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Abstract 

This study investigates the dynamic response of composite lattice structures, a crucial 

aspect for design optimisation and real-world applications, particularly those requiring high energy 

absorption during impact events (e.g., crashworthiness). Employing drop-weight impact 

experiments, the research explores the influence of impact conditions and lattice design on 

deformation behaviour and energy absorption efficiency. By exploring the design options and 

design parameters, including density, material selection and the functionally grading strategy, the 

study provides a deeper understanding of how these factors affect lattice properties at higher strain 

rates. Additionally, the research characterizes the influence of fibre reinforcement in AM lattices 

to the dynamic response. The findings demonstrate that composite functionally graded 

metamaterials exhibit improved dynamic deformation behaviour compared to their uniform 

counterparts. Additionally, the work discussed the influence of strain rate on material properties. 

This knowledge paves the way for advancements in various engineering applications. 

Introduction 

Lattice structure 

Over the course of many years, metamaterials have been utilised for various engineering 

applications owing to its great mechanical properties e.g., honeycomb structures are valued for 

their high strength-to-weight ratio in lightweight sandwich panels [1], foams are employed for their 

energy absorption and damping capabilities in crash absorbers [2]. A recent development in lattice 

materials is the functionally graded structure, which allows for tailored mechanical properties and 

deformation modes in specific regions through controlled design parameters. Apart from volume 

fraction which is a primary design parameters, unit cell type [3] [4], size [5] and material [6] have 

shown to influence the lattice properties as well. Most of the influence of interest from the graded 

cellular materials have been shown as enhanced energy absorption [7] [8] and the highly specific 

mechanical properties through precise control [9]. 

The development of composite additive manufacturing (AM) has led to research on 

composite lattice structures, capitalising on the combined advantages of design and material 

properties. Composites offer similar benefits to lattice structures, including high strength-to-weight 

ratio and energy absorption. Several studies have explored composite lattice structures and 

demonstrated improved mechanical properties through toughening mechanisms [6]. For example, 

Chen and He [10] showcased enhanced specific energy absorption and relative modulus in auxetic 

lattices reinforced with short carbon fibers. Similarly, other studies [11] [12] investigated the 

benefits of fiber reinforcement in lattice structures through various designs, highlighting positive 

outcomes in terms of high strength and modulus. However, the addition of fiber reinforcement 
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introduces anisotropy and new deformation modes into the final product. This necessitates careful 

consideration during the design process to ensure optimal performance in specific applications. As 

noted by [12], the inherent anisotropy of these structures can lead to a reduction in modulus when 

compressed in the out-of-plane direction. 

Dynamic behaviour of lattice 

  

 While numerous studies have focused on lattice structures, the exploration of their dynamic 

performance remains limited compared to the well-established field of quasi-static behaviour. A 

review paper by [13] highlights the limitation of data on the high strain rate performance of AM 

lattice structures. Additionally, the effect of strain rate on the dynamic behaviour of lattice 

structures is still under debate. For instance, Harris et al. [14]  observed that the specific energy 

absorption (SEA) of a hybrid honeycomb lattice reached its peak at an intermediate velocity, 

outperforming both quasi-static and high loading rates. However, a simulation by Li et al. [15] 

predicted that the SEA of a 316L gyroid lattice structure would be highest at the highest strain rate, 

with some experimental evidence supporting this claim. The limited understanding of the dynamic 

behaviour of composite lattice structures presents a significant knowledge gap that hinders their 

full potential in applications requiring high-impact energy absorption. Therefore, to address this 

gap, this study proposes to investigate the impact response of functionally graded composite AM 

lattices.  

 

Aims 

 

 This study aims to bridge the knowledge gap between the quasi-static behaviour of 3D 

lattice structures and their dynamic response under impact, particularly for energy-absorbing 

applications. We investigate functionally graded (FG) lattices with carbon fibre reinforcement 

subjected to drop-weight impact events. The work explores the influence of the FG lattice along 

with the comparison between composite and pure polymer materials. Our aim is to provide 

experimental insights into the dynamic behaviour of tailored lattice structures and ultimately 

achieve more controlled plastic deformation during impact through lattice design and material 

selection. 

 

 Therefore, our design of experiments involves exploring the effect of functionally graded 

density design. Additionally, we will explore the effect of integrating carbon fibre reinforcement 

compared to pure polymer lattices. The properties of composite lattices will also be characterised 

through microscopy. To quantify the mechanical performance of the lattices, the experimental data 

will be analysed for its strength and energy absorption, alongside with high-speed camera 

observation for qualitative assessment of the deformation behaviour. This comprehensive approach 

will provide valuable insights into the performance of AM composite and functionally graded 

lattice structures under impact, paving the way for their application in dynamic engineering 

scenarios. 
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Methodology 

 

Design process 

 

The Schwartz-P (SP) lattice was chosen as the representative stretching-dominated unit cell 

and the BCC lattice as the bending-dominated unit cell. The SP lattice is a surface-based Triply 

Periodic Minimal Surface (TPMS) structure, while the BCC lattice is a truss-based structure. The 

design of both lattices was generated by an in-house software using the method proposed in [16], 

where strut radius or offset thickness controls and tailors the density. A linear density gradient was 

implemented from the top surface to the bottom, achieving density variation between 0.2 and 0.8 

in parallel to printing direction (or Z-axis, as shown in Figure 1). The overall dimensions of the 

lattice structures (20 × 20 × 20 mm) with unit cell size of 5 mm and the global density (𝜌 = 0.5) 

remained constant for all graded specimens. 

