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Reconfigurable structures offer tunable mechanical response through easy 

switchability among their stable configurations. Bistable hybrid laminates have 

shown to be great candidates as constituent material in morphing structures 

offering two stable shapes for various boundary conditions. The bistability stems 

from the vastly different coefficients of thermal expansion upon cooling the 

laminate to the room temperature. A reconfigurable lattice structure exhibiting 

multiple stable shapes without the need of a holding force or continuous supply 

of energy would be extremely useful and desirable in certain applications. In this 

study, an innovative lattice unit cell structure made of hybrid bistable laminates 

is proposed to offer a tunable mechanical response and vastly different Poisson’s 

ratio among the different stable configurations when used as a repeating unit in a 

large lattice structure. A detailed FE model using ABAQUS® is presented which 

is used to analyze the multiple stable shapes of the unit cell and their mechanical 

response under impact loading. Each shape can be achieved easily through simple 

snap through processes yet exhibit substantial difference in energy absorption 

capability. This study explores a new area of research in designing laminated 

lattice structures which are tunable according to the desired application owing to 

multiple stable shapes. 
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1. Introduction 

Morphing structures possess the ability to modify their shape in response to changing conditions, thereby 

enhancing their multifunctional performance. Owing to their capacity to achieve multiple stable configurations, 

multistable structures have emerged as promising candidates for morphing applications in various adaptive systems 

(Deshpande et al., 2024; Pan et al., 2020). Multistability can be induced through different means, such as utilising the 

differential thermal expansion coefficient in fibre-reinforced composite laminates (Hyer, 1981b; Liu et al., 2023; Liu 

et al., 2024), incorporating geometric features such as initially curved shells (Kuang et al., 2021), origami and kirigami 

concepts (Yang et al., 2018), or by applying prestressing (Daynes et al., 2008). Their capability to transition between 

distinct shapes or configurations, while maintaining stability in each configuration provides significant versatility for 

designing adaptive and morphing systems that can dynamically respond to environmental variations or operational 

requirements. A detailed review of different bistable and multistable mechanisms, emphasizing their structural 

concepts, materials, and functionalities, is presented by Chi et al. (Chi et al., 2022).  

Rafsanjani and Pasini (Rafsanjani & Pasini, 2016) used ancient geometric motifs as an inspiration to create bistable 

auxetic metastructure with square and triangular grids. Their design consisted of a network of rotating units connected 

by compliant hinges, which achieved simultaneous auxeticity and bistability. Chen et al. (Chen et al., 2021) extended 

the work of Rafsanjani and Pasini (Rafsanjani & Pasini, 2016) to develop a computational solution for the inverse 

design of the metastructure that would conform to complex 3D shapes while maximizing the bistability as well as 

stiffness of the cell to ensure robust deployment. Haghpanah et al. (Haghpanah et al., 2016) introduced a novel class 
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of multistable architected metastructures incorporating active hinges, enabling large shape transformation through 

snap-through mechanism. However, their design’s feasibility is found to be contingent on the failure strain of the 

hinged material. Their investigation revealed that diminishing the unit cell size could generate hinges capable of 

undergoing snapping behavior without experiencing plastic deformation, thereby yielding more efficient multistable 

configurations. In another study, Rafsanjani et al. (Rafsanjani et al., 2015) presented a mechanical metamaterial 

consisting of a periodic arrangement of snapping units capable of tunable tensile behavior when subjected to tension, 

the metamaterial exhibits significant extension due to sequential snap-through instabilities, resulting in a transition 

from an undeformed wavy-shape to a diamond configuration. Shan et al. (Shan et al., 2015) devised an architectured 

material constructed from inclined beams exhibiting bistability, suitable for energy trapping applications. The 

mechanism solely arises from structural geometry and is independent of material and load rate. The bistable shape 

response of inclined beams could be tailored by modifying its geometric parameters such as length, depth and its 

inclination angle. Importantly, the loading process exhibited reversibility, enabling the structure to be reused multiple 

times without compromising its energy absorption capacity. This design holds significant potential for applications in 

areas such as personnel protection, crash mitigation, and protective packaging. Such concepts have been extensively 

extended to achieve shape adaptive metastructures, especially from printed materials (Chen et al., 2021; Y. Zhang et 

al., 2020). Risso et al. (Risso et al., 2022) developed a metastructure exhibiting multistability constructed using four 

identical strips with an equi-biaxially stretched soft membrane. The response of such metastructure could be tailored 

through variations in the strip material and geometrical parameters. 

