velocity 

In this section, we examine the effect of strain rate on the dynamic collapse of graded honeycombs 

with 𝛼 = 0.4 and 𝜂′ = 0.7 at low and high values of impact energy, 15 J and 125 J, respectively. To begin 

with, we present, in Figs. 6, contact force vs. displacement profiles obtained from equi-energetic impacts 
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at 15 J, performed with various combinations of impact mass and velocity. Note that the corresponding 

energy vs. time histories are presented in Fig. S4 (Supplementary Material).  For the non-tailored samples, 

the contact force vs. displacement curves show evidence of elastic rebound of the striker (see Figs. 6a-d) 

which resulted in a drop in the energy vs. time histories (see Figs. S4) as the elastic strain energy stored in 

the sample was returned to the striker in the form of kinetic energy. Thus, the non-tailored samples absorbed 

only a part of the applied impact energy, and only their final energy values in Fig. S4 (rather than the peak 

values) were considered in the following comparison (see Fig. 7). These observations suggest that the 

impact load was not sufficient to induce significant damage in the non-tailored samples, and this is also 

evident from the post-test photographs shown in Fig. S5 (Supplementary Material). In contrast, no signs of 

elastic rebound were observed for the graded honeycombs in Figs. 6, suggesting that the latter samples 

underwent inelastic deformation and/or fracture during the impact. This can also be seen from the post-test 

photographs (see Fig. S5, Supplementary Material) showing fracture of the cell walls in the neck of the 

graded honeycomb (i.e. near top face) while the wider base remained nearly intact.  

 Based on the measurements presented in Figs. 6 and S4 (Supplementary Material), we determined 

the peak contact force, residual displacement, absorbed energy and contact duration for all equi-energetic 

loading conditions and plotted the obtained data in Fig. 7 as functions of the impact velocity. Note that the 

numerical values plotted in Fig. 7 are listed in Table S3 (Supplementary Material), for reference. At a low 

value of impact energy (15 J), the non-tailored samples show superior impact performance evinced by their 

higher peak contact force (Fig. 7a), lower residual displacement (Fig. 7b), longer contact duration (Fig. 7d) 

and higher damage resistance (Fig. S5, Supplementary Material) as compared to their tailored counterparts. 

For the non-tailored samples, decreasing the velocity (or increasing the striker mass) increases the peak 

contact force and contact duration besides reducing the residual deformation and absorbed energy. The 

tailored honeycombs show similar trends, except for Fig. 7a where the peak contact force slightly increases 

with increasing impact velocity. We argue that this small difference is due to the pronounced strain-rate 

dependence in the inelastic response of the 3D printed photo-resin used here (see section 3 for more details), 
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which would have more strongly affected the impact response of the tailored honeycombs since they 

showed a higher degree of damage (see Fig. S5, Supplementary Material) and inelastic deformation (see 

Fig. 7b). 

 

Figure 6: Contact force vs. displacement curves for geometrically tailored (𝛼 = 0.4 and 𝜂′ = 0.7) and non-

tailored (i.e. uniform thickness, 𝛼 = 1.0) honeycomb structures under equi-energetic impact at 15 J, 

realized with various combinations of impact mass and velocity: (a) m = 11.8 kg, vi = 1.6 m/s, (b) m = 11.8 

kg, vi = 1.3 m/s, (c) m = 11.8 kg, vi = 1.2 m/s, and (d) m = 11.8 kg, vi = 1.1 m/s. 

 For both the tailored and non-tailored honeycombs, the observed increase in residual deformation 

(Fig. 7b) and absorbed energy (Fig. 7c) with increasing impact velocity can be attributed to viscoelastic 
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stiffening of the polymeric bulk material and the concomitant decrease in the material’s yield/failure strain 

which, in turn, limits the elastic strain energy that can be stored in the sample. We also observe from Fig. 

