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A B S T R A C T   

What is the optimum corner radius for a regular hexagonal honeycomb in the context of in-plane, quasistatic 
compression loading? Drawing inspiration from social insect hexagonal cell nests, where a non-zero corner radius 
appears to be a design feature, a 400-point design of experiments study is conducted using 2D plane strain Finite 
Element Analysis (FEA) to study the influence of cell size, beam thickness and corner radius on effective modulus 
and maximum corner stress in the honeycomb cells. An experimental study is conducted to examine these re-
lationships beyond the bounds of the small deformation, linear elastic FEA analysis. The study finds that corner 
radii always increase the effective modulus of the honeycomb, even after accounting for the additional mass 
associated with the corner fillet. A key finding of this work is that while corner radii also reduces the maximum 
corner stress, there exists a clear optimum, beyond which stresses rise again as the corner radius increases in 
magnitude. This optimum corner radius is shown to be a function of the beam thickness (t) to beam length (l) 
ratio (t/l), with the optimum value increasing with increasing t/l. The experimental study shows that the pres-
ence of a corner radius shifts the failure mechanism from nodal fracture to plastic hinging for honeycombs with 
thick beams, and may have benefits for energy absorption applications. This work makes the case for the 
treatment of the corner radius as an independent design feature for optimization in the wider context of cellular 
materials, as well as has implications for the study of the geometry of insect nests.   

1. Introduction 

The bee's honeycomb nest has long been a source of inspiration for a 
wide range of engineering applications [1]. The design principle that is 
typically abstracted from the honeycomb involves the use of the hex-
agonal tessellation itself, due to its material economizing effects, as well 
as a range of useful mechanical properties such as high stiffness and 
strength per unit mass, and energy absorption performance. The math-
ematician Thomas Hales [2] proved “the honeycomb conjecture” in a 
2001 paper, showing that the hexagonal pattern was the most efficient 
partitioning of two-dimensional space into equal areas. However, there 
are several design features of interest in the bee's honeycomb beyond 
just the notion of the repeating hexagonal unit cell. Further, the 

honeybee's nest is just one specific architecture in a variety of social 
insect nests built by bees and wasps [3]. 

One approach to examining these features is to take the perspective 
of a designer of cellular materials, and study them at four levels: (i) the 
shape of the repeating unit cell, (ii) the parameters associated with the 
cell, (iii) cell size and its variation, and (iv) the integration of the cells 
within the larger structure [4]. This work focuses on one specific 
parameter in the hexagonal unit cell, viz. the radius of curvature at the 
corner nodes (level ii). Prior work identified this non-zero corner radius 
and demonstrated its benefit experimentally under the application of 
bending loads [5], but did not discuss optimization of the corner radius 
for mechanical benefit. This work explores if such an optimum can be 
found for the specific condition of in-plane compression. Prior to doing 
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so however, it is useful to justify why the corner radius is a parameter 
worthy of optimization, and also what has been done in prior work to 
study its effects. 

1.1. Observations from nature: social insect nests 

Most published work examining social insect architecture has 
focused on the European honeybee Apis mellifera. The primary geometric 
features of interest concern the cell diameter, which is the center-to- 
center distance between opposite beams, and has been estimated at 
between 5.2 and 5.4 mm for the worker cells, and 6.2 and 6.4 mm for 
drone cells [6,7]. Beam thicknesses show a greater variation with the 
age of the comb, and range from 0.07 to 0.09 for new comb, and 0.25 to 
0.3 mm for combs that are more than one-year old [8]. In comparison to 
these metrics, the structure of the corner has received little attention. 

Closer examination of hexagonal cells in social insect nests reveals that 
the cells possess a non-zero corner radius, as seen in Fig. 1a–c for three 
different social insect species. Given the high caloric demands of comb 
construction, the corner radius may be expected to be the result of 
design intent and therefore serve some functional benefit. 