Several concepts of multistable metastructures have also been explored by folding and cutting using techniques 

using origami and kirigami (Yang et al., 2018; Yasuda & Yang, 2015; Zhang et al., 2022). All these works have 

demonstrated significant shape-adaptivity but are not designed to carry significant loads, which is often desired in 

morphing applications (Daynes & Weaver, 2013). In the recent past, multistability has been engendered in fibre-

reinforced composites to satisfy conflicting requirements in a morphing application, which is to be lightweight, shape 

adaptive, and load-carrying at the same time (Haldar et al., 2020; Lachenal et al., 2013). In isotropic materials, 

multistability can be induced by changing various geometrical properties such as initial curvature (Kebadze et al., 

2004), prestressing, topological and geometrical changes via kirigami concepts (Yang et al., 2018), folds (Waitukaitis 

et al., 2015) and surface patterns (Udani & Arrieta, 2021). The combination of both programming the geometry and 

the material anisotropy has resulted in diverse stable shapes (Haldar et al., 2018) and has been found to exhibit 

tristability in certain cases (Coburn et al., 2013; Vidoli & Maurini, 2008). 

 A classic example of multistability is observed in the bistable behavior of unsymmetrical composite laminates. 

Such laminates exhibit two distinct stable configurations at ambient temperature because of residual thermal stresses 

induced during the curing process (Hyer, 1981b).  

To use these unsymmetric laminates for any practical application, it is required to integrate them as a part of a 

larger structure. The unsymmetric laminates which are studied in the literature (Hyer, 1981a, 1981b), loses bistability 

when clamped. In all these attempts, there has been a very limited study on the modeling of the composite laminates 

as a part of a larger compliant structure in any boundary conditions other than free-free. To obtain a clampable bistable 

laminate, Mattioni et al. (Mattioni et al., 2009) proposed a piecewise layup comprising of a symmetric and an 

unsymmetric section that could be clamped at one end. As a possible application of these bistable laminates, Bilgen 

et al. (Bilgen et al., 2013) demonstrated that the laminate could be snapped between the two equilibrium states via 

dynamic actuation by piezoelectric patches attached to laminate surface. Furthermore, it was shown that the two 

configurations exhibit distinct aerodynamic characteristics while possessing sufficient stiffness to sustain the shapes 

under aerodynamic loading. Li et al. (Li et al., 2014) proposed a clampable metal hybrid symmetric laminate that has 

two symmetric cylindrical stable configurations where they used an analytical model to obtain the two stable 

equilibrium shapes of the proposed layup in the free-free boundary condition. Mukherjee et al. (Mukherjee et al., 

2020) modified the metal hybrid laminate by replacing the aluminum layers in the layup by glass-epoxy bi-directional 

(BD) plies. It has been shown that this modification in the layup largely eliminates the problem of slippage and 

debonding between the metal and the carbon-epoxy layers. The improvement in the bond strength between the glass-

epoxy and the carbon-epoxy layers has been demonstrated in the manuscript by performing lap shear tests on standard 

manufactured specimen. Recently, Hijazi and Emam (Hijazi & Emam, 2023) studied the effect of the BD plies’ 

thickness, width, and location from the laminate’s centerline on the stable shapes and the snapthrough behavior of a 

clamped hybrid bistable laminate. 

Lattice structures are periodic porous materials composed of repeating unit cells arranged in defined patterns. 

Nature demonstrates the use of lattice structures for example, the FCC lattice of NaCl, BCC metallic crystals, the 

trabecular architecture of bones and plant stems, and the 2D honeycomb built by bees. Owing to their excellent 
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strength-to-weight ratio, energy absorption, thermal insulation, noise damping, and lightweight properties (Liu et al., 

2019; Nagesha et al., 2020), lattice structures are used across diverse fields such as mechanical, civil, automotive, 

aerospace, defense and biomedical engineering (Feng et al., 2021; Khosroshahi et al., 2018; Spadoni & Ruzzene, 

