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Synopsis Per haps n o oth er biolog ica l st ructure h a s inspired a s m any eng ine ering a pplica tions as the nest of the honeybee Apis 
melli fera . It is p r imar ily just th e h exago nal uni t cell, wi th i ts material-minimizing bene!ts, th at h a s be en abst racte d as a design 
p rinci ple fo r b io-insp ire d st ructures. Thi s i s in part because of design constraints associated wit h manufactur ing h on eycomb 
pan e l s, but al so due to our limited un derstan ding of th e ben e!ts o f ot her design fe a tures of in terest. Th e bee’s h on eycomb h a s 
s e vera l interest ing meso-st ructura l desig n e lem ents, like th e corn er radius an d th e wa l l coping , which c an be replic ated using 
additiv e manufacturin g processes. In this paper, we !rst identify and categor ize t h ese m eso-sca le desig n e lem en ts a t four levels: 
(i) the unit cell shape, (ii) its size and dist ribut ion, (iii) the fea tures tha t make up the unit ce ll an d th e pa ra met er s associat ed with 
th em, an d (iv) the in tegra tio n o f th e ce lls into th e build environm ent. On ce ident i!e d, we att r ibute f unct iona l b ases t o eac h of 
t hese fe atures, lev eragin g p rio r and o n g oin g studies in biology, as w ell a s in m aterial s scien ce an d m echanics. We th en identify 
p ro mising design p rinci ples fo r further advancing the eng ine ering of ho neyco m b struct ures usin g additiv e manufacturin g, as 
well as call out oppo rtuni ties fo r fu tur e r esear ch. Mor e genera l ly, this p aper a rgues f o r the impo rtance o f co n siderin g meso- 
st ructura l desig n e lem ents, beyon d just unit ce ll se le ct ion, in the desig n of cel lu l ar materi als. 
The four questions of honeycomb design 
Th e n ests of s ocial ins e cts (ants, be es, wasps, and ter- 
mites) have long fa scin ate d biolog i sts, m athem aticians, 
an d engin eers. From a biolog ica l st andpoint, t he in- 
sect nest is an extended phenotype ( Dawkins 1982 )—
t he var iatio n in nest archi te cture betwe en dist ant ly re- 
late d spe cies is o ften far mo re st ri king than the mor- 
p ho log ica l variat ion in ph en otyp ic trai ts ( Wenzel 1980 ). 
The arc hit ecture of the nest is often used as a charac- 
ter istic t ha t iden t i!es a p art icu lar spe cies ( Cole et al. 
2001 , O ldroyd an d Pratt 2015 ). Among t he var ious in- 
sect n ests, th e n est of th e h on eybee Ap is mellif era h a s 
re ceive d the most a tten tion in po p ular disco urse and 
scien ti!c litera ture ( Hepburn et al. 2014 ). It h a s invited 
signi!cant di scu ssio n fro m m athem at icians ( Ba l l 2009 ), 
and h a s inspired thou sand s of eng ine ering a pplica tions 
across length scales ( Zhang et al. 2015 ). Thu s, one m ay 
approach yet an oth er b o dy of work th at di scu sses the 

structure of the bee’s h on eycom b with j ust i!e d skept i- 
ci sm. A nd yet, a s thi s w ork aim s to s h ow, th ere is much 
in the design of the bee’s ho neyco mb th at rem ains unex- 
plored and merits study. While this is true from a purely 
biolog ica l p ersp e ct iv e, this w ork emph a sizes the o p por- 
tuni ties fo r abstractio n o f struc ture-func tio n p rinci ples 
fro m ho neyco mb fo r b io-insp ire d, eng ine ering desig n 
( Baum eister an d Smith 2014 ). 

I n the follo wing se ct ions, di"erent aspe cts of th e m or- 
p ho logy o f ho neybee nests a re exa mined from the per- 
spe ct ive of a designer of arc hit ect ed cellular mat eri- 
al s ( Sch aedler a nd Ca rter 2016 ). Cel lu l ar materi als are 
structures that explo i t geo metry (design) to enable ex- 
trao rdinary p roperties that are not accessible to the 
ba se m aterial by itself—this is fun dam enta l ly why these 
m aterial s are also som etim es called “met a-mater ials”
( Zheng et a l. 2016 ). E xamples of this in nature include 
the bee’s ho neyco mb, t he inter ior structure of bon e, an d 
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2 Lehner et al .

Fig. 1 The four aspects of a honeycomb, from the perspective of a designer of engineered honeycomb. Under each are listed the 
meso-structures discussed in this work. 
the scales on a snake. When designed with in ten tion- 
a lity, as eng ine ering desig ners se e k to do, th ese ce llu- 
l ar materi als are c a l le d “arc hit ect ed .” Cellular mat erials, 
wh eth er in engin eering or biology, can as s ume a wide 
ran g e of s hapes an d sizes. Severa l appro aches have be en 
proposed t o c las sify and sys tematize the s tudy of these 
m aterial s. One s uch approach, !rs t p roposed fo r engi- 
ne ere d cel lu l ar materi a l desig n, invo l ves seeking the an- 
swer to four design questions ( B hat e 2019 ): 
(i) Wh at i s th e s hape of th e unit ce ll? (“s hape”) 
(ii) What are the key paramet er s that are relevant in the 

descri ptio n o f the uni t cel l? (“p a ra met er s”) 
(iii) How does the size of the cells, and the pa ra met er s 

therein vary sp at ia l ly? (“dist ribut ion”) 
(iv) How are these cel ls integ rate d into the lar g er form? 

(“in tegra tion”) 
While these questions were !rst posed for applicabil- 

ity in the !eld o f cell ul ar materi als in en gineerin g, in 
p rinci ple these may also be applied to biolog ica l cel lu- 
l ar materi a ls rang ing from the open-cell f oa m-lik e na- 
ture of t rabe cu lar bone to the venation patterns in the 
wings of a dragon#y ( B hat e et al . 2019 ). In this w ork, w e 
forma l l y app l y this fo ur-question ap proac h t o th e h on- 

eycomb’s n est, as s h ow n in Fig . 1 , to deve lop a fram e- 
wo rk fo r cl assify ing th e di"erent m eso-st ructura l ele- 
m ents. By m eso-st ructura l e lem ents, we refer to a spe- 
ci!c length scale of interest—the ho neyco mb at !rst 
glance is seen as a “macr o-structur e” spanning s e veral 
centimet er s in length and is often a rra n g ed in paral- 
le l s h eets that co nfo r m to t h e volum e of th e c av it y the 
colony is nesting in ( von Frisch 1974 ). On the other 
han d, th e “micr o-structur e” is compose d by wax g rains 
and embe dde d si l k !bers from use d pup a l co co ons in 
the wa l l of a h on eycomb that measure on the order of 
a few to tens o f micro ns, i tse lf in co rpo rat ing sma l ler 
nan ostructures. Th e m eso-structure is th e p art that fa l ls 
between the macro and micro s cales, compos ed of fea- 
tures on the order of hundreds of microns to tens of 
mi l limet er s. The reason for focusing on meso-structure 
here is two-fold: (i) t he litt le work t h at h a s been done 
to study these meso-st ructures (ap art from the hexag- 
ona l cel l of the ho neyco mb), p art icu lar ly in th e con- 
text o f b io-insp ire d desig n, r epr esents an o p po rtuni ty 
for t heir f urt her and deeper explo ratio n, an d (ii) th e 
ab ili ty o f co mpu tatio nal design a nd adva nced ma nu- 
facturing processes to realize them at thes e s cales for 
funct iona l use, as has been demonstrated by the many 
studies o n archi te cte d cel lu lar meso-st ructura l materi- 
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Meso-structures in honeycomb 3 

Fig. 2 Schematic r epr esentations of each of the eleven meso-structural design elements discussed in this work. 
a ls ( Bene dett i et a l. 2021 , Wang et a l. 2018 , Wendy Gu 
and Greer 2015 ). 