It has been shown that cells begin as circular structures and trans-
form into hexagons with curved corners by melting wax using heat from 
the worker bees [9], though this is complicated by the presence of a top 
layer of coping [5] that exaggerates the corner radius when viewed from 
the top, as shown in Fig. 1a. Nonetheless, there is an evident non-zero 
corner radius for honeycombs and paper and clay wasp nests, and it 
raises the question as to what structural benefit this may serve, which is 
the question at the center of this work. 

1.2. Observations from engineered honeycomb structure 

While most designers represent honeycomb with sharp corners, the 

Fig. 1. Hexagonal unit cells in social insect nests reveal non-zero corner radius: 
(a) honey bee A. mellifera [5], (b) Chartergellus wasp, and (c) Metapolybia wasp. 

Fig. 2. 3D blue light scan data of a 3D printed honeycomb showing differences between designed (CAD) geometry and printed geometry [10].  

Fig. 3. Honeycomb RVE with key geometric parameters and X1 and X2 coor-
dinate directions indicated. 
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manufacturing process will always realize it with some non-zero corner 
curvature. One example of this is shown in Fig. 2, for a 3D printed 
honeycomb (in this case made from the ABS polymer, with Fused 
Deposition Modeling), which shows the deviation in honeycomb cell 
corners from the curved as-printed geometry, to the CAD file [10]. As a 
result, it is crucial to understand what effects this incidental corner 
radius has on the performance of the honeycomb – and indeed, if it 
should be treated as an independent design variable. 

1.3. Treatment of corner radius in honeycomb mechanics 

Most analytical models of honeycomb mechanics trace their origins 
to the beam-theory based approach developed by Gibson and Ashby, 
who provided expressions for the elastic moduli and plateau stress in 
hexagonal honeycomb structures [11]. These models defined the beam 
length as that of the line connecting the center points of the nodes. This 
model over-estimated the length of the beam that was subject to 
bending, and was later modified by Malek and Gibson, who defined a 
reduced beam length that yielded more accurate results [12]. However, 
neither of these models accounted for the presence of a corner radius at 

the nodes. This was addressed by Chuang and Huang in a series of papers 
that modeled the honeycomb node as a plateau border with a non-zero 
radius of curvature [13–15]. Both the Malek and Gibson, and the 
Chuang and Huang models are used in this work as baselines for vali-
dating Finite Element Analysis (FEA) models against, as well as identi-
fying limitations with the analytical models across a range of geometric 
parameters. 

1.4. Objectives and scope 

This work seeks to answer the question: what is the optimum corner 
radius a regular hexagonal honeycomb should have in the context of in- 
plane compression? This question is answered by studying the effect of 
corner radius on:  

• The geometric efficiency of effective modulus: this is essentially the 
effective modulus of the honeycomb normalized by the modulus of 
the base material and its relative density. The objective is to maxi-
mize this quantity. 

Fig. 4. Honeycomb RVE with key geometric parameters and X1 and X2 co- 
ordinate directions indicated. 

Fig. 5. Face meshing of RVE after discretizing honeycomb into beams and nodal triangles.  

Fig. 6. Process used to fabricate experimental specimens: (a) SLS machine, (b) 
build in progress, (c) specimen cleaning, and (d) final bead blasting. 

A. Rajeev et al.                                                                                                                                                                                                                                  



Journal of Manufacturing Processes 79 (2022) 35–46

38

• Maximum corner equivalent (von Mises) stress: this is the stress 
around the corner of the honeycomb cell, the objective being to 
minimize this stress.  

• Large deformation behavior: of interest here is if and how the 
deformation mechanism changes with corner radius and what effect 
this has on the overall compression response. 

To address the first two of these studies, FEA modeling is conducted 
using a linear elastic material model. This model is validated against the 
previously mentioned analytical models, after which a Design of Ex-
periments (DOE) exploration is conducted of the key geometric features 
of interest, one of which is the corner radius. Data analysis is conducted 
to study the dependence of the performance metrics on these geometric 
features. To address the third objective, experiments are carried out on 
select, 3D printed Nylon-12 honeycomb designs with varying corner 
radius, to examine its effects on large deformation behavior and failure 
mechanisms. 