7c that the tailored honeycombs absorbed nearly the entire energy carried by the impactor (15 J) due to the 

occurrence of inelastic deformation and axial crushing of the cell walls, and only a very small portion of 

elastic energy was recovered upon unloading. Post-test photographs (see Fig. S5, Supplementary Material) 

show that the extent of impact damage in the tailored honeycomb increased with increasing impact velocity, 

which agrees with the measurements presented in Fig. 7b.  

 

Figure 7: (a) Peak contact force, (b) residual displacement, (c) absorbed energy and (d) contact duration 

of geometrically tailored (𝛼 = 0.4 and 𝜂′ = 0.7) and non-tailored honeycombs obtained from equi-energetic 

impact tests at 15 J, realized with various combinations of impact mass m and velocity vi. 
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 Furthermore, we observe from Fig. 7d that, for both the non-tailored and tailored honeycombs, the 

total contact duration increases with decreasing impact velocity (or increasing drop weight). This is 

consistent with prior experimental work [63] and can be explained by the fact that the impact duration is 

controlled by the momentum of the impactor, which changes with increasing impact mass (or decreasing 

impact velocity) if the impact energy is kept fixed, as it is evident from Table 2. This has also been 

confirmed by FE calculations performed for equi-energetic impacts with a higher level of impact energy 

(125 J), as will be discussed next. 

 

Figure 8: Comparison of FEM and experimental results: Contact force vs. displacement curves of 

geometrically tailored (𝛼 = 0.4 and 𝜂′ = 0.7) and non-tailored honeycombs under equi-energetic impact 

at 125 J, realized with various combinations of impact mass m and velocity vi.  
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In Fig. 8, we present a comparison between the measured and predicted contact force vs. 

displacement profiles for equi-energetic impacts performed at an elevated impact energy of 125 J using the 

same drop weights as in the 15 J tests, but with increased impact velocity in the range 3.1 ≤ vi ≤ 4.6 m/s. 

Note that the corresponding time histories of absorbed energy are plotted in Fig. S6 (Supplementary 

Material). Similar to what we observed from Fig. 2, the non-tailored samples collapse suddenly in the 

impact tests after reaching an initial peak force of ≈ 20 kN, while the tailored honeycomb (𝛼 = 0.4 and 𝜂′ 

= 0.7) exhibits signs of progressive damage and crushing evinced by an extended “fluctuating plateau” 

following the initial peak load (see Fig. 8). The FE calculations capture the observed trends with adequate 

accuracy, but somewhat under-predict the contact forces before and after the initial peak, which was also 

observed in Fig. 3 and discussed in Section 4.1. The corresponding post-test photographs (see Fig. S7, 

Supplementary Material) show that the non-tailored honeycombs were reduced to pools of fragments by 

the impacting striker, while the tapered base of the graded honeycombs remained partially intact, due to the 

progressive crushing of the tailored structure (see Fig. 4).  

Furthermore, we deduced from Figs. 8 and S6 (Supplementary Material) the measured and 

predicted peak contact forces, crush length (i.e. the length over which the sample exerts a resisting force on 

the impactor), absorbed energies and contact durations and plotted the obtained data in Fig. 9 as functions 

of the impact velocity. The numerical values plotted in Fig. 9 are listed in Table S4 (Supplementary 

Material), for reference. Similar to what we observed from Fig. 7a for the 15 J case, the peak contact forces 

of the non-tailored samples in Fig. 9a are higher than those of the tailored ones for all impact velocities 

considered here. This is in qualitative agreement with the FE predictions, and can be attributed to the smaller 

neck thickness, 𝑡𝑚𝑖𝑛, in the tailored sample with 𝛼 = 0.4 and 𝜂′ = 0.7 (see Table 1), resulting in a lower 

collapse stress. However, the presence of a tapered base in the tailored samples prevented the occurrence 

of sudden failure by global buckling (as illustrated in Fig. 4a) enabling a more stable collapse response and 

resulting in considerable increases in the crush length (see Fig. 9b) and absorbed energy (see Fig. 9c) which 