A total of 11 meso-structural e lem en ts were iden ti- 
!ed a nd a re s h ow n in Fig . 2 , each ly ing w i thin o ne o f 
the f our ma in catego ries. The rest o f thi s article di s- 
cusses each of these in turn, identifying the structure- 
fun ction re lations hips th at h ave be en explore d in the bi- 
olog ica l lit erature , a s well a s design p rinci ples fo r engi- 
neer ing t h at h ave or could be abst racte d from these fea- 
tures. In so doin g, this w ork poses a funct ion-se eking 
“w hy?” for each meso-struc ture ident i!e d and se eks 
to est ablish hypot heses t h at m ay then be ext racte d 

into eng ine ering desig n for im plemen ta t ion. The art i- 
c le conc ludes by gat her ing t hese structure-f unction re- 
latio nshi ps, and t heir hypot hesize d desig n p rinci ples, 
establis h ed to various deg re es of con!dence, for the 
designer to lev erag e. 

This work focuses on the structure of the ho neyco mb 
itse lf rath er t han t he pro cess by which b e es const ruct 
h on eycomb. Th ere may be instances where the result- 
in g g e omet ry of natura l h on eycomb is su bo p t ima l, con- 
st raine d by the ab ili ties o f bees o r p rocesses o f evol u- 
tion and growt h ( D awkins 1982 ). Furt her, t his article 
also does not discuss the many hypotheses posed about 
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4 Lehner et al .

Fig. 3 The unit cell of the honeycomb, while (a) appearing to be in a transition between a hexagon and a circle on the surface, r ev eals (b) 
under X-ray tomography, to have (c) clearly hexagonal cell walls underneath it, from Goss et al. (2020 ). 

Fig. 4 The hexagonal shape is transversely isotropic in elastic 
modulus, r epr esented by E ∗, which is a measure of the 
honeycomb’s stiffness (ability to resist elastic deformation under 
the application of load), normalized by E s , the elastic modulus of 
the base material (beeswax, in this case). The 1 and 2 directions 
correspond to the in-plane X and Y directions respectively. t and l 
r epr esent tw o critical geometric parameters: the thickness of the 
honeycomb cell wall, and the length of the wall, which will be 
revisited in a later section (adapted from [ Gibson and Ashby 
1999 ]). 
th e m ech ani sms o f co nst ruct io n ( Räz 2017 ), o r their 
interactio n wi t h t he resu lt ing form. Fina l ly, this work 
focu ses prim ar ily on t he st ructura l bene!ts o f fo rm, 
with emph a si s on properties such as st i"ness, st rength, 
a nd da mage tolera nce. Less emph a si s i s placed on other 
physica l propert ies, such a s acou stic d amping , t her mal 
expansio n o r co nd uctivi ty, and #uid-structure interac- 
tions, thoug h a foc us o n these p rop erties may b ene!t 
fro m fu ture explo ratio ns o f meso-st ructura l bene!ts, as 
h a s been done in this work. 

Cell shape 
Th e s hape of every ce ll of a h on eycomb, in de e d of any 
cel lu l ar materi a l, is a ge omet r ic descr i ptio n o f i ts fo rm 
wi thou t r egar d to its dimen sion s. This se ct ion focuses 
o n the fo rm er—th e h exagonal ce ll—while th e n ext sec- 
t ion wi l l int roduce p a ra met er s, whic h a l lows for the 
inco rpo ratio n o f dimensio ns an d m easurem ent associ- 
ated with individual cells (m orph om etrics). 
He xag onal cell 
Why is the unit cell of the bee’s honeycomb hexagonal? 
The bee’s ho neyco mb is t essellat ed in what appears at 
!rst glance to be per fect ly regular (i .e ., all sides are 
e qua l length) and p erio dic (i .e ., ev ery cell is g e omet ri- 
ca l ly ident ica l) hexag on s. While th e ce lls appear to be 
roun ded wh en viewed from th e top, as s h ow n in Fig . 
3 a, X-ray tomog raphy revea l s th at thi s i s on ly t rue at the 
surface as s h ow n in Fig . 3 b, due to a feature ca l le d cop- 
ing (di scu ssed in a later se ct ion), un dern eath which th e 
cel ls revea l a clearly hexago nal fo rm wi t h t hinner wa l l, 
as s h ow n in Fig . 3 c ( Goss et al. 2020 ). Mor e r ecently, 
time-reso l ved X-ray tomograp hy work h a s shown the 
de li berate h exagon al n ature of the cell s a s they are be- 
in g con st ructe d by h on eybe es ( Fran klin et al. 2022 ). 
This s ugges ts t hat t h e h exagonal s h ape i s n ot an em er- 
gent property resu lt ing from circu lar cel ls bui lt in close 
p roximi ty, bu t a de li berate s hape sought after by the 
be es. Further, whi le the majo ri ty o f ce lls in th e comb are 
h exagonal, ce lls with fewer or greater than six sides are 
als o s een in special circ umstances, disc ussed in a future 
se ct ion. 