The next section discusses the methods used computationally, as well 
as experimentally. Section 3 delves into the results from FEA modeling 
and experiments. Finally, key observations are discussed and conclu-
sions drawn as to the benefits of a corner radius in honeycomb design, 
and arguments for its inclusion as a legitimate design parameter are 
made. 

2. Methods 

The primary focus of this work is a FEA study to analyze the in-plane 
mechanical properties by varying the corner radius, beam thickness, and 
cell diameter and capturing the optimum combination of geometric 
parameters through a parametric study in ANSYS 2020 R2. The exper-
imental portion complements this work by studying the deformation 
mechanism of additively manufactured honeycomb specimens and 
examining the role of nodal curvature in mitigating the stresses at the 
nodes. The following sections give a brief description of the methods 
used in this work, prior to a presentation of the results. 

2.1. Finite element model setup 

To study the mechanical response of the honeycomb in relation to 
the corner radius, an RVE (Representative Volume Elements) approach 
was used. A parametric unit cell was designed with ANSYS SpaceClaim, 
as shown in Fig. 3. A total of 400 design points with varying beam 
thickness (t), beam length (l), corner radius (rc), and cell radius (r) were 
parametrically analyzed through a 2D planar numerical model with 
generalized plane strain conditions using a Nylon-12 material model 
developed through tests conducted on standard tensile test specimens. 
The beam length (l) is defined here, following [11], as the distance be-
tween the intersection of the neutral axes of the beams that meet at the 
nodes. Elastic modulus (Es) was obtained from the literature as 1720.74 
MPa, and a Poisson's ratio of 0.4 [16]. Nylon-12 was selected as the 
material of choice since it was also the material used to 3D print the 
honeycomb specimens for the experimental studies (discussed in the 
next sub-section). 

Periodic boundary conditions were enforced in the X1 & X2 di-
rections. This methodology was borrowed from Sorohan et al. [17] with 
the main goal of extracting honeycomb properties by reducing the 
computational effort relative to modeling an entire honeycomb panel. 
The periodic boundary conditions for X1 direction were defined as 
follows: 
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Fig. 7. Curvature measurement using (a) Keyence scanning microscope, to 
obtain (b) inscribed cell diameter (12× magnification), and (c) corner radius 
(25× magnification). 

Fig. 8. (a) Example of a honeycomb specimen fabricated in this study, (b) 
tested under compression on an Instron 5985 mechanical testing machine. 

Fig. 9. Validation of FEA model (no corner radius) against the Malek and 
Gibson analytical model. 
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where ux1
p and ux2

p are the displacements along the X1 and X2 directions 
respectively, defined with respect to the centroid of the unit cell, and x1 
and x2 represent coordinate points along those axes. 

A constant compressive strain (ϵ1 and ϵ2) was applied along each of 
the two directions while maintaining periodicity to both sides of the 
honeycomb RVE. The resultant reaction forces R1 and R2 were obtained 
as shown in Fig. 4 for every design point and used to calculate the 
effective moduli E1* and E2* in the X1 and X2 directions, respectively. 

The effective elastic moduli, normalized by the material modulus Es 
were calculated based on dimensions L1 and L2 of the cell (see Fig. 4), 
and an assumed thickness of b (into the plane), as: 

E*
1

/

Es =

([
(R1/(b*L1) )
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]/

Es
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(3)  

E*
2
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]/
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The honeycomb unit cell was meshed with PLANE-183 planar 
quadratic elements in ANSYS since it supports the generalized plane 
strain condition. A mesh convergence study was conducted to ensure 
convergence prior to validating and exercising the model. The number 
of elements across the width of the beam was controlled by discretizing 
the unit cell into rectangular beams with triangular nodes prior to 
meshing, as illustrated in Fig. 5. The mesh convergence study used a 