2007; Wang et al., 2018). In recent times, lattice structures and their applications have gained much interest and 

attention in the mechanical engineering and structural engineering fraternity. Lattices are broadly classified into 2D 

and 3D lattices. 2D lattices include honeycombs, auxetic lattices, and hierarchical 2D lattices. Honeycombs remain 

the most studied 2D lattice for their superior energy absorption. Auxetic lattice structure is the class of structures that 

exhibits negative Poisson’s ratio which includes re-entrant honeycombs. 3D lattices include truss-based (Nečemer et 

al., 2020; Tancogne-Dejean & Mohr, 2018), plate-based (Berger et al., 2017; Tancogne‐Dejean et al., 2018), shell-

based (Yin et al., 2020; Zhao et al., 2020), and hierarchical types (Zhang et al., 2021; Zheng et al., 2016). Energy-

absorption studies commonly consider compression (Kucewicz et al., 2019), tension (Jiang & Wang, 2016), bending 

(L. Zhang et al., 2020), torsion (Jiang & Wang, 2016), shear (Feng et al., 2017), and combined loadings (Zhang et al., 

2019). For 2D lattices, out-of-plane compression typically provides higher energy absorption than in-plane loading 

(Khan et al., 2012).  

The compression response generally includes elastic, plastic, and densification stages. Lattices are fabricated from 

metals, polymers, ceramics, and composites (Deshpande et al., 2001; Kooistra & Wadley, 2007; Queheillalt et al., 

2008; Wang et al., 2010). The use of laminated composites is gaining popularity for manufacturing lattice structures 

in energy absorption applications. Shape-changing laminated structures can change their morphology and mechanical 

properties, including origami-inspired deployable/foldable laminated structures (Ahmed et al., 2024) and multistable 

laminated structures. Origami-inspired deployable/foldable laminated structures can be designed using a combination 

of stiff and flexible materials to introduce desired flexibility (Ahmed et al., 2024) but they are not good in absorbing 

energy applications. Lattice structures can be made using multistable laminated structures that can exhibit energy 

absorption capabilities which are tunable due to the multistable configuration of individual unit cells. The shape of 

the lattice structures can be changed mechanically through application of force or by using smart materials which 

respond to thermal changes, electric potential, or electromagnetic (EM) fields. Integration of these smart materials 

with innovative structural designs creates synergistic systems with enhanced functionality and performance. 

Laminated lattice structures offer several advantages over conventional lattice structures due to the combination of 

fiber-reinforced composite laminates with lattice geometries. They provide significantly higher specific strength and 

stiffness because composites possess superior strength-to-weight and stiffness-to-weight ratios. In addition, their 

mechanical properties can be tailored by adjusting the fiber orientation, stacking sequence, and laminate thickness, 

allowing precise control of anisotropic behaviour compared with conventional lattices that rely mainly on geometry 

and base material.  

Laminated lattices also exhibit improved energy absorption through progressive damage mechanisms such as 

matrix cracking, fiber breakage, and delamination. Furthermore, they can incorporate integrated or jointless hinges 

that reduce stress concentrations typically present at node connections in traditional lattices. The use of multistable 

laminates in manufacturing lattice structures is less explored relatively new area of research. Using multistable 

laminates to manufacture lattice structures, provide additional advantages such as the ability to switch between 

multiple stable configurations without continuous external energy input, enabling shape reconfiguration, 

deployability, and compact storage. This multistability also improves structural adaptability, vibration isolation, and 

energy absorption capability, making these structures particularly suitable for lightweight adaptive systems and 

advanced engineering applications. 

In the present study, we propose an innovative lattice unit cell made of hybrid bistable laminates, capable of energy 

absorption during impact loading and tunable mechanical response. A simple square pristine unit cell can be switched 

to multiple stable configurations which can be approximated as honeycombs, re-entrant honeycombs and semi 

reentrant honeycombs exhibiting, positive Poisson’s ratio, negative Poisson’s ratio and zero Poisson’s ratio, 

respectively. The three stable shapes shall exhibit different mechanical response and performance when used in a large 

lattice structure but will have identical performance when single cell is evaluated. To demonstrate different behavior 

and response at cell level, we have analyzed dual rib and triple rib unit cells and compared the performance in 

comparison with single rib unit cells. A detailed FE model is presented to analyze the performance of all cases of the 

unit cell. The three stable configurations are shown to be easily switchable through a snap through process. An impact 

analysis is also performed for three values of impact velocities demonstrating the energy absorption performance for 

the three stable configurations of the dual rib and triple rib unit cell. 
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Figure 1: (a)-(e) FE Modeling Steps to Demonstrate Bistable Behavior of Hybrid Laminated Cantilever Plate (F) 

Validation with Experimental Results 

2. Design and FE Model 

2.1 Bistability of a Hybrid Laminated Plate 

The bistability in a hybrid laminate has been demonstrated in several studies through experimental or analytical 

analysis where it is shown that the multiple shapes are achieved through various activation and mechanisms as 

discussed in introduction. In our context the mechanism responsible for achieving multiple stable shapes is the vast 

difference in the thermal coefficients of adjacent laminas indicated by the materials properties given in Table 1. An 

FE model is presented to demonstrate the mechanism of bistability in hybrid laminated plate with cantilever boundary 

conditions. 

