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Abstract - This study systematically compares beam, solid, and 

hybrid finite element representations of six isotropic strut-based 

lattice topologies: BCC, Simple Cube (SC), AFCC, Iso-Truss, 

Octet-Truss, and FBCCXYZ under dynamic loading. The primary 

aim is to quantify the accuracy and limits of beam models relative 

to solid models as a function of strut diameter-to-length ratio 

(d/L%) and unit cell topology, and to establish modelling 

guidelines for dynamic and impact applications. Free-free modal 

analyses are conducted on single cells with AlSi10Mg material, 

three cell sizes (1, 1.5, and 3 mm), and a wide d/L% range from 

2% to 48%. The 7th mode, corresponding to the first flexural 

mode, serves as the principal comparison metric. Mesh sensitivity 

studies on BCC cells, using quadratic tetrahedra for solids and 

BEAM188 elements for beams, determine practical convergence 

criteria and reveal that slenderness ratio has a stronger influence 

on mesh sensitivity than cell size. Relative density and infill ratio 

are evaluated from the cell volume and the reference cube volume, 

allowing assessment of mass and stiffness mismatch between 

models. Results show that beam models consistently underpredict 

natural frequencies and overpredict infill ratios, with deviations 

strongly dependent on both d/L% and joint connectivity. BCC 

exhibits minimal deviations (≈5% in frequency and ≈3% in infill 

at d/L% = 48%), while highly connected topologies such as Octet-

Truss and FBCCXYZ reach extreme and physically inconsistent 

infill predictions (up to 200%) and frequency deviations exceeding 

40–50%. The study demonstrates that modelling discrepancies 

scale with joint number and complexity, and grow rapidly with 

d/l%, particularly when the topology transitions from a discrete 

lattice to a quasi-solid morphology. The findings provide topology-

specific thresholds beyond which pure beam models become 

unreliable and motivate hybrid modelling strategies that preserve 

computational efficiency while correcting joint- and geometry-

dominated error sources. 

Keywords - Strut-based lattice structures, Dynamic behavior of 

Strut-based lattice structures, Diameter to length ratio (d/l%), 

Natural frequency of Strut-based lattice structures 

I. INTRODUCTION

The study of lattice materials traces its roots to the broader field 

of cellular solids, whose foundations were laid by Gibson and 

Ashby in the 1980s and 1990s. Their pioneering work 

established the fundamental scaling relationships between 

density, stiffness, and strength in foams and honeycombs, 

framing lightweight cellular architectures as continuous 

analogs of naturally occurring porous materials such as wood 

and bone. These early theoretical frameworks provided the 

conceptual basis for translating natural design principles into 

engineered cellular materials. Building on this heritage, 

researchers extended cellular-solid concepts to strut-based 

lattices by introducing truss-like unit cells, thereby opening a 

route to tailor mechanical performance through deliberate 

modification of unit-cell geometry and topology. In a seminal 

contribution, Deshpande et al. developed analytical models for 

the octet-truss lattice that provided one of the first explicit, 

quantitative links between microstructural design variables and 

macroscopic mechanical properties, defining a paradigm for 

microstructure-driven performance optimization [1–5]. 

Advances in computational methods during the 2000s 

particularly finite element homogenization techniques enabled 

increasingly precise prediction of elastic properties and 

deformation behaviour in periodic lattices. These tools allowed 

designers to evaluate and compare candidate topologies more 

rigorously, moving beyond idealized analytical models toward 

high-fidelity numerical assessment. The rapid maturation of 

additive manufacturing (AM) technologies in the 2010s then 

transformed the field by making it possible to fabricate complex 

strut-based and stochastic architectures that were previously 

only theoretical. AM empowered engineers to realize intricate 
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lattices with controlled strut geometries, graded porosity, and 

tailored node morphologies, accelerating the evolution of strut-

based lattices from simple beam-like cellular structures into 

programmable architected materials that balance structural 

efficiency with multifunctional requirements [4–6]. 

A central modelling dilemma in the analysis of these structures 

is the trade-off between computational efficiency and the 

fidelity with which local phenomena stress concentrations, joint 

behaviour, and plasticity are captured. Beam (line-based) 

element models are attractive for large-scale simulations 

because they are computationally inexpensive and can 

effectively reproduce global stiffness trends and deformation 

modes, especially when struts are slender and constitutive 

models account for AM-specific material behaviour. However, 

beam representations often oversimplify junctions and cannot 

reliably capture local nonlinearities or the additional material 

volume present at nodes. Solid (3D) element models, by 

contrast, resolve joint geometry and local stress fields much 

more accurately but at substantially higher computational cost. 