Fig. 10. (a) Equivalent elastic strain at the triangular node showing the limitations of rigid node assumptions as t/l increases; (b) improved agreement with the Malek 
and Gibson model when nodes are modeled as rigid triangles. 
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generic isotropic material model with a Young's modulus of 1000 MPa 
and a Poisson's ratio of 0.3. The model convergence was checked by 
varying the normalized mesh size (element size/beam thickness) – 
effectively the number of elements across the beam, against the calcu-
lated effective modulus in the X1 and X2 direction. The mesh was 
assumed to be sufficiently fine when calculated moduli had a less than 
2% variation from the next finer mesh. A normalized mesh size of 0.125 
(corresponding to approximately 10 elements across the beam width) 
was selected for subsequent analysis. 

2.2. Additive manufacturing and testing 

Experimental in-plane compression tests were conducted on 3D 
printed honeycombs to study the deformation mechanism in the pres-
ence of a corner radius beyond the capabilities of the linear-elastic, small 
deformation unit cell FEA modeling. Specimens were fabricated using 
the EOS Formiga P110 Selective Laser Sintering (SLS) 3D printer using 
Nylon-12 powder. The selection of SLS was driven by its ability to 
accurately capture and replicate the nodal curvature at the corner nodes 
without need for supports and with minimal post-processing, as well as 
rapidly fabricate large honeycombs of the size studied here. Fig. 6 rep-
resents the laser sintering process where the laser selectively melts the 
compacted Nylon-12 powder to the desired cross-section of the spec-
imen. The printed specimens were cleaned to remove trapped powder 
with a set of brushes and tweezers. The honeycombs were then bead 
blasted to remove loosely adhered particles from the surface. Finally, it 
was washed with water and air-blasted dry. 

Prior to mechanical testing, beam thicknesses were measured using 
vernier calipers. Corner radii and inscribed cell diameters were 
measured using the Keyence VR-3200 scanning microscope as shown in 
Fig. 7a–c. These measured values were used in interpreting the experi-
mental data (as opposed to the nominal design values), to correct for any 
discrepancies between CAD geometry and printed geometry. 

In-plane compression tests were conducted on honeycomb structures 
similar to the one shown in Fig. 8a, all of which were designed to have 
10 cells in both X1 and X2 directions, and also had end-plates to mini-
mize the influence of contact buckling in the stress-strain response. 
Compression tests were conducted on an Instron 5985 universal testing 
machine (250kN load capacity) with compression platens attached to 
the crossheads (Fig. 8b). An effective strain rate of 10− 3 s− 1 was selected 
per the ISO 13314:2011 mechanical testing standard for cellular solids 
[18]. While polymeric honeycomb show significant rate dependency 
even at these relatively low strain rates [19], this strain rate was held 
constant across all tests and enabled each test to be completed within 
10–15 min. Deformation mechanisms were captured using a DSLR 
camera, and the video footage was later analyzed to understand the role 
of the corner radius under in-plane compression. 

3. Results: FEA modeling 

The RVE FEA model was first tested against the available analytical 
models in the literature, viz. the Malek and Gibson [12] analytical model 
for honeycombs without a corner radius, and the Chuang and Huang 
[14,20] plateau border model that defines the elastic moduli for hon-
eycombs with a corner radius. 

3.1. Model validation 

The FEA RVE model was first analyzed with constant cell diameter, 
zero corner radius and varying beam thickness to obtain varying t/l 
ratios, and compared against the Malek and Gibson model, as shown in 
Fig. 8. The comparison shows good agreement at low t/l ratios, but also 
that at higher t/l ratios, the FEA model increasingly deviates from the 
analytical model. Fig. 8 also shows, as expected, agreement between the 
X1 and X2 directions, confirming appropriate implementation of the 
periodic boundary conditions. 