 

 

 

Figure 1: Lattice designs and dimensions 

 

Manufacturing process 

 

Following the test matrix in Table 1, samples were fabricated using a Mark Two 3D printer 

by Markforged [17], which employs the material extrusion (ME) technique. Two materials were 

utilised: Nylon (PA6) and Onyx (CF/PA6). The latter allowed investigation of the influence of 

chopped carbon fibre reinforcement while maintaining a consistent matrix material (PA6). To 

minimise moisture absorption, filaments and printed samples were sealed and oven-dried for at 

least four hours before fabrication or testing. All designs were sliced using consistent settings 

within Eiger software. These settings included a layer height of 0.1 mm, no support structures, two 

wall layers, and a solid infill pattern. To prevent the moister absorption effect, the filament was 

kept in the dry box during manufacturing and the built parts were kept in the oven at least 12 hours 

before impact testing. 

 

  

402



 

 

Experiment 

 

The dynamic response of the samples was evaluated using a drop-weight impact test on an 

Instron drop-weight tower CEAST-9350 [18]. A 100 mm impactor weighted 26.10 kg was used to 

deliver an impact event. The impact energy applied is 15J giving impact velocity of 1.07 m/s and 

drop height of 59 mm. Upon impact and triggering the light gate sensor, the CEAST DAS 64K 

data acquisition (DAQ) system [18] recorded the contact force (𝐹) and time (𝑡) through the 

piezoelectric sensor on the 90kN load cell. A Phantom V641 high-speed camera [19] captured the 

deformation process for further analysis. Noted that the testing direction in this study is kept in 

parallel to the printing direction. 
 

 
Ungraded Graded Materials 

ρ avg  0.2  0.35  0.5 0.5   

 3 3 3 3 Onyx  

 3 3 3 3 Nylon  

Table 1: Test matrix shows number of repeats for each configuration. 

 

To further understand the dynamic behaviour of the lattices, displacement (𝛿) and velocity 

(𝑣) at specific time point (𝑡) were calculated based on the non-uniform acceleration equation as a 

time-dependent function. The absorbed energy then calculated as the integral of the force-

displacement curves. 

 

The impact velocity (𝑣𝑖) was calculated using the principle of energy conservation, where 

the potential energy from the drop height equals the kinetic energy at impact: 𝑣𝑖  = √2𝑔ℎ. The 

densification stage is not considered to contribute to the total absorbed energy [20]. This study 

defines the onset of densification as the point where the strain exceeds 0.5 strain as commonly 

considered as densification stage from previous studies [7] [20]. 

 

The additional parameters discussed in this study to further evaluate the dynamic response 

are primary peak force (𝐹𝑚𝑎𝑥) and maximum displacement (𝛿𝑚𝑎𝑥). 𝐹𝑚𝑎𝑥 is the highest force during 

the first peak in force-displacement curve and the latter is the maximum displacement the impactor 

reaches during the impact event. The dynamic modulus value is derived from the strain range of 

0.015-0.05 based on the dimensions described in Figure 1 and the material properties from [21]. 

The dynamic yield stress considered as the 𝑃𝑚𝑎𝑥/𝐴𝑛𝑜𝑚𝑖𝑛𝑎𝑙 . 
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Results and Discussion 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 2: (a)(c)(e) Load-displacement curves (b)(d)(f) Absorbed energy-time curve,  

(a-b) Nylon material (c-d) Onyx material (e-f) Density-graded comparison 
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Figure 3: Deformation mechanism of uniform and density-graded lattices (Nylon and Onyx) 

recorded by Phantom high-speed camera 

Impact of Density, Material, and Fiber Reinforcement 

For the Nylon uniform lattices, the varied density show the effect in force and energy 

profile shown in Figure 2a and Figure 2b respectively. As the lattice density increase, the 

maximum force and the maximum energy the lattice able to absorb also increase. This is owing to 

the stiffness of the part as proposed by Gibson and Ashby [22]. This trend also exhibited in the 

Onyx parts as well. However, it should be noted that all lattices in this study were subjected to a 

fixed impact energy of 15 J. While the Nylon uniform specimens couldn't fully absorb this 

energy, the Onyx uniform parts successfully did. 