Consequently, for engineering tasks that demand many 

iterations such as topology optimization or exploratory 

parametric studies beam models are frequently used as a 

pragmatic, expedient choice, provided their limitations are 

understood [7–10]. 

Quantitative assessments show the limits of beam 

approximations: when the diameter-to-length ratio (d/l%) of 

struts remains below roughly 0.1, beam elements generally 

provide reliable predictions. Beyond this threshold, beam-based 

estimates of mechanical properties can deviate substantially 

often by more than 20% from those produced by solid 3D 

meshes, with the error typically increasing approximately 

linearly with d/l%. Alomar and Concli further observed that 

beam models may still be acceptable for higher d/l% ratios if 

deformations remain small, but accuracy deteriorates under 

large deformations and complex failure modes [6,11,12]. The 

situation is exacerbated under large plastic strains or dynamic 

loading: while some enhanced beam formulations and advanced 

constitutive laws (e.g., super-elastic or rate-dependent models) 

can reproduce smooth stress–strain responses and certain large-

deformation behaviours, many beam models struggle to 

converge and to represent localized yielding, buckling, and 

fracture accurately. Solid models capture these nonlinearities 

more faithfully, but their computational expense restricts their 

routine use in extensive design studies [7,10,13–19]. 

Efforts to bridge the gap between computational efficiency and 

geometric fidelity have produced hybrid strategies. Luxner et 

al. compared plain beam, adapted beam, and continuum models 

and showed that plain beam models can capture global stiffness 

trends but underpredict stiffness at vertices because they 

neglect the extra material and constraint effects intrinsic to strut 

intersections. Their adaptation approach filling joint regions 

with bulk elements to mimic rigid node behaviour improved 

accuracy for unit cells with four or more struts meeting at a node 

(e.g., BCC, BCCZ, SC) but tended to over-stiffen three-strut 

nodes such as those in Gyroid-like architectures [20]. 

Tahmasebimoradi et al. extended this comparison to BCC and 

BCCZ lattices and reported that hybrid models required only 

about half the computational resources of full solid models; 

they also found that the effect of junction size on hybrid-model 

accuracy is topology-dependent, being negligible for BCCZ but 

significant for BCC [7,21,22]. Such studies highlight that the 

efficacy of joint-adaptation strategies depends strongly on local 

connectivity and topology. 

Experimental and numerical comparisons further underscore 

topology- and scale-dependent behaviour. Maconachie et al. 

modelled a range of topologies (BCC, BCCZ, FCC, FCCZ, 

FBCCZ) using two-node linear beam elements and found that 

while beam models reproduced overall deformation modes, 

stiffness hierarchies, and failure mechanisms, they were less 

accurate at representing localized node compliance, strut 

misalignment, and layer-specific deformation features that 

often dominate real-world performance. Their tests (5 × 5 × 5 

cell specimens, AlSi10Mg, cell size 7.5 mm, strut diameter 1 

mm, relative densities ≈7–16 %) illustrated that line-based 

elements can capture global behaviour but tend to overestimate 

local stiffness where geometric imperfections are important. 

Several other studies corroborate sizeable quantitative 

discrepancies: beam-element simulations have been reported to 

diverge from experiments by errors approaching 50% in some 

cases [23,24]. Ruiz de Galarreta et al. explored modified beam 

models with increased joint diameters (+20% and +40%) and 

observed only marginal stiffness and yield-strength gains 

compared with uniform-diameter beam models; by contrast, 

full 3D solid models more realistically captured joint effects 

and the associated mechanical response [25,26]. 

Dynamic behaviour and modal characteristics bring further 

complexity: topology, relative density, and detailed mass 

distribution control natural frequencies and mode shapes, and 

joint modelling has nontrivial consequences for these dynamic 

properties. Syam et al. compared six strut-based topologies at 

22% relative density and found tetrahedron-based structures 

produced the highest first-mode natural frequency in impact 

testing, though their use of small 2×2 specimens may have 

imposed boundary effects; larger 3×3 specimens would better 

isolate the intrinsic dynamic response of the lattice. For Kelvin 

lattices, Wei et al. showed that increasing relative density raises 

the first natural frequency, while increasing strut diameter at 

fixed relative density tends to lower it an inverse effect 

reflecting changes in mass distribution and stiffness an 

observation echoed by Hussain et al., who embedded octet-truss 

cores in gas turbine blades and reported the highest first-mode 

frequency for the smallest strut diameter studied (0.25 mm) due 

to an improved stiffness-to-mass ratio and shifted resonance 

[46–48]. 