were found to be nearly insensitive to variations in the impact speed for the conditions considered here. 
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While these trends are well captured by the FE calculations, the predicted values of absorbed energy lie 

well below the measurements in Fig. 9c which is a direct consequence of the lower collapse strength 

predicted by the FE models, as seen from Fig. 9a. Similar to what has been reported in Fig. 7 for the 15 J 

impacts, increasing the impact velocity at a constant energy of 125 J decreases the duration of the impact 

event which is evident from the predictions and measurements in Fig. 9d, showing a steady reduction in 

contact time with increasing impact velocity.   

 

Figure 9: Comparison of FEM and experimental results: (a) peak contact force, (b) crush length, (c) 

absorbed energy and (d) contact duration of geometrically tailored (𝛼 = 0.4 and 𝜂′ = 0.7) and non-tailored 

honeycombs obtained from equi-energetic impact tests at 125 J, realized with various combinations of 

impact mass m and velocity vi.  
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Based on these data presented in this section, it can be concluded that the geometrical tailoring 

scheme, proposed here, can substantially enhance the impact performance of a honeycomb structure when 

the impact is severe (i.e. 125 J in this study), but can also lead to increased structural damage at relatively 

low levels of impact energy (i.e. 15 J in this study). In a previous study [7], we showed that the same non-

tailored honeycomb as considered herein remained widely undamaged for impact energies < 55 J, but 

collapsed suddenly by the propagation of unstable cracks (as observed here) when the impact energy was 

raised beyond 55 J, resulting in a limited energy absorbion (< 50 J) even at impact energies as high as 130 J. 

Hence, for the honeycomb structures used in this study, the geomtrical tailoring scheme can be considered 

beneficial in terms of impact performance, if the the impact energy is around 55 J and above.  

3.3. Impact response of honeycombs with periodic thickness variations in the out-of-plane direction 

The bilinear wall thickness tailoring strategy of honeycombs examined in the previous sections can 

be extended to create graded honeycombs with periodic variations in wall thickness in the out-of-plane 

direction. To explore this further, we use the following notation to describe the nature of the periodic 

gradation pattern, [𝛼, 𝜂′]ns where n is the number of bilinear gradation patterns in the out-of-plane direction 

with identical design parameters 𝛼 and 𝜂′, and s is an optional index indicating the symmetric nature of the 

stack about the mid-plane (then n is the number of gradation patterns in the bottom half of the stack only). 

We now consider a symmetric stack of two bilinear gradation patterns with identical normalized gradation 

length 𝜂′ = 1 and equal but opposite gradation parameter 𝛼 = ∓0.4, giving a stacking sequence of either 

[0.4,1.0]1s or [-0.4,1.0]1s, as shown in Fig. 10a. We keep the overall dimensions of the (stacked) samples as 

before (41.4 mm × 41.4 mm × 30 mm) and set tmax = 1.43 mm and tmin = 0.57 mm to obtain the same weight 

as the samples listed in Table 1.  
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Figure 10: (a) CAD images of honeycombs with uniform thickness [1.0,1.0], bilinear gradation patterns, 

[0.4,1.0]1 and [-0.4,1.0]1, respectively, and periodic gradation patterns, [-0.4,1.0]1S and [0.4,1.0]1S, 

respectively; (b) contact force vs. displacement curves, (c) absorbed energy vs. time histories, (d) peak 

contact force and (e) total absorbed energy for the honeycomb structures shown in (a) subject to low-

velocity impact at 130 J. 
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We now compare the impact responses of the honeycombs with periodically varying wall thickness 

in the out-of-plane direction [0.4,1.0]1s and [-0.4,1.0]1s to those of their non-stacked counterparts which are 

denoted here as [0.4,1.0]1 and [-0.4,1.0]1 for consistency. Note that sample [0.4,1.0]1 is identical to sample 

12 in Table 1 and [-0.4,1.0]1 is the inverted version of that sample (see Fig. 10a). In Fig. 10b, we plot the 

contact force vs. displacement curves of honeycombs with bilinear and periodic gradation patterns subject 

to an impact energy of 130 J (m = 16.75 kg, vi = 3.86 m/s), while the corresponding time histories of the 

absorbed energies are presented in Fig. 10c; for comparison, we also include the measurements obtained 

for the non-tailored sample of equal mass [1.0,1.0]1.  