The dis cours e aroun d th e h exagon al n ature of the 
h on eycomb’s ce ll s h a s a long hi story. A roun d th e 
3rd century B.C., the Greek m athem a tician Pa ppas 
of A lexandri a po inted ou t t hat t her e wer e only thr ee 
ch oices wh en it cam e to !l lin g tw o-dimen siona l sp ace 
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Meso-structures in honeycomb 5 

Fig. 5 The honeycomb does not consist of hexagonal extrusions but (a) terminates in a bottom surface that consists of (b) three 
intersecting rhombi that connect into a spine, with (c) cell formation on either side of a spine—Fig. 5 b from Goss et al. (2020 ), 5c from 
Franklin et al. (2022 ). 
w ith regul ar (i .e ., equal-sided) po l yg on s: sq uares, eq ui- 
latera l t ria ngles, a nd regula r hexag on s ( Ba l l 2009 ). The 
R oman schol ar Mar cus Ter entius Varr o (ar ound 36 BC) 
( Varro 1918 ) was the !rst who r ecor ded wha t la ter came 
to be ca l le d “th e h on eycomb conj e cture,” nam e ly that 
th e m os t e$cient way to divide a s urface into regions 
of e qua l area (cel l s) such th at t he per imeter (building 
m aterial) i s minimized, i s to u se a regular hexagon al 
ce ll s hape. Th e 18th-century Fren ch scientist Ren e de 
Rea um ur re cog nize d that be es were e co no mizing their 
use of wax by using a hexagonal shape ( Ba l l 2009 ). 
Cha rles Da rwin echoed de Rea um ur’s p ersp ec tive w hen 
he st ated t hat t h e h on ey comb was “a bso lutel y perfect 
in eco no mizin g la b or and wax” ( B a l l 2009 ; Cox and 
Cohen 2016 ). It took unt i l 2001 for the m athem ati- 
cian Hales to prove the ho neyco mb co nj e cture, s h owing 
t hat t h e h exagona l p attern was inde e d th e m ost e$cient 
p art it ioning of tw o-dimen siona l sp ace into reg io ns o f 
e qua l area ( Ha les 2001 ). As a resu l t, o ne ca n a n sw er 
the question posed earlier with signi!cant con!dence—
th e h exagon al c ell in th e h on eyc omb serves as the most 
materi al-e!ci ent w ay of p art it ioni n g spa c e into equal ar- 
eas . This does raise two more questions: why are a l l in- 
sect nests not hexagon al (m a ny a re spherical o r ovo id 
in n ature)? A n d are th ere a ny adva ntages to build- 

in g hexag ona l cel ls beyond t heir mater ia l minimizat ion 
ben e!ts? Th e form er question wi l l be revisite d in the 
se ct ion di scu ssing the role of the corner radi us, o r the 
rounding of the corners of each cel l, whi le the latter is 
di scu ssed next. 

In addi tio n to minimizing mat erial , h on e ycombs als o 
mus t s urv ive in their env ironment while serving their 
pr imary f unction as s tora ge for bro o d and p ollen ( Tautz 
a nd Heilma nn 2008 ). From a st ructura l stand po int, this 
im plies tha t the comb m ust b e able to b e ar t he weight 
imposed by its own structure (self-weight), plus that of 
the con ten ts of th e ce ll s. Thi s weigh t a pplies a down- 
wa rd f o rce o n the st ructure, a long the dire ct io n o f grav- 
ity. It i s thu s rea son able to a s s um e that h on eybees m od- 
ify the orien ta tio n o f cell co nst ruct ion when bui lding on 
in clin ed plan es—h ere, or ient atio n o f the cell describes 
h ow th e ce l l is rotate d in sp ace relat ive to the bui lding 
plane as a r efer ence axis. Prior work h a s how ev er sug- 
gested t hat t his is not the cas e—hone ybe es bui ld comb 
in a manner tha t demonstra tes an insensi tivi ty to grav- 
it y, w ith no chan g es to cell or ient ation when building 
from in clin ed plan es ( Pratt 2000 ). This is at least in part 
enabled by the fact that the hexagonal cell is tran sv ersely 
iso tro p ic in i ts e"e ct ive elast ic modu lu s ( E ∗), a s s h own 
in Fig. 4 . In oth er words, h on eycomb is e qua l ly st i" in 
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6 Lehner et al .

Fig. 6 Experimental studies of (a) honeycomb panels with (b) rhombi faces mimicking the honeycomb with various interface angles φ to 
the normal, (c) under three-point bending tests show slight improvement in speci!c "exural modulus for a 30-degree interface angle, 
r elativ e to a honeycomb with no interface (shown here as a 0-degree interface angle), from Goss et al. (2020 ). 
its plan e in depen dent of th e dire ct ion the lo ad is applie d 
in. ( Gi bson an d As hby 1999 ). Th e im portan t poin t here 
i s th at in addi tio n to th e h exago nal uni t cell minimiz- 
ing mat erial , it al so h a s the rem arkable property th at 
its s ti"nes s is the same (within th e plan e of th e h on ey- 
comb) in a l l dire ct io ns—a p roperty i t shares wi t h tr ian- 
gular, b ut no t square h on eycombs. Th ese two properties 
of m a ss minimization and i so tro pic in-plan e sti"n ess, 
when taken tog ether, hav e made the hexagonal honey- 
comb a po p u lar desig n sol u tio n fo r eng ine er ing s and- 
wich pan e ls, pa rticula r ly in th e aerospace, av i ation and 
au to m otive in d ustries ( Co nco rdia Universi ty 2021 ). 

Mid-wall 
Why does each honeycomb cell terminate in a rhombic 
dodecahedron? 
The bee’s ho neyco mb is not a true tw o-dimen sional 
hexa gonal tes sel lat ion, which is the as s umpt ion in her- 
ent to the ho neyco mb co nj e cture and holds true for 
m ost engin eering a pplica tions tha t use the hexagonal 
ce ll an d extrude it out of plane to construct h on eycomb 
structures and pan e ls. In re ality, e ach h on eycomb ce ll 
t erminat es in a bottom surface (mid-wa l l) consist ing 
of three r h ombi, as s h own in Figs. 5 a an d b, am ount- 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf071/8157891 by Auburn U

niversity user on 26 August 2025



Meso-structures in honeycomb 7 

Fig. 7 Three parameters that describe the cell of the honeycomb on its visible, top plane: (a) the cell diameter ( d ), (b) the cell wall 
thickness ( t ), and (c) the cell corner radius ( r c ), from Goss et al. (2020 ). 

Fig. 8 Different wall thicknesses, cell sizes, corner radii, and materials observed in (a) wasp nest made of paper, (b) honeybee nest made of 
beeswax, and (c) wasp nest made of mud (each cell in the square grid shown is 1 × 1 mm); imaging methods same as described in Goss et 
al. (2020 ). 

ing to a “telescopica l ly elongate d” rho mb ic dode ca he- 
dron. The av erag e depth of these cell s h a s been reported 
to b e b etween 10 and 11 mm ( Bader et al. 2022 ). Fol- 
lowing the reasoning of the ho neyco mb co nj e cture dis- 
cuss ed pre vious ly, on e may as s ume t hat t his structure 
is one that enables arraying of cells back to back while 
minimizing the material used, but Toth s h owed math- 
emat ica l ly that it was more e$cient to close the bot- 
to m o f a cell w ith t w o hexag on s and tw o rho mb i ( Tóth 
1964 ), t hough t his im provemen t amoun ts to only 0.4% 
with r egar d to t he sur face are a of t he wa l l ( Aste and 
Weaire 2000 ). Thus, it may be co ncl uded t hat t h e r h om- 
bic structure at the base of the cells is near-o p t ima l from 
a ma terial minimiza tio n stand po int. Thi s i s, of cour se , 
in addi tio n to t he fact t hat t his is shared by two sets 
of cells, each arrayed in o p posi tio n t o eac h other ( Fig. 
5 c), an d th er efor e f urt her minimizing t he mater ia l use d 
fo r co nst ruct io n, per uni t ce ll ( Th o mpso n 1917 ). Fo r 
the be es, re cent work h a s demonst rate d that two-side d 

h on ey combs hav e bene!ts of faster growth rates, higher 
bro o d pro duction and lead to more st able t her mal 
enviro nments than o ne-sided co mbs do ( Smi th et al. 
2024 ). 