Published by : International Journal of Engineering Research & Technology (IJERT)
https://www.ijert.org/ ISSN: 2278-0181
An International Peer-Reviewed Journal Vol. 15 Issue 04 , April - 2026

IJERTV15IS040360 Page 2

(This work is licensed under a Creative Commons Attribution 4.0 International License.)



Mesh and element formulation choices are likewise critical for 

solid-model accuracy and efficiency. Kim et al. compared 

linear and quadratic brick elements and found that first-order 

(linear) bricks provided accuracy within about 5% while 

offering substantially better computational performance when 

at least four element layers spanned the strut thickness. Their 

mesh-sensitivity study, which explored element sizes from 0.15 

mm to 1 mm (≈6%–17% of strut diameter), showed numerical 

convergence for stiffness predictions below roughly 8% of the 

strut diameter, implying that element formulation and an ~8% 

mesh-size rule can balance precision and cost in many cases 

[49,50]. 

Despite extensive prior work, important gaps remain. Most 

comparative studies concentrate on a narrow range of 

topologies or geometric parameters, making it difficult to 

generalize model-selection guidelines across the diverse family 

of strut-based lattices. In particular, systematic investigations of 

how modelling accuracy varies with diameter-to-length ratio 

across different topologies are scarce. Moreover, while 

dynamic behaviour is crucial for many practical applications, 

comparative assessments of beam, solid, and hybrid modelling 

approaches have largely focused on static response; the 

influence of joint representation on mass distribution, natural 

frequencies, and mode shapes has not been thoroughly 

examined across a broad set of lattice configurations and 

geometrical parameters. This paper addresses these gaps by 

comparing solid and beam finite-element models for six 

isotropic strut-based unit cells BCC, SC, AFCC, Iso-Truss, 

Octet truss, and FBCCXYZ under dynamic loading, with the 

goal of establishing clearer guidelines for model selection as a 

function of topology, geometry, and loading regime.  

The objectives of this work are to systematically quantify the 
accuracy and limits of beam and solid finite element models 
across six isotropic strut-based topologies (BCC, SC, AFCC, 
Iso-Truss, Octet, and FBCCXYZ) as a function of geometric 
parameters particularly the diameter-to-length ratio. 
Specifically, we aim to 

1. Map deviations in predicted natural frequencies, and 
mode shapes between beam and solid representations 
over a broad d/l% range.  

2. Evaluate how joint representation and node geometry 
affect model accuracy and the conditions under which 
beam models fail to capture local effects. 

3. Assess mesh and element formulation sensitivities for 
solid models to establish practical convergence criteria. 

4. Synthesize these results into topology-specific 
guidelines for selecting an appropriate modelling 
approach for dynamic and impact applications. 

II. METHODOLOGY 

This section outlines the research methodology adopted to 

address the study objectives stated in the introduction. The first 

section covered the trade-off between the computational 

efficiency and the accuracy of the results by conducting an 

unconstrained modal test on beam, solid, and hybrid models. 

Fig. 1 shows the configurations studied under dynamic 

loadings.  

To overcome any discrepancy in the boundary conditions a 

free-free (unconstrained) modal test was conducted on each cell 

with the cell size and the slenderness ratio as controlled 

parameters through the tests. The configuration and their 

naming were inspired by the review done by Benedetti et al. 

[51] 

 

FIG. 1. CELLS CONFIGURATIONS STUDIED 

Initially three configurations were modeled in three cell sizes (1 

mm, 1.5 mm, 3 mm) with a slenderness ratio d/l varying from 

0.02 to 0.3 with AlSi10Mg as an assigned material, to observe 

the Cell size effect on the dynamic behavior. For simplicity and 

consistency, the mechanical properties of AlSi10Mg were 

adopted directly from the ANSYS material library, where 

predefined values were used for all simulations.  

In the unconstrained modal analysis, the first six modes 

represent the rigid body modes, while the seventh mode 

represents the first flexural (actual) mode. Hence the seventh 

mode will be considered as an evaluation criterion among the 

beam, solid and hybrid models. [4]  

The relative density of each configuration was calculated to 

monitor how the error in relative density affected the natural 

frequency and the mode shape, the following equation was used 

to calculate the relative density:  

 

RD = (VC(L+2×r)3)×100 

 

Where “RD” is the relative density of the cell, “VC” is the 

volume of the cell, “L” is the length of the cell, and “r” is the 

radius of the strut. 