 

Figure 11: Post-test photographs of honeycomb structures subject to low-velocity impact at 130 J: (a) 

honeycombs with uniform thickness [1.0,1.0], (b-c) bilinearly graded honeycombs, [0.4,1.0]1 and [-

0.4,1.0]1, respectively, and (d-e) periodically wall thickness graded honeycombs, [-0.4,1.0]1S and 

[0.4,1.0]1S, respectively. 
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As seen from Fig. 10b, the impact force induced in the non-tailored sample drops rapidly after 

reaching a peak, and the corresponding energy vs. time curve rises nearly linearly up to 49.1 J (see Fig. 10c) 

before the sample collapses rapidly. On the other hand, the contact force vs. displacement curves of all 

geometrically tailored honeycombs show multiple fluctuations following the initial peak, indicating a more 

stable collapse response induced by multiple progressive brittle fractures of the cell walls during 

compression [64]. Accordingly, the energy vs. time histories of the graded honeycombs show an initial 

linear regime, associated with the first peak in the force-displacement response, followed by a fluctuating 

regime, in which the absorbed energy rises steadily over an extended period of time. While the highest peak 

contact force was recorded for the non-tailored sample, no distinct trends can be observed among the 

tailored honeycombs (see Fig. 10d). However, the total energies absorbed by the honeycombs with bilinear 

gradients, [-0.4,1.0]1 and [0.4,1.0]1, respectively, by far exceed those of their periodically tailored 

counterparts, [-0.4,1.0]1s and [0.4,1.0]1s, respectively, as seen from Fig. 10e.  

We note that the periodically tailored honeycomb with [0.4,1.0]1s absorbed less energy than the 

non-tailored [1.0,1.0]1, suggesting that the existence of a neck in the mid-plane of the honeycomb can 

trigger unstable collapse modes upon the impact. This also highlights that the use of periodically varying 

geometric gradation patterns in honeycombs can lead to inferior impact performance under out-of-plane 

compression and should therefore not be arbitrarily chosen. 

The corresponding post-test photographs illustrated in Fig. 11, show that the honeycombs with the 

lowest energy absorption (i.e. the [0.4,1.0]1s and [1.0,1.0]1) disintegrated completely upon the impact and 

only scattered fragments remained, corroborating the hypothesis that these samples collapsed in a brittle 

manner. In contrast, the wide base of the bilinearly graded [0.4,1.0]1 honeycomb remained partly intact 

after the impact (see Fig. 11b), which suggests that the collapse process initiated at the top face where the 

cell walls are thin, and then advanced in a progressive manner towards the bottom face. Similar observations 

are made for the (inverted) [-0.4,1.0]1 honeycomb (see Fig. 11c), where the intact portion of the honeycomb 

is found on top of a pile of fragments, indicating that the sample collapsed progressively from the bottom 
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to the top, as expected. Based on the observations and measurements presented in this section, we conclude 

that the honeycombs with bilinearly graded walls in the out-of-plane direction show superior out-of-plane 

impact performance over their periodically tailored and non-tailored counterparts and should therefore be 

highly useful for versatile application in impact and blast protection. 