Table 1: Material Properties of Constituent Laminas 

Material Property E1 (GPa) E2 (GPa) v12 E12 (GPa) α1(10−6 ℃)⁄  α2(10−6 ℃)⁄  

UD Carbon Epoxy 137.4 10.07 0.23 4.4 0.37 24.91 

BD Glass Fabric Epoxy 22.3 22.3 0.20 4.75 19.78 19.78 

The steps for FE modeling and stable shapes for demonstrating bistability is shown in Figure 1. A square hybrid 

laminated plate of side 300 mm is modeled using 3D part modeling which requires modeling of each layer separately 

along the thickness direction. The hybrid laminated plate has six layers of 0.125 mm each where stacking scheme for 

sub-laminate (a) is [902/BD2/902] and for sublaminate (b) is [902/02/902]. The widths of each sublaminate are shown 

in Figure 1. The modeling is followed by meshing using 3D stress element C3D20R where each element has a size of 

5 mm × 5 mm × 0.125 mm. The size of each element considered here is selected after a mesh convergence study in 

which the size is selected if the next smaller element size shows equal values of stresses up to two decimal places. 

The use of 3D element is preferable in this scenario where we need to obtain inplane stress at each layer without the 

assumptions of shell elements. As shown in Figure 1 (a), after meshing, the cantilever boundary conditions and the 

temperature variation are applied on the hybrid plate.  

In the first analysis step the temperature change which is applied using predefined field in ABAQUS is changed 

from 150 oC to 30 oC resulting in compressive and tensile inplane stresses (σxx) existing simultaneously in the same 

plane in layers 3 and 4 (Figure 1 (d)). This results in the initiation of buckling. In the next step we applied a load in 

positive or negative normal direction on the tip of the cantilever plate and subsequently removed it to obtain the two 

stable shapes as shown in Figure 1 (e). To validate the FE model and results we have compared the experimental 

results of Mukherjee et al. (Mukherjee et al., 2020) and compared with FE results using the present FE model in Figure 

1 (f). There is a good agreement between the experimental and FE results for the hybrid plate considered in the 

reference study (Mukherjee et al., 2020). In the next section the bistable hybrid laminated plate is used as the repeating 
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part to obtain a multi stable unit cell structure. 

 

Figure 2: A Unit Cell Structure (a) A Single Hybrid Laminated Plate and (b) A Square Unit Cell as an Assembly of 

Four Hybrid Laminated Plates with the Laminate Scheme 

2.2 Multi-Stable Unit Cell Structure 

A multi-stable unit cell (MSUC) structure is proposed here which is square in shape, as shown in Figure 2 (b). The 

pristine unit cell is fabricated using four identical hybrid laminated plates, each having dimension of 300 mm × 100 

mm which are fabricated using two sublaminates having laminas made of unidirectional carbon fiber-epoxy (UD) and 

bidirectional glass fiber-epoxy (BD) (Table 1). The stacking scheme for sub-laminate (a) is [902/BD/902] and for 

sublaminate (b) is [902/02/902]. Each of the six layers is 0.125 mm thick. The widths of the constituent laminas are 

also illustrated in Figure 2 which is selected based on the study of widths of sublaminates a and b resulting in maximum 

bistability effect for the particular materials, laminate dimension and stacking. This unit cell can be employed in a 

repeated pattern to form a lattice which can be tailored for desired mechanical behavior owing to the multi-stable 

configurations possible. It is already shown in the previous section  and through other experimental, analytical and 

numerical analysis (Li et al., 2014; Mukherjee et al., 2020; Zhang et al., 2024) that clamped-free and clamped-clamped 

symmetric hybrid laminates can demonstrate bistability by using laminas having vastly different coefficients of 

thermal expansion. In this study a multi-behavior cell structure is proposed and analyzed having three stable 

configurations easily switchable from one shape to another. These stable shapes are called as negative Poisson’s ratio 

cell (NPRC), zero Poisson’s ratio cell (ZPRC) and positive Poisson’s ratio cell (PPRC). This capability of changing 

shapes gives the designers freedom to tune the lattice structure according to desired mechanical response.  