In the present analysis, several idealizations were introduced to 

streamline the investigation and emphasize the fundamental 

dynamic characteristics of the structure:  

1- The influence of material and structural damping was 

disregarded, and any deviations arising from 
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manufacturing processes or geometric imperfections were 

omitted.  

2- The material was considered to exhibit homogeneous and 

isotropic behavior with spatially uniform properties. 

Thermal effects, including temperature variations and the 

associated thermal stresses, were neglected, as their 

contribution to the system’s response was deemed insignificant 

within the defined scope of this study. 

 

A mesh sensitivity analysis was conducted to determine the 

influence of mesh density on the accuracy and stability of the 

simulation results. The mesh study aimed to identify an optimal 

balance between computational cost and solution accuracy by 

comparing results across multiple mesh densities. Two 

comprehensive mesh studies were conducted on the BCC 

structure to study the effect of the cell size and the slenderness 

ratio on both the natural frequency and the solving time. Both 

studies were applied using Free-Free modal analysis. 

In the first study, BCC was tested with three cell sizes (1.5 mm, 

3 mm, 6 mm) at a constant slenderness ratio (d/l% = 0.1). Fig. 

2 shows how the number of divisions effect the meshing of a 

strut diameter cross section, where the left side represent a 

visualization of the number of divisions for a strut 

circumference (8 divisions, 16 divisions, 24 divisions). In the 

second study, the cell size was constant while the cell 

slenderness ratio was tested across three values (d/l% = 0.1, 0.3, 

0.5). The element type used is quadratic tetrahedron elements 

to avoid numerical artifacts by stiffening the model if linear 

elements were used. For the beam model an element type of 

BEAM188 was used which is based on Timoshenko beam 

theory. [52]  

An element quality was monitored through the runs to ensure a 

higher value than 0.3. All simulations were conducted on a 

workstation equipped with an AMD Ryzen Thread-ripper PRO 

3995WX 64-core processor running at 4.0 GHz and 256 GB of 

RAM.  

Fig. 2 show the output of the two studies, where the optimum 

combination of accuracy and solving time appeared to be at 14 

and 16 divisions. The results indicate that the slenderness ratio 

has a more significant influence on mesh sensitivity than cell 

size. This is because the slender ratio directly affects the 

structural stiffness and bending behaviors of each strut, making 

slender members more sensitive to mesh refinement. In 

contrast, changing the cell size primarily scales the geometry 

without significantly altering the deformation mode, resulting 

in a much smaller effect on mesh sensitivity. The finite element 

models using beam and solid elements of all investigated strut-

based lattice cells are listed in Table 1. At d/L% of 20%. 

 

FIG. 2. MESH SENSITIVITY ANALYSIS 

 

TABLE 1 MESHING OF THE SOLID AND BEAM MODELS OF THE 

STUDIED CONFIGURATIONS 

 BCC Simple Cube AFCC 

Solid 

   

Beam 

   

 ISO Truss Octet Truss FBCCXYZ 

Solid 

   

Beam 

   

 

Altamimi et al. showed that the deformation mode of a lattice 

configuration is not fixed but depends on the type and direction 

of loading. Using FE-based G-A fits for uniaxial, shear and 

hydrostatic loading, they determined the stretching or bending 

dominated character separately for each effective property and 

found that many topologies switch between stretching, bending, 
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or mixed dominated behaviour when the loading mode changes. 

[16] 

Fig. 3 illustrates the cell size study performed on the BCC, Iso-

Truss, and FBCCXYZ lattice configurations to evaluate the 

influence of unit cell dimensions on their dynamic behaviour. 

The selected configurations exhibit a wide variation in strut 

density, allowing the effect of structural complexity to be 

systematically examined. The BCC configuration represents a 

low strut-count lattice, the FBCCXYZ configuration 

corresponds to a high strut-count lattice, while the Iso-Truss 

configuration provides an intermediate strut density. For each 

configuration, unit cell sizes of 1, 1.5, and 3 mm were 

investigated to assess the sensitivity of dynamic response to cell 

size across different lattice topologies. 

Fig. 3 shows that slenderness ratio changes the structural 

stiffness, unlike the cell size which scales the stiffness 

uniformly. The stiffness of each strut is strongly dependent on 

diameter: 

EI  d4 

A small change in diameter causes a large change in bending 

stiffness, which directly affects the natural frequency and the 

deformation mode. While changing the cell size does NOT 

change the deformation mode. [58-61] 

If the diameter–length ratio stays the same, changing cell size: 

• Preserves geometric proportions: The cell keeps the same 

shape; only the overall size changes. 