4. Conclusions 

In this paper, we experimentally and numerically examined the energy absorption characteristics 

and damage mechanisms of geometrically tailored honeycombs subject to low-velocity impact in the 

through-thickness direction. With the aim to mitigate sudden collapse by global buckling of the cell walls, 

we proposed a novel tailoring strategy which bilinearly grades the wall thickness of the honeycombs in the 

out-of-plane direction. The tailoring strategy proposed has two design parameters, namely, the gradation 

parameter 𝛼 and the normalized gradation length 𝜂′. Based on the proposed scheme, hexagonal honeycombs 

with varying design parameters [𝛼, 𝜂′] and equal mass were designed, and 3D printed via the DLP additive 

manufacturing. Low-velocity impact tests and dynamic FE calculations were performed to examine the 

collapse response of the geometrically tailored honeycombs and compare their energy absorption 

characteristics and collapse mechanisms to those observed in conventional (non-tailored) honeycombs of 

the same mass. In addition, equi-energetic impact tests were performed on selected honeycomb designs to 

examine the effects of impact mass and velocity on their dynamic collapse response at both low (15 J) and 

high levels (130 J) of impact energy. We also examined the effect of impact direction by inverting the 

gradation pattern in the honeycomb structure and explored the impact responses of honeycombs with 

periodic variations in the cell-wall thickness, obtained by stacking bilinear gradation patterns in a systematic 

manner.  

 At low levels of impact energy (15 J), the deformation in the non-tailored honeycomb was 

predominantly elastic and no signs of damage were found in the specimens following the impact. In 

contrast, the geometrically tailored honeycomb with 𝛼 = 0.4 and 𝜂′ = 0.7 , partially collapsed under the 

same conditions, showing that the bilinear gradation pattern can reduce the ultimate load capacity of the 
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honeycomb structure at low impact loads. At higher levels of impact energy, however, it was found that the 

bilinearly wall-thickness tailored honeycombs consistently outperformed their non-tailored counterparts 

(130 J) in terms of impact performance, reporting an increase in energy absorption of about 250 %. Such 

remarkable enhancement in energy absorption was attributed to a transition in the underlying collapse 

mechanism from global buckling of the honeycomb structure to progressive crushing of the cell walls, 

which was observed from high-speed images and dynamic FE calculations. With a careful selection of 

design parameters [𝛼, 𝜂′], we demonstrated experimentally that it is practically possible to achieve 

simultaneous increases in energy absorption and impact resistance as compared to the non-tailored 

honeycombs. The results obtained from equi-energetic impacts at 130 J showed that the energies absorbed 

by the geometrically tailored honeycombs were nearly insensitive to variations in impact mass and speed 

for nominal strain rates ranging over 4.3 ≤ 𝜖̇ ≤ 6.4 s-1. Our measurements also revealed that the impact 

responses of geometrically tailored honeycombs with inverted gradation patterns are very similar to those 

of their non-inverted counterparts, concluding that the latter honeycombs are effective energy absorbers 

regardless of whether the impact occurs on the top or bottom face. We also observed that architected 

honeycombs with periodically varying wall thickness, collapsed rapidly upon the impact of the drop weight, 

leading to reduced energy absorption capacity as compared to those with bilinear gradation patterns. This 

suggests that honeycombs with periodically varying wall-thickness in the out-of-plane direction may not 

yield advantaged energy absorption performance and can therefore be disregarded in the design of impact 

and blast-resistant structures. 

We have further demonstrated that the bilinearly wall-thickness graded honeycombs, realized via additive 

manufacturing, offer the possibility of tuning impact resistance and energy absorption to specific 

requirements and should therefore be suitable for versatile application in impact and blast protection. It is 

recommended to direct future research efforts towards the identification of optimal design parameters that 

maximize the energy absorption and/or collapse strength of a honeycomb structure, an aspect that has not 

been addressed in this study. Finally, it is worth mentioning that the proposed tailoring scheme is generic 
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and can therefore be applied to other types of cellular structures, such as strut-based lattices, where gradients 

in the strut thickness could be employed to enhance energy absorption and impact resistance by controlling 

the collapse mode of the structure. It is therefore anticipated that the findings of this study will stimulate 

further research into the design of cellular material architectures that provide optimal protection against 

impact and blast. 
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