 

Figure 3: (A) Simulation Steps for Modeling Unit Cells and (B) The Three Stable Configurations of a Unit Cell 
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The process of obtaining multiple shapes through FE modeling in ABAQUS is demonstrated in the next section.  

2.3 FE Model and Poisson’s Ratio Estimation of the Unit Cell 

The feasibility of the proposed square unit cell for energy absorption application made from bistable laminated 

plates is assessed here through FE model and analysis. ABAQUS® (2021)/standard is used to model the unit cell and 

simulate the mechanical response of the multi-stable unit cell. In the part module of ABAQUS, only a hybrid laminated 

plate is modeled (Figure 1 (a)) which is then used to model the square unit cell in assembly. A composite section is 

assigned to the hybrid plates with six layers according to the laminate scheme and is meshed with four-node S4R shell 

elements since, for thin structures shell elements are computationally efficient and accurate when stresses at layer 

interfaces are not the focus of study.  The convergence of mesh density is investigated, and the element size of 5 mm 

× 5 mm is selected for the study. The total thickness of each hybrid laminated plate is 0.75 mm. The mechanical and 

thermal properties of constituent laminas are given in Table 1.      

The surface was partitioned at the center of the plate to define a strip along the length to define different layups, 

as shown in Figure 2. The hybrid plate is copied to have four identical parts and used to make a square unit cell in the 

assembly. Tie constraints are used to connect the four plates at the edges with each other. The ‘Nlgeom’ (geometrically 

nonlinear) option is on during the entire analysis process to allow the large deformations. 

 

Figure 4: (a) First Stable Shape of the Unit Cell Having Negative Poisson's Ratio, (B) Second Stable Shape Having 

Zero Poisson's Ratio and (C) Third Stable Shape Having Positive Poisson’s Ratio 

The dynamic Poisson ratio 𝑣(𝜓) is given by  

𝜈𝑥𝑦(𝜓) =
𝑎

𝑏+𝑎sin (𝜓)
×

2(1−𝛽2) 𝑠𝑖𝑛(𝜓)𝑐𝑜𝑠2(𝜓)

1+𝛽2−(1−𝛽2)cos(2𝜓)
                                                   (1) 

Where 𝑎 is the half length of the vertical rib, 𝑏 is the length of horizontal rib, 𝛽 = ℎ 𝑎⁄  and 𝜓 is the angle as shown 

in Figure 4.  

 

Figure 5: Dynamic Poisson's Ratio Calculation for Unit Cells (a) Rotation of Rib and (b) Poisson’s Ratio for NPRC, 

ZPRC and PPRC 
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For the present unit cell, 𝑎 = 150 𝑚𝑚, 𝑏 = 300 𝑚𝑚, ℎ = 0.75 𝑚𝑚, and 𝜓 is taken as the rotation of the node 

shown in Figure 5 (a) for the unit cells. The dynamic Poisson’s ratio 𝜈𝑥𝑦 depending on the rotation of the curved ribs 

is shown in Figure 4 (b) which is initially high and negative for NPRC and initially high and negative for NPRC. The 

value decreases as the compressive strain increases for the unit cells. For ZPRC the Poisson’s ratio stays zero for all 

deformed states. 

 

Figure 6: Dual Rib Multi-Stable Unit Cell (a) Isometric View and (b) Front View. 

 

Figure 7: Triple Rib Multi-Stable Unit Cell (a) Isometric View and (b) Front View. 

2.4 Dual Rib and Triple Rib Unit Cells 

The multi-stable unit cells presented in the previous section exhibit vastly different Poisson’s ratio using the same 

pristine unit cell. They can exhibit different mechanical behavior when used in a lattice, but a single unit cell shows 

exactly same force-displacement and energy absorption during the deformation since the vertical ribs are experiencing 

the same path and level of deformation in all three stable shapes. To further enhance the utility and practicality of 

using multi-stable unit cells, we introduced more vertical ribs in the pristine unit cell as shown in Figures 6 and 7 and 

will use for analysis of energy absorption capabilities. The vertical ribs are connected to each other through small 

horizontal ribs enabling snap through from one stable state to the other by applying force on the point\line as done in 

the single rib unit cell. The boundary conditions are also the same as in the single rib unit cell. After the shape 