Fig. 11. Comparison of RVE FEA model with varying corner radius (normalized 
by cell radius) against the Chuang and Huang analytical model. Differences are 
attributable to assumptions made in the analytical model. 

Fig. 12. Geometric efficiency of stiffness as a function of t/l and rc/r.  

Fig. 13. Variation of max corner stress with circularity.  
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The deviation in Fig. 9 at high t/l values is likely attributable to a 
specific simplifying assumption made in the analytical model that the 
triangular node is rigid [21,22]. To confirm if this was indeed the reason 
behind the deviation at large t/l ratios, the equivalent elastic strain was 
queried at the triangular nodes, as shown in Fig. 10a. Two nodes were 
examined: the first, the downward pointing triangular node corresponds 
to the top node in Fig. 3, the upward pointing half-symmetry triangle 
corresponds to the top-left node. Fig. 10a shows that there is evident 
deformation within the nodes which increases at higher t/l ratios. The 
FEA model was modified to incorporate rigid nodal assumptions and 
from Fig. 10b, it is observed that there is better agreement between the 
numerical and analytical model with these assumptions in place, 

Fig. 14. Variation of max corner von Mises stress with increasing rc/r for the same t/l.  

Fig. 15. Normalized max corner stress as a function of t/l and rc/r ratio.  

Fig. 16. Geometric efficiency vs normalized maximum corner stress.  

Table 1 
Specimen geometries for experimental study (measured values).  

Specimen # rc/r t/l 

Baseline 1  0.102  0.107 
Baseline 2  0.143  0.261 
Baseline 3  0.139  0.312 
1 (low t/l)  0.170  0.210 
2 (low t/l)  0.383  0.215 
3 (low t/l)  0.369  0.210 
4 (low t/l)  0.599  0.216 
5 (high t/l)  0.169  0.314 
6 (high t/l)  0.368  0.324 
7 (high t/l)  0.600  0.357 
8 (high t/l)  0.849  0.334  
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confirming the earlier hypothesis of the contribution of nodal 
deformation. 

The Malek and Gibson model does not address the possibility of a 
corner radius. For this, the Chuang and Huang model may be used 
instead. The prior FEA model was modified to now allow for a non-zero 
corner radius (rc) and the effective stiffness estimated in the X1 and X2 
directions as before. These values were compared to predictions made 
by the Chuang and Huang model and are shown in Fig. 11, as a function 
of increasing normalized corner radius. Once again, the underprediction 
of stiffness is attributable partly to the fact that the analytical model 
ignores nodal deformation. Additionally, the Chuang and Huang model 
also excludes shear deformations, thus over-predicting stiffness. Despite 
these assumptions, the general agreement in the trend and continued 
equivalence in X1 and X2 directions confirms the validity of the FEA 
model. 

Subsequent FEA modeling was conducted without constraining 
nodal deformation, to accurately represent behavior, in particular at 
higher t/l ratios, where nodal contributions are not negligible. Addi-
tionally, due to the transversely isotropic mechanical behavior of the 
honeycomb unit cell under in-plane compression in both X1 & X2 di-
rections, the analysis discussed in the following sections focuses on 
compression in the X1 direction alone. 

The output metrics considered for the parametric in-plane mechan-
ical response study are the geometric efficiency ((E1*/Es)/(ρ*/ρs)), and 
the normalized maximum corner stress (σ*/σys). Berger et al. [23] used 
the term geometric efficiency to describe the effective stiffness of a 
cellular material independent of its material density. In general, this 
metric is used to isolate the contribution of unit cell geometry to the 
overall stiffness characteristics from the underlying material used in its 
construction, for a given relative density. The second metric of interest is 
the normalized maximum corner stress, which is defined as the 
maximum equivalent (von Mises) stress numerically evaluated in the 
vicinity of the corner radius, normalized by the material's yield stress. 