Sin ce th e primary ben e!ts o f having a mid-wa l l are 
associ ated w i th b iolog ica l funct io ns, i t may not b e to o 
surpr ising t hat t his aspect of th e h on eycomb design h a s 
no t fo und much use in eng ine ere d ho neyco mb. How- 
ever, exper iment al work h a s shown th at a h on eycomb 
pan e l with a mid-wall m ay h av e improv e d spe ci!c #ex- 
ura l modu lus when comp are d to a h on eycomb pan e l 
wi thou t a mid-wa l l ( Fig. 6 ). Spe ci!c #exura l modu lus 
i s a mea sure of th e ben ding sti"n ess of th e h on eycomb 
pan e l per unit m a ss (h en ce, “speci!c”), an d thus ac- 
counts for the addition of mat erial , s ugges ting t hat t here 
are st ructura l ben e!ts to th e ce ll jun ction an d th e two- 
sided comb const ruct ion, in addit ion to the material 
minimization, t her m al m an agem ent, an d bro o d re ar ing 
bene!ts di scu ssed earlier. 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf071/8157891 by Auburn U

niversity user on 26 August 2025



8 Lehner et al .

Fig. 9 (a) Response surface showing normalized maximum corner stress as a function of honeycomb cell parameters, indicating the 
presence of an optimum corner radius that minimizes stress, and (b) Von Mises stress contours showing how corner stress is reduced by 
an increase in radius, but then increases again as the radius exceeds the optimum, from Rajeev et al. (2022 ). 
Parameters 
The pre vious s e ct ion int roduce d th e s hape of th e 
h on eycomb ce ll but said n othing o f i ts size. To en- 
able a di scu ssio n o f size, and mea surements a ssociated 
wi th i t, geo metry must be !rst pa ra metrized. For pur- 
poses of sim pli!ca t ion, this se ct ion wi l l examine pa- 
ramet er s and their relatio nshi ps fo r a t ypic a l, regu lar 

h exagonal ce ll in h on eycomb. Th e n ext se ct ion (dis- 
t ribut ion) di scu sses h ow s hapes an d pa ra met er s vary 
sp at ia l ly. 
Cell diameter, wall thickness, and corner radius 
Of a l l the di"erent paramet er s t hat descr ibe t he hon- 
eycomb ce ll, th e ce ll diam eter as a m easure of ce ll size 
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Meso-structures in honeycomb 9 

Fig. 10 Measurements made on nests from 66 species of wasps and the bee’s honeycomb , sho wing a signi!cant dependence of (a) wall 
thickness, and (b) corner radius, on cell diameter, adapted from Cope (2022 ). 
( Fig. 7 a) is th e on e that has been described and mea- 
s ured mos t. For A. mel l ifera l i gus ti ca , th e ce lls of th e 
worker bee have been measured to b e b etween 5.2 and 
5.4 mm ( von Frisch 1974 ; Winston 1987 ), while drone 
cells are slightly lar g er, betw een 6.2 and 6.4 mm The 
wa l l thickness is t ypic a l ly measure d in the interior of 
th e ce ll ( Fig. 3 c) an d ten ds to be signi!cant ly t hinner 
t han t hat seen on the visible top plane in y oun g comb 
wh en ce ll coping is m o re p ro min ent ( Fig. 7 b). Th e for- 
mer h a s b een rep ort ed t o b e b etween 70 and 90 µm 
thick ( von Fri sch 1974 ; Zh ang et al. 2010 ), and the lat- 
ter is exp ande d by the coping to a pproxima tely 5–10 
times that number ( Goss et al. 2020 ). As the coping sub- 
sides in later ye ars, t he t hickness of t he wa l l increases 
( Zhang et al. 2010 ). 

When studying the eng ine ering me chanics of regu- 
lar (i .e ., e qua l side d) h on ey comb, it is conv ent iona l to 
pa ra m etrize in div idu al cells wit h t h eir ce ll len gth s ( l ) 
and wa l l thickn ess ( t ) ( Gi bson an d As hby 1999 ). Th e 
cell length ( l ) is simp l y t he lengt h of t he edge of t he 
hexagon that compr ises t h e ce ll, an d is geom etrically re- 
lat ed t o th e ce ll diam eter ( d ). Th e key geom etric pa ra m- 
et er of int erest in h on eycomb m ech anics i s the ratio of 
wa l l thickness to t his lengt h pa ra meter ( t/l ). At low t/l 
val ues, typ ica l ly under 0.2, ho neyco mbs p r imar ily de- 
f orm in-pla n e by ben ding of th e ce l l wa l ls. As wa l ls get 
thicker relative to the cell length, shear and axial defor- 
mation start to become incr easingly r ele vant ( Gibs on 
an d As hby 1999 ). 

Why do honeycomb cells have a corner radius? Does 
it have an optimum value? 
In addi tio n to the wa l l thickn ess an d ce ll diam eter, or 
wa l l length, a third pa ra m eter of re levan ce to h on ey- 
co mb mechanics, bu t o ne th at h a s re ceive d limite d at- 
tention in the ho neyco mb mechanics li terature (and 
pr imar ily from one r esear ch gr oup [ Chua ng a nd Hua ng 
2002 ], [ Chua ng a nd Hua ng 2002 ], a nd [ Chua ng a nd 
Huang 2003 ]), is the co rner radi us, r c ( Fig. 7 c). Sig- 
ni!ca nt di"eren ces in corn er radii ar e seen acr oss dif- 
f erent bee a n d wasp n ests with di"erent ba se m ateri- 
al s, a s s h ow n in Fig . 8 . Thi s i s the ba si s for the sec- 
o nd questio n posed at the ou tset o f this subse ct ion. 
Th e h on eycomb ce l l, whi le pos ses sing a clearly visi- 
ble corner radius, does not approach t he cor ner radii 
s een in s om e mud n es ts, s ugges ting the pos sib ili ty o f 
an o p t imum va l ue fo r the co rner radi u s th at i s de- 
pendent on bui ld materia ls and/or other ge omet ric 
pa ra met er s. 