stabilizing step in ABAQUS where the disturbing forces are removed, a dynamic implicit step is added to obtain the 

response during low to moderate velocity impact on the top rib. Dynamic implicit analysis is employed over the 

dynamic explicit since it is advantageous for impact simulations, particularly in problems involving low-velocity 

impacts and moderate nonlinearities. Since the method is unconditionally stable, it allows the use of relatively larger 

time increments compared with explicit methods, which can reduce the total number of computational steps. It also 

ensures equilibrium of internal and external forces at each time increment, leading to improved numerical accuracy in 

predicting structural response. In the present model, a plate having a mass of 2.5 kg is impacted on the top rib having 

velocity of 10, 20 and 50 m/s for durations of 0.015, 0.075 and 0.003 s, respectively to achieve a compressive strain 

of 0.5. The surface contact is taken as “Hard contact”, and the coefficient of friction is taken as 0.3. The same analysis 

is also performed on single rib unit cells to have a quantitative comparison among the proposed models 
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Figure 8: Deformation Modes of Dual Rib Unit Cells for Impact Velocity of (a) 10 m/s, (b) 20 m/s, and (c) 50 m/s 
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Figure 9: Deformation Modes of a Triple Rib Unit Cells for Impact Velocity of (a) 10 m/s, (b) 20 m/s, and (c) 50 

m/s 
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3. Results and Discussion 

3.1 Deformation Pattern of Unit Cells 

To assess the performance of the unit cells proposed in the previous section, the energy absorption capabilities of 

the dual and triple unit cells, a crashworthiness analysis is conducted and compared with each stable shape which can 

be switched from one to another by a simple snap through process without adding or removing any structural parts. In 

this section we demonstrate the deformation modes of the dual rib and triple rib unit cells for the three shapes (NPRC, 

ZPRC, and PPRC). Figures 8 and 9 illustrate the deformation of each of the unit cell shapes and three values of strain 

when a flat plate of 2.5 kg is impacted at the top rib at different velocities. For low velocity impact on dual rib unit 

cell the number of pairs of surfaces in contact is similar in all three stable shapes (NPRC, ZPRC and PPRC) for all 

values of strains. The Von Mises stress is plotted on for the outermost layer to show its variation among the stable 

shapes and impact velocities. When the impact velocity is moderate i.e. V = 20 and 50 m/s, slightly higher degrees of 

surface contact are observed in ZPRC unit cells in comparison with PPRC and NPRC. Similarly for triple rib unit cell, 

ZPRC shape shows much more surface area in contact internally in comparison with NPRC and PPRC when impact 

velocity is low and strain is low. For moderate velocity impact the surfaces in contact have much larger area in contact. 

In general, each case is unique showing a unique deformed shape and interaction of internal surfaces with each other. 

 

Figure 10: Force Vs Displacement for the Dual Rib Unit Cell Under Various Impact Velocities 
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Figure 11: Peak Crushing Force for Dual Rib NPRC, ZPRC and PPRC Under Various Impact Velocities 

 

Figure 12: Strain Energy for Dual Rib NPRC, ZPRC and PPRC Under Various Impact Velocities 
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Figure 13: Force vs Displacement for the Triple Rib Unit Cell Under Various Impact Velocities 

 

Figure 14: Peak Crushing Force for Triple Rib NPRC, ZPRC and PPRC Under Various Impact Velocities 
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Figure 15: Strain Energy for Triple Rib NPRC, ZPRC and PPRC Under Various Impact Velocities 
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Figure 16: Comparison of Strain Energy Absorbed During Impact for the Single Rib, Dual Rib and Triple Rib Unit 

Cells vs Strain and Impact Velocity 

3.2 Crashworthiness Assessment  

Figures 10-15 show the force-displacement curves, the peak crushing force and the corresponding energy 

absorption curves for NPRC, ZPRC and PPRC under low velocity impact of 10, 20 and 50 m/s for dual rib and triple 

rib unit cells. The peak crushing force for ZPRC is generally higher than PPRC and NPRC for all velocities when both 

dual rib and triple rib unit cells are considered. The energy absorbed is also almost same for NPRC, ZPRC and PPRC 

for low velocity of 10 m/s and low strain of 0.1 for both dual rib and triple rib unit cells whereas for moderate velocities 

of 20 and 50 m/s, the energy absorbed is not same because the surfaces inside the unit cells interact differently with 