3.2. Geometric efficiency for stiffness 

A subset of the 400 design points in the study were selected using the 
composite central design method. The results from these were used to 
generate a response surface of geometric efficiency as a function of rc/r 
and t/l, as shown in Fig. 12. As expected, increases in t/l strongly 

Fig. 17. (a) Effective stress strain response for the three baseline specimens 
with increasing thickness and nominal sharp corners; (b) deformation behavior 
for the lowest and highest thickness specimens studied. 

Fig. 18. In-plane compression stress-strain plots for (a) low t/l specimens, and 
(b) high t/l specimens. 
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correlate to higher stiffness in honeycombs. This is mainly due to 
enhanced bending resistance against in-plane compression with thicker 
beams leading to higher effective modulus. However, the corner radius 
also improves the geometric efficiency of stiffness, as seen in Fig. 12. 
Further, the increase in corner radius and beam thickness both show 
monotonic trends with regard to geometric efficiency, suggesting that 
insects do not optimize these parameters for purposes of increasing 
stiffness of the structure alone. Another potential functional benefit of 
having a corner radius is a reduction in corner stress, and this was 
studied next. 

3.3. Maximum stress mitigation 

Radii have long been used to mitigate stress concentration at corners. 
As a result, the presence of a corner radius in a hexagonal cell is expected 
to have a similar effect on local stresses. To assess if this was indeed the 
case, maximum von Mises stress was estimated in the vicinity of the 
corner node and normalized with respect to the yield stress, with results 
shown in Fig. 13. The sharp corner (rc/r = 0) was not included in the 
analysis due to challenges with stress convergence associated with the 
corner singularity [24]. The data revealed the following: (i) Increasing t/ 
l, in general led to higher normalized maximum corner von Mises stress; 
(ii) for a given range of t/l, the maximum stress reduces from a sharp 
corner with increasing rc/r, as expected; and finally, (iii) the maximum 
stress reaches a minimum, and then increases gradually as the corner 
radius increases and the cell becomes increasingly circular. This in-
dicates that there is an optimum value of rc/r that minimizes corner 
stress. Further, this optimum value itself is a function of t/l. 

To examine the underlying reason behind this rise in maximum 
corner stress, stress contours were studied. One such set of contours for a 
unit cell with a fixed t/l ratio but with varying rc/r values is shown in 
Fig. 14. The contour range is matched in all three examples shown with 
the maximum von Mises stress identified. The maximum von Mises 
stress is at its largest value for a small but non-zero corner radius, with 
the maximum stress location occurring at the corner as expected. 
Introduction of a corner radius does reduce the maximum stress by 
deflecting the peak away from the corner towards the beams. However, 
upon further increasing the corner radii, the maximum stress in each 
beam rises beyond the lower value established at an optimum corner 
radius. 

These results suggest that an optimum combination of rc/r and t/l 
exists that reduces the maximum stress at the corner nodes, a crucial 
finding of this work. This relationship is graphically visualized as a 
response surface plot in Fig. 15, where the normalized maximum von 
Mises stress is expressed as a function of t/l and rc/r. The stress minima 
line connects the geometric parameters' optimum combination that re-
duces the maximum von Mises stress at the corner. 

Finally, both geometric efficiency of stiffness and the normalized 
maximum corner stress are plotted together in Fig. 16. Circularity (rc/r) 
is represented with a blue to red colour gradient and t/l is represented by 
the size of the filled circle corresponding to the magnitude of the ratio. 
The top left corner in the plot is the optimum design region, which 
maximizes geometric efficiency of stiffness while minimizing the 
stresses induced at the corners. 

An interesting observation from this plot is that as t/l increases, there 
is a corresponding increase in the sensitivity of the data points towards 
the optimal region by increasing rc/r. This shows evidence that for 
thicker beams, nodal curvature plays a significant role in both improving 
the mechanical stiffness while also reducing the maximum stresses of the 
honeycomb structure under in-plane compression. For thinner beams 
(lower t/l), this benefit is not as evident, and as seen in Fig. 13, may 
actually lead to higher stresses. From a designer's perspective, this 
essentially suggests a two-part approach to designing honeycomb for in- 
plane compression: (i) selection of the lowest t/l that meets stiffness 
requirements; followed by (ii) selection of the optimum corner radius at 
that t/l that minimizes maximum corner stress. 