Lattices with carbon fibre reinforcement exhibited significantly higher absorbed energy by 

at least 4.1 J improvement compared to similar density (𝜌𝑎𝑣𝑔 = 0.5) Nylon lattices. This can be 

attributed to the larger maximum displacement achieved by the Onyx parts due to their progressive 

failure mode. In contrast, the Nylon parts experienced abrupt fractures, leading to a shorter impact 

duration and displacement. High-speed camera recordings supported these observations, revealing 

compaction in the Onyx parts compared to the catastrophic failure of the Nylon lattices (see Figure 

3). The presence of random short carbon fibres in Onyx obstructs the global crack propagation, 

explaining the observed cracks and fractures in Nylon compared to the absence of such features in 

Onyx. 

405



It is important to note that the lowest density Onyx part (𝜌𝑎𝑣𝑔 = 0.2) exceeded the 0.5 

strain point, which is considered the onset densification. Energy absorption during densification 

is not typically considered. Therefore, while the energy profile for this part only reaches around 8 

J in Figure 2d, it is still significantly higher than the pure polymer with the same density. For 

crashworthiness applications, Onyx parts are a preferable choice due to their ability to prolong 

failure and absorb higher impact energy compared to Nylon parts with similar design and weight. 

This advantage arises from the presence of carbon fibre reinforcement and the resulting 

progressive failure mode. 

The dynamic yield strength for the experimental results was calculated by dividing the 

peak force by the nominal cross-sectional area of the lattice structure (20 × 20 𝑚𝑚). The 

dynamic relative modulus was determined from the slope of the stress-strain curves within a 

specific strain range (0.015-0.05). The bulk modulus was obtained from a reference [21]. Both the 

dynamic yield strength and relative modulus were fitted to a power-law equation with minimal 𝑅2 

= 0.982. Compared to quasi-static data from previous research [7], the dynamic properties 

obtained in this study exhibit higher values. This can be attributed to the higher coefficient values 

observed in the power-law fits for the dynamic data. This trend aligns with the findings reported 

in the literature [23], where both yield strength and relative modulus are known to increase at 

higher strain rates. Interestingly, the exponent values in the yield strength plots are significantly 

lower than those in the quasi-static data. This suggests that the influence of density and the 

dynamic strain rate factor might be more pronounced for materials with higher density. 

Force Profiles and Energy Absorption in Graded Lattices 

Figure 4: The comparison between post-impact density graded Onyx (left) and Nylon (right) specimens 

Unlike uniform lattices, the force profiles of functionally graded lattices exhibit multiple 

peaks following the initial peak, as observed in Figure 2e. This phenomenon can be attributed to 

the progressive deformation sequence within the graded structure. The initial peak corresponds to 

the failure of the top contact layer, which has the lowest density due to the grading strategy. 

Subsequently, the impactor encounters denser layers with increasing stiffness, leading to further 

layer-by-layer failure until all impact energy is dissipated through plastic deformation or complete 

densification occurs. It's important to note that each subsequent layer has a higher density and, 

consequently, greater stiffness, contributing to the rise in multiple peak force values as the impactor 

progresses through the structure. 
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These multiple peaks translate to a larger energy absorption capacity compared to uniform 

parts with the same overall density. This improvement has been observed in both pure polymer and 

composite lattices. Even for composite structures that efficiently dissipate most of the applied 

energy, the force profile still exhibits multiple peaks, indicating successive failure and, therefore, 

significant potential for higher energy absorption capability compared to their uniform design in 

demanding applications. 

It's noteworthy that the density of the top contact layer directly influences the first peak 

force and, consequently, the dynamic yield strength of the graded part. This is evident in the force 

profiles (Figure 2e) and the post-impact parts (Figure 4). The lower peak force can be beneficial in 

reducing the impact force experienced by passengers within a vehicle during a crash event. 

Therefore, graded lattices are ideal for applications where high overall energy absorption and 

minimising the initial contact force are crucial, even if it comes at the cost of potential initial 

damage to the crash absorber itself. 

Conclusion 

The drop-weight impact tests revealed a correlation between density and mechanical 

properties, consistent with a power-law relationship. However, the dynamic response exhibited 

higher relative strength and modulus compared to quasi-static behavior. This can be attributed to 

strain rate sensitivity and inertia effects during impact. The deformation modes observed in lattices 

with linearly varying densities displayed progressive failure similar to quasi-static conditions. This 

progressive failure mechanism contributes to improved energy absorption during impact.  

Furthermore, this study provides clear evidence that the integration of carbon fibers 

significantly improves the deformation mechanism. Unlike unreinforced materials that experience 

abrupt fracture, carbon fiber composites undergo compaction with minimal visible cracks. This 

enhanced ability to absorb impact energy highlights the potential of these composite lattice 

structures for crashworthiness applications. The research effectively bridges the knowledge gap 

between quasi-static compressive behavior and dynamic response. Additionally, it provides 

valuable insights into utilising composite AM for improved crashworthiness in various engineering 

fields. 
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