The role of curvature in reducing corner s tres s is 
we ll kn own in th e do main o f solid m echanics ( Benth em 
1987 ) and is likely t he pr imary dr iver for t h e presen ce 
o f a co rner radi us in ho neyco mb cells as well. A com- 
pu tatio nal sim ula tion study was conducte d ( Raj e ev et 
al . 2022 ) t o generat e a res ponse s ur face of t he cor ner 
s tres s in a hexagonal h on eycomb ce ll as a function of 
the t/l and r c /r ratios, where r is the cell radius (half the 
ce ll diam eter d ), as s h ow n in Fig . 9 a. Th e key !n ding of 
this study, s h o wn b y the “s tres s minim a line,” wa s th at 
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10 Lehner et al .
there does exist an o p timum corner radius that mini- 
mizes th e n orma lize d corner st r ess ( σ c / σ ys , wher e σ c is 
the maximum Von Mises s tres s in the corn er, an d σ ys is 
th e yie ld strength of the base material). This s ome what 
coun terin tuitive observa tion im plies tha t as t he cor ner 
radiu s increa s es be yo nd a certain po in t, the maxim um 
s tres s at the corner also ri ses. Thi s turns out to be the 
ca se, a s demonst rate d in Fig. 9 b, where Von Mises s tres s 
cont our s reveal that while th e s harp corn er does have a 
high s tres s and int roduct ion of a corner radius lowers it, 
f urt h er in cre ases in t he radiu s h ave the e"ect of pu shing 
out the maximum corner s tres s from the true corner to 
t he be ams, which in tur n i s a ssoci ated w it h an incre ase 
in s tres s at the junctio ns o f the co rner radi us and the 
beam edge. 

An oth er observatio n fro m Fig. 9 b i s th at the o p ti- 
mum co rner radi u s th at minimizes the m aximum cor- 
ner s tres s varies as a function of the t/l ratio. The model 
postula tes tha t h exagonal ce lls wit h t hinner wa l ls wou ld 
have a less p ro minent co rner radi u s, and a s wa l l thick- 
n ess in cre ases, t his cor ner radius wou ld a l so increa se. 
Mea surements m ade on th e n es ts of 66 s pecies of was ps, 
and addi tio nal data fro m ho neyco mb ( Cope 2022 ) have 
s h own t hat bot h t he wa l l thickness ( Fig. 10 a) and the 
co rner radi u s ( Fig. 10 b), increa se a s a functio n o f co r- 
ner radius, even after combining data from nests made 
of di"erent m aterial s, spanning wax, mud, and paper of 
three levels of s upplenes s ( Wenzel 1980 ). This, coupled 
wit h t he co mpu tatio nal data di scu s sed before, s ugges ts 
t hat t here does exist an o p timum co rner radi us and wa l l 
t hickness t hat t aken toget her, minimize cor ner s tres ses. 
The speci!c co mb inatio n o f bot h t h at i s o p timum varies 
by cell diameter. 
Cell tilt 
Why are honeycomb cells tilted upward? Is the angle 
of tilt optimal? 
A !na l p a ra meter of interest is the angle of t i lt of the 
cell s, which m ay be t i lte d in-plan e, wh ere th e ce ll is ro- 
t ated wit h r egar d to a ho rizo ntal axis o f symmet ry p ass- 
ing through i t, o r rotated u pward o r dow nward rel ative 
to a ho rizo ntal plan e. Th e ce lls of th e h on ey comb hav e 
be en measure d to have a n upwa rd t i lt relat ive to th e h or- 
izontal plane by approximately 13 ◦ ( Oeder and Schwabe 
2021 ) ( Fig. 11 a). This t i lt h a s been hi storically argued 
t o serve t o p revent the ou t#ow o f ho ney. Experimen- 
tal studies with inverted h on eyco mb (po inting down- 
ward) hav e, how ev er, s h own that h on ey was s ucces sfu l ly 
stored in the same way as in norma l ly oriente d comb 
( Oeder and Schwabe 2021 ), s ugges ting tha t preven ting 
ou t#ow o f ho ney is not the pr imary re aso n fo r the u p- 
ward t i lt. Thi s wa s co rrobo rated wi t h exper iments t hat 
s h owed that h on ey remains adh ered to th e surface of 

Fig. 11 (a) 13 ◦ cell tilt visible in an X-ray tomography scan of 
honeycomb (in green), showing remnant honey (in red), (b) argued 
to be so as to permit an increase in the load-bearing capacity of 
the honeycomb by reducing the applied moment on the walls, 
adapted from Oeder and Schwabe (2021 ). 
a h on eycomb wa l l even wh en th e ce l l wa l l is turne d 
upside down with the drop of honey han gin g down- 
ward ( Guo et al. 2015 ). Similar studies were co nd ucted 
with wat er, t o account for th e high er con cen tra tio n o f 
water in init ia l ly deposite d ne ct ar in t h e ce lls, an d th e 
sam e !n dings em erged. Th e auth ors of this study ar- 
gued that this adhesive property is on account of the 
micro- and nano-scale surface topography of the hon- 
eycomb cell wall that p ro motes a Wenzel state of high 
ad hesion betwe en the wa l l an d th e drop of h on ey or 
water. 

Rat her t h an serving a s a mech ani sm to p revent ho ney 
spi l lage, it h a s b een prop osed t hat t he pr imary re ason 
for the ho neyco mb t i lt i s th at it increa ses t he car ry- 
ing c apacit y of the comb by lev eragin g the mid-wa l l 
bet ween the t wo bac k-t o-bac k cell arrays ( Oeder and 
Schwabe 2021 ). As s h ow n in Fig . 11 b, the dow nward 
lo ad applie d by the weight of the stored m aterial s in a 
cell ( F g ) can be converted into two co mpo nents, F T , per- 
pendicular to the cell wall, and F W , into the mid-wa l l. 
In th e absen ce of ce l l t i lt ( α = 0 o ), the ent ire lo ad F g 
would be acting as a bending m om ent on the cell wall, 
but thi s i s re duce d t o Fg ·co s α (an a pproxima tely 4% re- 
d uctio n when α = 13 o ). The sma l ler Fw = Fg ·sin α (ap- 
pr oximately 80% r e duct ion) is tra nsf er red t hrough t he 
cel l wa l l axia l ly an d born e by th e mid-wa l l b ut co un- 
t eract ed by an equal and o p posite (as s uming symme- 
try) for ce fr om t he ot her side. Thi s i s al so potentially a 
ke y reas o n why ho neybees o rganize their co n ten ts sym- 
met rica l ly o n ei ther side of their double-sided comb, as 
s h ow n in Fig . 12 ( S mith et al . 2024 ). An open question 
is wh eth er thi s angle i s o p t ima l—w hy is the ang le not 
lar g er th an 13 o ? Thi s i s like ly sin ce t i lte d cel ls re quire 
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Meso-structures in honeycomb 11 