• Scales mass and stiffness similarly: When the cell is scaled 

up or down, both mass and stiffness change in a predictable 

way, so the frequency mainly shifts due to size not a change 

in topology. 

The following explains how mass, bending stiffness, axial 

stiffness, and natural frequency scales by “x”: 

[1] Mass  

m = V 

Where m is the mass,  is the density, and V is the volume [59]. 

V’ = x3V → m’= V’ = ( x 3V) = x 3m 

Where V’ is the scaled volume by the value of x, and m’ is the 

scaled mass.  

Resulting to: 

m  x3 

[2] Natural frequency 

 

f  sqrt(k/m) 

Where f is the natural frequency, k is the stiffness, and m is the 

mass [79]. 

k  x    m  x → f’ sqrt (x/x3) = sqrt (1/x2) = 1/x 

Resulting to: 

f  1/x 
 

The verification of natural frequency scaling can be seen clearly 

through Fig. 3 especially with the 1 mm and 3 mm cells, where 

at any value of d/l% the natural frequency of the 1 mm cell is 

three times the natural frequency of the 3 mm cell of the same 

configuration. 

 

 

FIG. 3. CELL SIZE EFFECT ON DYNAMIC BEHAVIOR, FOR 

FBCCXYZ, ISO TRUSS, AND BCC 

III. RESULTS 

The comparison between beam element modeling and solid 

element modeling is made through modal analysis of 

unconstraint cell to avoid the effects of the boundary conditions 

on the achieved results.  The comparison is based on the 7th 

mode which is the first flexural mode of the unconstrained cell.  

Also the infill ratio is compared for both models by comparing 

the elements volume to the occupying cube volume which is 

(L+2r)3. Three cell sizes are examined; 1mm, 1.5mm, and 3mm 

with wide range of d/L% ratios from 2% to 48%. 

The results show that the three cells BCC, SC, and AFCC, are 

less denes cells as shown in Fig. 4 and the other three cells; Iso 

and Octet Trusses and the FBCCXYZ are highly dense cells as 

shown in Fig. 5.  In all results, beam element models show 

lower 7th mode natural frequencies that that of the solid model 

at the same d/l% ratios.  On the other hand, the beam element 

models show higher infill ratio than that of the solid models at 

the same d/L% ratios.  Furthermore, all investigated cells show 

the same exact deviations between the beam element and the 

solid element for all investigated sizes at the same d/L%.  This 

result confirms the dependency of the deviations between beam 

and solid models on the d/L% ratios and the cell configuration.  

The BCC cell, Fig. 4a., has the least deviation in both the infill 

ratio and the 7th model natural frequency among all 

investigated cells. The infill maximum deviation is about 3% 

and the maximum frequency deviation is 5% at d/L% of 48%.  
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Due to the fact that the BCC cell has only one point of 

intersection with 8 members at its CG making16 joints, at this 

level of d/L% the infill ratio of the BCC cell is quite low, it is 

38%. As shown in Fig. 5 the natural frequency of the cell 

decreases with the increase of the cell size.  However, the 

deviation in the frequency and in the infilling ratio increase with 

the increase of the strut diameter to the cell length ratio only. 

The SC cell, Fig. 4b., shows similar frequencies like the BCC 

cell but with quite noticeable deviations between the solid 

element model and the beam element model. The maximum 

frequency deviation is 32% at d/L% of 48%.  Due to the fact 

that the SC cell has 8 corner intersections with three struts at 

each intersection making 24 joints, at this size of the strut 

diameter to the cell size, the solid model shows infilling ratio of 

57% while the beam model shows 67% infilling ratio with 18% 

deviation from the solid model. 

 The AFCC cell, Fig. 4c., shows slightly higher frequencies and 

slightly higher infilling ratio than SC and BCC cells for same 

d/L%. The obtained deviations between the solid element 

model and the beam element model is higher than that of SC 

and BCC cells as well. The maximum frequency deviation is 

45% at d/L% of 48%.  Due to the fact that the AFCC cell has 8 

corner intersections each with 3 struts and 6 face intersections 

each with four struts making 48 joints in total, at this size of the 

strut diameter to the cell size, the solid model shows infilling 

ratio of 67% while the beam model shows 97% infilling ratio 

with 45% deviation from the solid model. 