4. Results: experimental study 

The FEA study discussed in the prior section assumed linear elasticity 
and small deformations. To examine the role of corner radius beyond 
these conditions, a total of 11 specimens were additively manufactured 
with varying rc/r and t/l values, and their deformation mechanism under 
in-plane compression (in the X1 direction) was studied and analyzed. 
Table 1 shows measured values for each of the eight specimens, with 
measurements made using calipers for thickness and Keyence scanning 
microscope for radii. Three baseline specimens were designed with a 

Fig. 19. Comparison of deformation behavior between specimens 5 and 8.  

Fig. 20. Two types of failure mechanisms observed in the study: (a) nodal 
fracture; (b) plastic collapse. 
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sharp corner (zero corner radius) and increasing t/l. As seen in Table 1, 
these specimens had a non-zero corner radius when measured, despite 
being designed with a nominally sharp corner. A high and low nominal 
t/l ratio was then identified (0.2 and 0.32) and four different rc/r designs 

were created for each t/l ratio, resulting in 8 additional specimens in 
three groups, shown in Table 1 as low, mid and high t/l. Compressive 
response of both these t/l groups are now examined in turn, with the 
baseline specimens preceding them. 

4.1. Effect of t/l (baseline specimens) 

The in-plane compression response of the baseline specimens is 
shown in Fig. 17a, showing clearly that the first maximum stress in-
creases with increasing t/l values, as expected. The shape of the stress 
plateau undergoes a significant transition from the low t/l of 0.107 to the 
next higher value evaluated of 0.261. 

An analysis of the deformation patterns in Fig. 17b reveals that the 
low t/l specimen did not experience beam fracture like the high t/l 
specimen did. At low beam thickness designs, the honeycomb beams 
experience bending dominated plastic hinging and fold on top of each 
other, as axial and shear deformation is negligible for low values of t/l 
[11]. As t/l increases, axial and shear contributions increase in magni-
tude and result in shear fracture at the nodes, which in turn contribute to 
the observed plateau undulations. 

Fig. 21. (a) Corner radius vs cell diameter for A. mellifera comb from six different natural nests; (b) X-ray tomography of a single cell; reproduced from [5], CC- 
BY 4.0. 

Fig. 22. Cells in social insect nests with scale indicated by a 1 mm square grid: 
(a) Polistes wasp nest cell, and (b) mud nest cell of the Liostenogaster family 
of wasps. 
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4.2. Effect of rc/r and t/l 

Compression responses of each of the two t/l groups in Table 1 is 
shown in Fig. 18a and b for the low and high t/l groups, respectively. 
Increases in t/l once again coincide with increases in first maximum 
stress across both graphs and also increase the undulations in the stress 
plateau. Within each graph, for a given t/l, effective elastic modulus and 
first maximum stress both rise with increasing rc/r. 

A key observation is that the undulations for specimen 8 in Fig. 18b 
appear dampened relative to the lower rc/r specimens. To investigate 
this behavior, the deformation patterns captured for specimens 5 (rc/r =
0.169) and 8 (rc/r = 0.849) were compared, and are shown in Fig. 19 at 
three different effective strain values. 

At ε = 0.1, specimen 5 starts to hinge plastically, leading to a series of 
fractures that induce the large drops in stress seen in the plateau. In 
contrast, the diagonal beams of specimen 8 continue to yield plastically 
with comparatively fewer incidents of fracture in the beams, leading to a 
smoother plateau. Thus, the introduction of the corner radius 
strengthens the beams locally and mitigates against fracture under large 
deformations. The two different failure modes observed across all 
specimens are shown in more detail in Fig. 20a and b for two specimens 
with similar rc/r but different t/l values. 