Fig. 12 Honeybees organize materials in their comb with front-to-back symmetry, from Smith et al. (2024 ), reproduced here under the 
CC BY license. 
the use of addit iona l materia l to extend the cell walls 
t o reac h a pla na r surface , whic h i s al so like ly why h on- 
eybees tend to store h on ey an d bro o d t oward the t op of 
their comb const ruct ion, with pol len s tora ge and empty 
cells toward the bottom ( Fig. 12 ). 
Distribution 
The previous two se ct ions addresse d cel l s hape an d pa- 
ramet er s of the bee’s ho neyco mb, and this se ct ion is 
con cern ed with how both vary sp at ia l ly. Comp are d to 
s hape an d pa ra met er s o f cell ul ar materi als, th e wor k on 
t heir distr ibu tio n is far more recent, both in the biolog- 
ical literature as well as in engineered cellular material 
desig n. Whi le th e h on eycomb i s prim ari ly const ructe d 
o f hexago na l cel ls, be es do lev erag e other po l ygonal 
shapes in their const ruct ion of comb. Furt her more, t he 
size of their cell s, hexagon al or otherwi se, al so varies. 
Taken toget her, bot h sp at ia l variat ion s hav e the e"ect 
o f introd ucing ap erio dicity into the design, a topic that 
h a s been studied in the context of eng ine ering cel lu lar 
m aterial s. Ap erio dicity in the honeybee nest is driven 
by three fact or s: (i) th e dim orphism in ce ll sizes due to 
th e n e e d t o accommodat e work er a nd r epr oduct ive cel ls 
( S mith et al . 2023 ), (ii) th e n e e d t o accommodat e ge- 
ometr ic imper fections (also called “geometric f r ustra- 
tion”) ( Fard et al. 2022 ), and (iii) the curvature of the 
h on eycomb as it approaches the building edge as bees 
look to minimize wax usage relative to s tora ge r equir e- 
ments ( Fard et al. 2022 ). 

Wit hin t he bee lit erature , three cat ego ries o f ap erio d- 
icity have been pr oposed ( Ramir ez-Chavez et al. 2022 ), 
as s h ow n in Fig . 13 : (i) grad ation—where a size pa ra m- 
eter va ries f ol lowing a spe ci!c ru le in a spe ci!c dire c- 
t ion, (ii) perturb at ion—wh ere th e centro ids o f th e ce lls 
or the nodes at which edges meet are moved in space 

in accordance with a prob abi list ic dist ribut ion, and (iii) 
hyb ridizatio n—where two o r mo r e di"er ent ce ll s hapes 
are co mb ine d in sp ace. E xamine d from the p ersp e ct ive 
of eng ine ering cel lu l ar materi a l desig n, the be e’s hon- 
eycomb may thus be said to employ both g radat ion and 
hyb ridizatio n as strategies that have the e"ect of making 
it ap erio dic. 
Hybridization: Cell shape 
When building comb, h on eybees have to manage geo- 
metr ic imper f ections a rising from the manner in which 
they const ruct mu lt iple comb st ructures and integ rate 
th em into on e lar g er comb. Thi s i s p art icu larly t rue 
wh en th ey construct n es ts in pre-exis t ing t re e c av i- 
ties with signi!cant geometric constraints ( Seeley and 
Mors e 1976 ). Thes e imperfe ct ions, terme d ge omet ric 
f r ust rat ion, c an be c aused by misa lig nm ents of th e an- 
gle of const ruct ion or in hor izont al or vert ica l shifts 
( Fig. 14 a), and have been shown to result in h on eybees 
const ruct ing comb cells that stray from the sta nda rd 
6-sided hexagon with a pr efer ence for 5- and 7-sided 
cell s, a s shown in Fig. 14 b ( Fard et al. 2022 ). Hybridiza- 
tion h a s al so been s h own to be useful when grading be- 
twe en cel ls of di"erent sizes (di scu ssed next) ( Smith et 
al. 2021 ). 
Gradation 
How do cell parameters vary across the honeycomb? 
Are these transitions optimal? 
Ge omet ric g radients are co mmo n in studies o f art ist ic 
f orm a nd design ( Wong 1993 ). In biolog ica l and eng i- 
neer ing mater ials and structures, they are more com- 
mon ly associate d with chan g es in a lo cal prop erty (such 
as s ti"nes s) acros s s p ace. These are ca l le d funct iona l 
gradients and have b een prop osed to be of at least six 
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12 Lehner et al .

Fig. 13 Three types of aperiodicity proposed in the literature for engineering cellular materials, from Ramirez-Chavez et al. (2022 ), 
r eproduced her e under the CC BY license. The bee’s honeycomb emplo ys gradation and hybridization. 
t ypes in biologic al materi al s, depending on wh at a spect 
of the material is bein g chan g ed to achieve the gradient 
in p roperty ( Li u et al. 2017 ). An example o f a p roperty 
gradien t in na ture is the g radua l chan g e in hardness in 
teet h, from t he sof t tis s ue o f the pul p to the very hard 
enam e l on the crown ( Liu et al. 2017 ). How ev er, gradi- 
ents can also invo l ve th e m odi!catio n o f a dimensio n o f 
a p art icu lar p aramet er associat ed with de!ning the cell 
sha pe. F or exam ple, a cross-se ct io n o f the bamb o o stem 
s h ows a re duct ion in p aren chyma ce ll size from th e in- 
t erior t o the out er sur face ( L iu et al . 2017 ). This latt er 
kind of g radat ion in dimension is th e re levant type for 
three types of gradation di scu ssed h ere: ce ll radius, wall 
thickn ess, an d ce ll depth. 

Cell radius 
Th e h exagonal ce lls in the bee’s h on eycomb are size di- 
m orphic ( Figs. 15 a an d b)—thi s i s becau s e the y must 
serve as both worker an d dron e ce lls, eac h of whic h h a s 
di"erent cell radii, a reas, a nd wa l l len gth s. Smith and 
co-au tho r s ( S mith et al . 2021 ) have s h own t hat t his tran- 
si tio n is de li berate in th e h on eybee’s n est an d simul- 
tan eous l y emp loys two di"erent st rateg ies: the !rst of 
these is a g radua l t ransit ion in cell area between smaller 
wor ker ce lls an d lar g er dron e ce lls, an d th e secon d is th e 
employing o f no n-hexago na l cel l shapes to join combs 
togeth er wh en th ey grow int o eac h other (di scu ssed in 
a later se ct ion). 

Measurem ents of h on eycomb ce ll sizes an d areas 
s h ow that the t ransit ion from the lar g er cell size of 
th e dron e to th e wor ker is n ot sudden or lin ear, but 
resembles an S-shaped curve, gradually increasing in 
size from the worker cel l, fol lowe d by a mo re rap id in- 
crea se, and !n a l ly a g radua l appro ac h t o the lar g er size 
o f dro n e ce l l ( Smith et a l. 2021 ). Th e avoidan ce of a sud- 
den chan g e in cell size is at least in part to ma inta in con- 
tinui ty, bu t the speci!c advantages of the S-shaped tran- 
si tio n are not well under st o o d and could bene!t from 
f urt her invest igat io n fro m t he mat hemat ica l and engi- 
neering co mmuni ties. 
Wall thickness 
Ther e ar e few studies on how wa l l t hickness var ies spa- 
t ia l ly across the ho neyco mb, though i t h a s been s h own 
that wa l l thic kness c han g es ov er t ime, re d ucing fro m the 
init ia l virg in be eswax com b to mat ure com b with lower 
thickness ( Zhang et al. 2010 ). As was s h ow n prev iously, 
at least one driver for chan g es in wa l l thickn ess is ce ll 
radi us i tself—fo r the ho neyco mb, i t is therefo re likely 
that cell size dimorphism is also re#e cte d in wa l l thick- 
n ess. Pre liminary dat a sug gests t hat wa l ls are thinner to- 
ward the edge of the comb, as shown in Fig. 16 a and b, a 
g radat ion toward the terminat ing e dge co nsistent wi th 
o ne o f the st rateg ies use d in the desig n o f co nfo rmal en- 
g ine ering latt ices ( Seharing et al. 2014 ). This aspect of 
h on ey comb con st ruct ion i s di scu ssed more in the fol- 
lowing se ct ion. 
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Meso-structures in honeycomb 13 