The Iso-Truss cell, Fig. 5a., shows unified increase of the 

natural frequency as the d/l% increases showing frequencies 

slightly higher than that of the SC and slightly lower than that 

of the AFCC at the same d/l%. The obtained frequency 

deviation of the beam model from the solid model is similar to 

that obtained with AFCC cell and is higher than that of SC and 

BCC cells. The maximum frequency deviation is 45% at d/L% 

of 48%.  Due to the fact that the Iso-Truss cell has 8 corner 

intersections each with 4 struts and 1 intersections at the cell 

CG with fourteen struts making 52 joints in total, at this size of 

the strut diameter to the cell size, the solid model shows infilling 

ratio of 75% while the beam model shows illogic 118% infilling 

ratio with 64% deviation from the solid model. 

The Octet-Truss cell, Fig. 5b., shows three different rates of the 

natural frequency changes as the d/l% increases.  Up to d/L% 

of 8% the increasing rate is very high for both solid and beam 

models. The frequency increase using the solid model is then 

slightly reduced up to d/L% of 40%, then it decreases slightly, 

showing frequencies significantly higher than that of the 

previously presented cells at the same d/l%. On the other hand, 

the frequency increase using the beam model kept with the same 

increasing rate from d/l% of 8% up to the d/L% of 48%. The 

obtained frequency deviation of the beam model from the solid 

model is similar to that obtained with Iso-Truss cell up to d/L% 

of 40% then it slightly decreases to 35% at d/L% of 48%.  Due 

to the fact that the Octet-Truss cell has 8 corner intersections 

each with 3 struts and 6 face intersections each with eight struts 

making 72 joints in total, at this size of the strut diameter to the 

cell size 48%, the solid model shows infilling ratio of 72% 

while the beam model shows illogic 144% infilling ratio with 

100% deviation from the solid model. 

The FBCCXYZ cell, Fig 5c., shows also three different rates of 

the natural frequency changes as the d/l% increases.  Up to 

d/L% of 24% the increasing rate is very high for solid model 

then it is slightly reduced up to d/L% of 40%, showing similar 

frequencies of the Octet-Truss cell.  Contrary to the Octet-Truss 

cell, the frequencies saturated at the maximum level up to the 

maximum d/L% of 48%. On the other hand, the frequency 

increase using the beam model kept with a unified increasing 

rate with slight higher frequencies than that obtained with 

Octet-Truss cell. The obtained frequency deviation of the beam 

model from the solid model is significantly higher than that 

obtained with Octet-Truss cell up to d/L% of 24% showing 51% 

deviation, then it is reduced to 42% deviation at d/L% of 48%.  

Due to the fact that the FBCCXYZ cell has 8 corner 

intersections each with 7 struts, 6 face intersections each with 

four strutoks, and one point of intersection with 8 members at 

its CG making 88 joints in total, at this size of the strut diameter 

to the cell size 48%, the solid model shows infilling ratio of 

90% while the beam model shows illogic 200% infilling ratio 

with 120% deviation from the solid model. 

It is clear evidence as shown in Fig. 6, that the predicted infill 

ratio, using a beam model, deviates significantly from that 

created by solid model with the increase of the d/L% and the 

number of the joint in the cell.  Due to the high connectivity and 

high strut density in the cell with high number of joints like the 

Octet-Truss and FBCCXYZ cells, the cell switch to be a solid 

cell with few voids rather than a strut-based lattice structure at 

small ratios of d/L%.  The Octet-Truss switches to this dense 

case at d/L% of 36%, and the FBCCXYZ switches to this dense 

case at d/L% of 24%. 

The effect of the struts interconnection in the lattice cell gets 

clearer and worth considering when using multiple cells.  As 

shown in these results the beam model of the BCC cell is the 

least deviating model either in predicting the infill ratio or 

predicting the cell dynamic response as one cell.  A proof-of-

concept beam model of two and three cells of BCC cell is 

compared to similar solid model, as shown in Table 2, to 

evaluate the effect of the interconnection joints on the predicted 

results. 