5. Discussion 

The question this work was primarily concerned with was whether 
there is an optimal corner radius for a hexagonal honeycomb when 
subject to in-plane compression. This question was answered for three 
metrics of interest in this work: the geometric efficiency of stiffness, the 
maximum corner von Mises stress, and the failure mechanics of the 
honeycomb under large deformation. The results of this work suggest 
future work in both growing our understanding of biological structures 
as well as informing engineering design of cellular materials. 

Prior work by the authors has shown a correlation between honey-
comb corner radius and the cell diameter, reproduced here in Fig. 21a 
for several cells across six different honeycomb nests for a single species 
of honey bee [5]. Further, within a cell, the honeycomb corner radius 
appears to scale with the thickness of the beams – with radii in the 
coping section significantly larger than that in the interior of the cells, 
where the beams are thinner, as shown in Fig. 21b. This work suggests 
that these correlations between corner radius and cell diameter and 
beam thickness are likely to be more universally found, with larger cells 
and thicker beams having larger corner radii to minimize corner stresses 
(see Fig. 14). This is likely to be the case across multiple insect species 
and nest materials as well, as seen in the images in Fig. 22a and b for a 
paper and mud nest, respectively. The images clearly show the larger 
corner radius for the thicker beam, mud nest and the lower corner radius 
for the thinner, paper nest. More work is needed to establish these re-
lationships across different insect species and nest materials. 

In the context of engineering applications, this work makes the case 
for further study into the role of corner curvature in honeycombs, and 
more generally in 3D lattice materials. This work shows that a corner 
radius increases the geometric efficiency of a honeycomb for in-plane 
compression. Of most interest however is the notion of an optimum 
corner radius for maximum stress mitigation, and that the optimum 
value itself changes with cell size and thickness. This work also shows 
that the presence of a corner radius can mitigate against nodal fracture, 
particularly for thick beams. This suggests all cellular material design 
must incorporate some non-zero corner radius but that the actual opti-
mum value will depend on loading conditions and cell geometry pa-
rameters. More work needs to be done to expand this notion into 3D 
cellular materials and different loading conditions beyond in-plane 
compression for prismatic honeycomb studied here. 

6. Conclusions 

The preceding sections detailed findings from two separate, but 
related studies. The first used a unit cell FEA model to study the influ-
ence of corner radius on in-plane compression in the context of small 
deformations and linear elastic material properties, with the findings 
expected to be more generally valid for other materials. The second 
study was experimental and enabled a study of large deformation 
behavior for Nylon-12, where findings are likely not extendable to other 
materials. These studies together suggest the following benefits of a 
corner radius in hexagonal honeycomb in the context of in-plane 
compression:  

• A corner radius monotonically increases the geometric efficiency of 
stiffness. In other words, if the only design objective was to increase 
in-plane geometric efficiency of stiffness, a complete circle would be 
the most efficient structure. This is attributable to the reduction in 
the length of the beam available for bending, which is the dominant 
form of in-plane deformation in hexagonal honeycomb, particularly 
at low thicknesses.  

• A key finding of this work is that the relationship between the 
maximum corner von Mises stress and the corner radius is not 
monotonic, and further, that it has an interaction with beam thick-
ness. At low thicknesses, the maximum corner stress first drops with 
increasing corner radius but after reaching a minimum, rises again. 
As beam thicknesses increase however, the optimum corner radius 
shifts to higher values. In other words, there does exist an optimum 
corner radius for a given honeycomb cell, and its value increases as 
beams get thicker.  

• Finally, the presence of a corner radius mitigates against fracture at 
the node which is observed for thicker beams. In energy absorption 
applications, where typically flat stress plateaus with minimal un-
dulations are sought, the addition of a corner radius may be helpful. 
The specific optimum of the corner radius for this objective will 
likely be material dependent. 
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