Fig. 14 (a) Geometric frustrations may be caused by misalignments in rotational tilt around the cell’s axis of symmetry, or horizontal or 
vertical shifts, and (b) are addressed by honeybees by the construction of 5- and 7-sided cells reproduced from Fard et al. (2022 ) under the 
CC-BY license. 

Fig. 15 Cell sizes in the bee’s honeycomb are dimorphic due to (a) the need to accommodate both worker and drone cell sizes, which 
have (b) statistically signi!cant differences in their cell diameters (sizes), unpublished prior work where measurements were made across 
15 newly constructed honeycomb nests and each data point r epr esenting the av erage of six measur ements of diameter made for each cell, 
imaging and measurement methods same as described in Goss et al. (2020 ). 
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14 Lehner et al .

Fig. 16 (a) Measurements made of wall thickness on a single comb as a function of distance measured from the building edge of the comb 
r ev eal (b) a gradual reduction in wall thickness in cells nearer the edge; imaging and measurement methods same as described in Goss et al.
(2020 ). 
Cell depth 
The !nal pa ra meter that is g rade d in the ho neyco mb is 
t he dept h of t h e ce ll. As s h ow n in Fig . 17 a an d b, h on- 
eycomb cells have varying depth, g radua l ly re ducing in 
val ue fo r ce lls n e arer t he growt h fro nt bu t stab ilizing 
ne ar t he center. Furt her, cell dept h ca n also va ry as a 
functio n o f i ts co n ten ts, wi th ho ney sto rag e cells bein g 
deep er than bro o d cel ls ( Yang et a l. 2021 ). As with cel l 
wa l l thickness g radat ions, depth g radat ions are li k ely a n 
inevi table resul t o f nest co nst ruct ion. Re cent work h a s 
s h own t hat t he g radat ion in cel l depth re duces af ter t he 
co mb reaches i ts m aximum size, a s h on eyb ees p er for m 
!ne-sca le detai ling aroun d th e perim eter of th e comb 
and con tin uously reduce comb area ( Bailey et al. 2023 ). 
The speci!c manner of depth g radat ion during init ia l 
const ruct ion and beyon d, an d th eir engin eering ben e- 
!ts, if any, ne e d f urt her invest igat ion. 
Integration 
The la st m ain cat egory in the c l assi!c atio n o f cell u- 
lar meso-structures is also the one that has re ceive d 
t he le as t amount of s t udy in the literat ure on bee’s 
h on eycomb—in tegra tion. In tegra tion is an im portan t 
area of study in eng ine ering cel lu l ar materi al s, one a s- 
pect of which is co mmo nly r eferr ed to as co nfo rmal de- 
sign (( Aremu et al. 2017 ), ( Li et al. 2020 , Nguyen et al. 
2012 )). This term refers to the way th e ce l lu l ar materi al 
in question interacts with its ge omet ric boundary. For 
an eng ine ere d h on eycomb san dwich pan e l, for exam- 
ple, t hese are t he aspects that de!n e h ow th e h on eycomb 
core is attached to the pla na r structures that con!ne it. 

In tegra tion is an im portan t concept worthy of separate 
study since failure modes in mos t s tructures co mp rised 
o f cell ul ar materi als are often init iate d at the interface of 
th e ce l lu l ar materi al and i ts “skin,” o r at t he sur face t hat 
separates i t fro m the rest o f space ( Hohe et al. 2002 ). In 
the co ntext o f th e bee’s h on eycomb, th er e ar e thr ee lev- 
els of in tegra tio n o f interest: (i) the cop ing, o r the man- 
ner in which the cell walls are t erminat ed on the open 
side, (ii) the const ruct ion of the a ttachmen t of the hon- 
eycomb to a ceiling surface, and (iii) the nature of the 
gr owth fr on t, which a t a ny insta nt de!n es th e physical 
boundary of the comb—each of these is dis cuss ed be- 
low, in turn. 
Coping 
Why do honeycomb cell walls have coping at their 
ends? 
So far, h on eycomb may be descri bed m ore accurate ly, 
if s ome what in e legantly, as a two-sided, hexagonal tes- 
sel lat io n o f telescop ica l ly elongate d rho mb ic dode ca he- 
drons. The as s umption in this descri ptio n is that the 
wa l ls of the ho neyco mb a re perf ectly #a t, in t er se ct ing 
in lin es an d n odes. How ev er, the wa l ls of fresh ly con- 
st ructe d h on ey comb hav e a mat c hstic k-like tip at the 
en d of th e wa l l that faces outward wh en s h own in cross 
se ct ion, as s h ow n in Fig . 18 a–d. This st ructura l fea- 
ture, ca l le d coping ( Goss et al. 2020 ), is an interesting 
meso-st ructura l elemen t tha t has not re ceive d m uch a t- 
tention in the lit erature . Coping thic kness is approxi- 
mat ely two t o two and a ha lf t im es th e ce l l wa l l thickness 
( Su pplementary Fig. S1 ). Fro m a b iolog ica l stand po int, 
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Meso-structures in honeycomb 15 

Fig. 17 (a) Growth front of a honeycomb, which (b) when scanned using an optical pro!lometer r ev eals a curved surface (high spots 
towards the center, lower areas towards the edges); imaging and measurement methods same as described in Goss et al. (2020 ). 

Fig. 18 (a) Freshly constructed honeycomb in a frame, (b) on removal and (c) sectioning, shows (d) walls with clear coping at the tips of 
their walls, from Goss et al. (2020 ), reproduced here under the CC-BY license. 
it h a s been s ugges ted that the material in the coping is 
used by h on eybees as a s tora ge site during const ruct ion 
( Fran klin et a l. 2022 ), a hypot hesis t h at i s strength en ed 
by the observa tion tha t this coping meso-structure is no 
lon g er visible after 2 years ( Zhang et al. 2010 ), when the 
wa l ls of the ho neyco mb have been r einfor ced with silk 
!bers . 