The single BCC cell has 8 joints as mentioned above, which 

contributed to 3% in fill ratio and 5% in frequency deviations 

of the beam model from the solid model at d/L% of 48% as 

shown in Fig. 7. The 2x2 configuration of BCC cell has 120 

joints that contributed to the significant increase of the infill 

ratio from 3% to 40% at d/L% of 48%.  In the same hand these 

joints contributed to increase the frequency deviation of the 

beam model from 3.5% to 26% at d/L% of 32%.  Then this 2x2 

configuration shows saturated deviation at 26% up to the 

maximum studied d/L% of 48%.  Similarly, the 3x3 

configuration BCC cell has 424 joints that contributed to 

another increase of the infill ratio to 53% at d/L% of 48%.  In 

the same hand these joints contributed to increase the frequency 

deviation of the beam model to 46% at d/L% of 36%.  Then this 

3x3 configuration shows slightly decrease in the frequency 

deviation to 44% at the maximum studied d/L% of 48%. 
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FIG. 4. ACHIEVED RESULTS FOR LESS DENS LATTICE CELLS (A) BCC, (B) SC, AND (C) AFCC CELLS 
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FIG. 5. ACHIEVED RESULTS FOR HIGH DENS LATTICE CELLS (A) ISO-TRUSS, (B) OCTET-TRUSS, AND (C) FBCCXYZ CELLS 
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FIG. 6. DEVIATION IN FREQUENCY AND FILLING RATIO BETWEEN BEAM AND SOLID MODELS 

 

TABLE 2 STUDIED BEAM AND SOLID MODELS OF 1X1, 2X2, AND 3X3 BCC CELLS 
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FIG. 7. DEVIATION IN FREQUENCY AND FILLING RATIO BETWEEN BEAM AND SOLID MODELS FOR 1X1, 2X2, AND 3X3 BCC CELL

 

IV. DISCUSSIONS 

The discussion focuses on three intertwined aspects: geometric 

scaling, joint representation, and topology-dependent dynamic 

response. When the diameter-to-length ratio is held constant, 

scaling the cell size changes mass and stiffness in a self-similar 

manner, with mass scaling as x³ and stiffness scaling 

approximately linearly with x, leading to natural frequencies 

scaling as 1/x. The simulations confirm this similarity: for a 

given topology and d/L%, the frequency of a 1 mm cell is 

approximately three times that of a 3 mm cell, and mode shapes 

remain unchanged. Consequently, the dominant geometric 

parameter controlling dynamic behaviour is not the absolute 

cell size, but the slenderness ratio, which governs bending 

stiffness via EI ∝ d⁴ and switches the structural response 

between strongly bending-dominated and more bulk-like 

regimes. 

The comparison between beam and solid models reveals that 

the major source of discrepancy is not only stiffness modelling, 

but also the representation of mass and volume at joints. Beam 

elements treat joints as point connections and sum strut volumes 

independently, ignoring the finite overlapping and merging of 

solid struts. Solid models, by contrast, inherently redistribute 

material around intersections. As d/L% increases, joint regions 

occupy a larger fraction of the total volume, and mass 

aggregation around nodes becomes dominant. This leads beam 

models to overestimate relative density and infill ratio, 

especially in highly connected topologies where the number of 

intersecting struts and their combinatorial overlap grow rapidly. 

The strong correlation between infill ratio deviation and 

frequency deviation indicates that mass and stiffness are both 

misrepresented in beam formulations once the joint regions 

become non-negligible. 

Topology plays a critical role in determining the magnitude and 

evolution of these discrepancies. BCC, with its limited number 

of joints and relatively simple connectivity, maintains low 

errors in both natural frequency and infill ratio across the full 

d/L% range. SC and AFCC, which add corner and face joints, 

exhibit progressively higher deviations; AFCC, in particular, 

shows up to 45% frequency deviation and a large 

overestimation of infill due to its higher joint count and more 

complex intersection patterns. Iso-Truss further increases joint 

complexity, with a central 14-strut intersection, and reaches 

infill predictions that exceed 100%, highlighting the inability of 

beam models to maintain physical realism at high d/L%. Octet-

Truss and FBCCXYZ, with the highest joint densities, 

transition at relatively modest d/L% (≈36% and ≈24%, 

respectively) from a discrete lattice to an effectively bulk-like 

solid with residual voids. In this regime, beam models predict 

infill ratios up to 144–200% and large, though eventually 

saturating, frequency deviations, clearly indicating model 

breakdown. 

The mesh sensitivity analysis supports these conclusions by 

showing that solid element convergence is more sensitive to 

slenderness than to cell size. As members become more slender, 

bending-dominated modes are increasingly mesh-dependent, 

necessitating sufficient circumferential and axial refinement to 

capture curvature and stress gradients. The optimum 

circumferential division (≈14–16 elements around the strut) 

provides an acceptable compromise between accuracy and 

computational cost, while still resolving local joint geometry. 