each other for NPRC, ZPRC and PPRC. The energy absorption characteristics of these unit cells are intricately 

associated with their deformation modes. It is observed from the deformation profile and energy absorption that a 

higher degree of surface contact results in higher energy absorption for both dual rib and triple rib unit cells when 

large deformation occurs at all values of velocities. The peak crushing force, however, doesn’t depend on contacting 

surfaces since it is offered at the initial stage of deformation soon after the impact and only depends on how the 

structure deforms initially. It is also observed that for higher velocity of the impactor, higher energy is absorbed by 
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the unit cell. The augmentation of ribs in the unit cells leads to a greater number of folds during deformation, thereby 

resulting in more contacting surfaces. Consequently, the energy absorption capacity of the unit cell can be enhanced 

by increasing the number of ribs and varied by selecting among the three stable shapes to fulfill the requirement. To 

demonstrate the advantage of using multiple ribs in a unit cell over single rib unit cell, a quantitative comparison of 

energy absorption is shown in Figure 16. The dual rib unit cell would require 58 % more material mass but can enhance 

energy absorption up to 2.5 times when impact velocity is 20 and 50 m/s. Whereas when triple rib unit cell is employed, 

116 % more material mass is added but the energy absorption capability is increased up to 5 times for the impact 

velocity of 50 m/s. 

In addition to the deformed shape, the contact which occurs between surfaces in laminated lattice structures 

introduces additional contact forces and frictional interactions, which enhance energy dissipation through sliding. 

Properly defined surface contact prevents unrealistic interpenetration and allows for accurate prediction of 

deformation modes such as buckling, folding, or progressive collapse. Moreover, contact interactions can promote 

stress redistribution across the structure, delaying localized failure and increasing the overall energy absorption 

capacity. However, the effectiveness of energy absorption strongly depends on parameters such as contact stiffness, 

friction coefficient, and surface definition, as improper contact modeling may either overestimate stiffness or 

underestimate energy dissipation. Under dynamic/impact loading the internal contact of surfaces are much different 

from each other among the three stable shapes (NPRC, ZPRC and PPRC) which results in different levels of energy 

absorption. Introduction of extra parts/ribs in lattice unit cells have been shown to increase energy absorption in 

hierarchical lattice structures and therefore was expected to improve energy absorption in the proposed design.  

Among the three stable shapes studied here, ZPRC exhibits the highest energy absorption in general when both 

dual rib and triple rib unit cells are considered. The superior energy absorption of ZPRC can be attributed to its shape 

and interaction of surfaces internally. It is fascinating to see that the same structure but with a ZPRC stable shape can 

absorb more than double the energy of NPRC at an impact velocity of 50 m/s. This flexibility of enhancing energy 

absorption capabilities through simple switching of shapes will give designers freedom to tune a lattice structure 

according to the need. 

4. Conclusion 

A reconfigurable hybrid laminated unit cell structure is proposed. The unit cell is made of four identical bistable 

laminates each of two distinct stable shapes. A systematic arrangement of carbon fiber epoxy unidirectional laminas 

and glass fiber epoxy bidirectional laminas are adopted to induce bistability in the laminate. Through the snapthrough 

process, three unique configurations of the unit cells can be achieved: honeycomb, reentrant honeycomb and semi 

reentrant honeycomb structures exhibiting positive Poisson’ ratio, negative Poisson’s ratio and zero Poisson’s ratio. 

The unit cell can be used as a repeating unit in a larger lattice structure. The three stable configurations of the single 

rib unit cell are found to have the same stiffness and load-deflection behavior because of the similar deformation 

patterns and no internal surface interactions. Although, when used in a lattice structure they will affect the structure’s 

overall stiffness differently and show different deformation patterns. In this study, the dual rib and triple rib designs 

have been shown to perform much better than the single rib unit celland is proposed to further differentiate the 

mechanical response of each of the configurations at unit cell level and enhance their capability to tune the mechanical 

response. It is shown that they behave differently through energy absorption capability during impact of three distinct 

velocities. The deformed shape and energy absorbed for the three configurations are also shown to be substantially 

different from each other which facilitates the designer to tune the same structure for desired mechanical behavior. In 

general, the ZPRC configuration for the unit cell exhibits the highest capability for energy absorption among the cases 

considered in this study. This study opens research opportunities to investigate the possibility of building a lattice 

structure made of multistable laminated unit cells for energy absorption applications. 
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