This finding is important because it emphasizes that accurate 

solid modelling of high-slenderness lattices is achievable with 

practical computational resources, particularly when compared 

with the large, topology-dependent errors observed in beam-

only models at higher d/L%. 

Extension to multi-cell configurations further emphasizes the 

cumulative impact of joints. For BCC, although the single-cell 

beam model deviates modestly, assembling 2×2 and 3×3 arrays 

dramatically increases the number of joints (to 120 and 424) 

and correspondingly amplifies both infill and frequency 
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deviations. Frequency errors grow from around 5% in a single 

cell to over 40% in the 3×3 configuration, and infill ratio 

deviations increase from ≈3% to beyond 50% at the same d/L%. 

This scaling with joint count indicates that even topologies that 

appear “beam-friendly” at the unit-cell level become 

progressively misrepresented as the structure size and 

connectivity grow. Consequently, the reliability of pure beam 

models in large lattice assemblies is much more limited than 

single-cell analyses suggest. 
Overall, the results show that deviations between beam and 

solid models are controlled by three coupled parameters: d/L%, 
joint connectivity/complexity, and the effective transition from 
discrete lattice to bulk-like behaviour. Beam models perform 
well at low d/L% and low-to-moderate joint densities, where 
joint volumes are small and bending-dominated behaviour is 
well captured by Timoshenko formulations. As d/L% and joint 
complexity increase, the underlying assumptions of beam 
theory—slender members, negligible joint volume, and clear 
separation between member and node regions—are 
progressively violated, leading to non-physical infill predictions 
and large errors in natural frequencies and mode shapes. This 
behaviour motivates hybrid strategies that combine beam 
elements for slender spans with localized solid representations 
at joints or in highly congested regions, thus restoring mass and 
stiffness fidelity while avoiding the full computational cost of a 
purely solid model. 

V. CONCLUSION 

The conclusions drawn from this work establish explicit, 

topology-aware guidelines for modelling strut-based lattices 

under dynamic loads. First, the diameter-to-length ratio is the 

primary geometric parameter governing both dynamic response 

and modelling error. When d/L% is small, beam models provide 

accurate frequencies and reasonable infill predictions 

irrespective of cell size, because mass and stiffness scale 

similarly and joint volumes remain negligible. In this regime, 

beam-only modelling is appropriate and offers substantial 

computational savings. 

Second, joint number and geometric complexity are the main 

drivers of divergence between beam and solid representations. 

As the number of intersecting struts per joint and the total joint 

count increase, beam models systematically overestimate 

volume and mass and misrepresent the stiffness distribution, 

particularly at higher d/L%. This effect is modest for low-

connectivity topologies such as BCC, grows markedly for SC 

and AFCC, and becomes severe for Iso-Truss, Octet-Truss, and 

FBCCXYZ. For highly connected lattices, beam predictions of 

infill ratio can exceed 100–200%, and frequency deviations can 

surpass 40–50%, even for single cells, making pure beam 

models unsuitable for reliable dynamic design. 

Third, cell size itself does not alter the fundamental 

deformation mode, provided d/L% is constant; instead, it 

produces predictable frequency scaling (f ∝ 1/x) that is well 

captured by both beam and solid models. Therefore, model 

selection should be based primarily on slenderness and 

topology rather than absolute dimensions. 

Fourth, mesh sensitivity studies confirm that accurately 

capturing bending-dominated behaviour and joint effects with 

solid elements is feasible with quadratic tetrahedra and 

moderate circumferential refinement, and that slenderness 

exerts a stronger influence on convergence than cell size. This 

supports the use of solid or locally refined solid regions in 

critical areas without prohibitive computational cost. 

Finally, the accumulation of joints in multi-cell assemblies 

significantly amplifies the discrepancies observed at the unit-

cell level. Even topologies that appear well represented by 

beams as single cells, such as BCC, exhibit rapidly increasing 

deviations in infill and frequency when scaled to 2×2 or 3×3 

arrays. For large, highly connected lattices used in dynamic and 

impact applications, a hybrid modelling strategy emerges as the 

most robust approach: beam elements are employed for slender, 

low-congestion members, while solid elements are used at 

joints and in dense regions to restore correct mass and stiffness 

representation. These findings provide a quantitative 

framework for selecting and combining beam, solid, and hybrid 

models in a topology- and d/L%-dependent manner, enabling 

more reliable prediction of dynamic performance in practical 

lattice-based structures. 
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