Th e previous ly dis cuss ed exper iment al study of the 
role of the mid-wa l l that examin ed th e ben ding sti"n ess 
o f ho neyco mbs wi t h var ious inter face angles also exam- 
in ed th e e"ect of coping ( Goss et al. 2020 ). While it sim- 
pli!ed the coping structure as a convex curvature ( Fig. 
6 b), it did s h o w that abo ve a certain val ue, cop ing does 
incre ase t he speci!c bending (#exural) strength (maxi- 
mum load that can be bo rne p rio r to failure), as s h own 
in Fig. 19 a ( Goss et al. 2020 ). The same study also sug- 
gested that coping m ay m ake h on eycomb m ore damage 
tolerant, s h owing that while natural h on eycomb sur- 
viv es handlin g ov er s e v eral y ears, en gin eered h on ey- 

co mb made fro m beeswax s h ows sign s of frayin g at the 
tops of the cell wall s, a s s h ow n in Fig . 19 b and c. Cop- 
ing may mitigate the s tres s singular ities t h at h ave been 
s h own to exist at the interfaces of h on eycomb cores 
wh ere th ey bon d to face s h e ets to form st ructura l sand- 
wich pan e ls ( Hoh e et al. 2002 ) ( Supplem entary Fig. S2 ). 
Attachment 
How is the honeycomb attached to its substrate? 
Ho neyco mb co nst ruct ion beg ins with a linear sequence 
of T-shape d tet rap o d structures that mer g e to form a 
conne ct ive foundat ion that connects the ho neyco mb to 
a s ubs t rate ( Narumi et a l. 2018 ), as s h ow n in Fig . 20 a. 
These tetrap o d structures t hen for m t he ba si s for ad- 
di tio n al cell s, whic h ext end from these init iat ing st ruc- 
tures ( Fig. 20 b). C loser inspe ct ion revea ls a thickening 
of the cell walls at the plane of their int er se ct io n wi th 
th e su bstrat e , like that seen fo r cop ing. W hile wo rk h a s 
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16 Lehner et al .

Fig. 19 (a) 3D-printed honeycomb panels with coping of 2 mm show signi!cant improvement in their speci!c "exural (bending) strength. 
Coping may also explain why (b) engineered honeycomb made from beeswax frays easily on handling, but (c) natural comb survives 
without sustaining similar damage, from Goss et al. (2020 ), reproduced here under the CC-BY license. 

Fig. 20 (a) Tetrapod structures connecting comb to substrate, (b) which forms the basis for building cells, with occasional discontinuities 
accommodated with curved cell terminations—shown here for comb constructed in a rectangular frame. Details of imaging methods in 
supplementary materials. 
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Meso-structures in honeycomb 17 

Fig. 21 (a) Time-r esolv ed X-ray microtomography scan data over a 28-h period, showing the development of an individual cell at the 
building edge of the comb, and the base-up building technique emplo y ed by honeybees, from Franklin et al. (2022 ), reproduced here under 
the CC-BY-ND license; (b) Concept sketch for a honeycomb-inspired cellular structure showing sharp corner structural boundary, and (c) 
gr owth fr ont “smoothing function” applied to the boundary. 
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18 Lehner et al .
Table 1 Table listing each meso-structural design element discussed in this work, and its hypothesized function(s). 
Category Meso-structure Design principle 
Cell shape Hexagonal cell Minimizes material for creating equal partitions of space 

Transversely isotropic in effective elastic modulus 
Mid-wall Improves speci!c "exural (bending) stiffness 

Parameters Corner radius Minimizes corner stress—optimum value varies as a 
function of the ratio of wall thickness/cell length 

Cell tilt Increases load-carrying capacity by transferring a 
component of self-weight load into the mid-wall 

Distribution Gradation: cell radius S-shaped gradations between cells of different sizes may 
enable improved geometric continuity 

Gradation: wall thickness and 
wall depth Thickness and depth reductions as honeycomb 

approaches edge may support optimal location of 
center of gravity 

Hybridization of cell shape Cells of different shapes may help manage geometric 
frustration as well as assist in gradation 

Integration Coping Reduce stress singularities at honeycomb core 
interfaces 

Attachment Thickening of wall at contact may reduce localized 
stresses 

Gr owth fr ont Smoothing front may aid in stress minimization at 
exposed nodes 

been done to study the self-or ganizin g principles in- 
vo l ved in const ruct ing these init ia l st r uctures ( Nar umi 
et al. 2018 ), more work is ne e de d to ident ify t he for m 
a nd pa ra met er s of the meso-structure and the advan- 
tage i t co nveys when in tegra ting h on eyco mb wi t h t he 
surface of a substrat e . 
Gr owth fr ont 
What is the morphology of the gr owth fr ont of the 
honeycomb? 
In addi tio n to the cop ing-en hance d envelo pe aro und 
th e ce lls an d th e m eth od of th e h on eycom b’s at tach- 
ment to its s ubs trat e , t he growt h edge of the honey- 
comb also has meso-st ructura l fe atures wort hy of study. 
Time-reso l ved X-ray tomography renderings of honey- 
co mb as i t is being co nst ructe d ( Fig . 21 a) indic a te tha t 
h on eybees add wax to t he growt h front at the tapered 
en ds of th e co mb, fro m which a co ncave dep ressio n is 
formed , whic h results in the cell bottom along the mid- 
wa l l ( Fran klin et a l. 2022 ). W hile this p rovides a foun- 
datio n fro m which the co mb wa l l s m ay be then con- 
st ructe d, it a lso li kely re duces t he r isk of wa l l damage 
for cells that are not fu l ly const ructe d. As s h own in Figs. 
21 b an d c, th e gr owth fr on t may be though t of as a 
smoot hing f unct ion applie d to t he per imeter of t h e h on- 
eycomb to minimize edge and corner s tres s singulari- 
ties. This concept has already found a pplica tion in s e v- 
era l eng ine ering a pplica tions such as th e roun ded cor- 
ners o n tables, bu t similar co ncep ts co uld be develo ped 
fo r cell ul ar materi als, w it h t h e s hape of th e sm ooth- 
in g curv e takin g in sp iratio n fro m the curvature o f the 

h on eycomb gr owth fr ont. A r ecent study h a s s h own 
t hat t h e h on eycomb n est is n ot a s tatic s tructure once 
it h a s achieved its m aximum size—in fact, h on eybees 
per for m !ne-scale detailing that reduces the comb area 
con tin uously ( Bailey et al. 2023 ). Thu s it m ay b e p ossi- 
ble that the gr owth fr o nt d uring co nst ruct io n rep resents 
a less o p t ima l leading e dge from a me chanica l p ersp ec- 
tive, and that it is the mature co mb, o nce detai le d, that 
i s more dam age tolerant, but thi s rem ains t o be studied . 
Discussion: bio-inspired design principles 
This wor k aim ed to synth esize th e di"erent m eso- 
structures in the bee’s h on eycomb in on e article to high- 
ligh t fea tures of in teres t beyond jus t th e h exagonal h on- 
eyco mb. The p rima ry a im o f so do ing was to p ro mote 
f urt her explo ratio n o f o p po rtuni ties fo r b io-insp ired 
design. Toward t hat end, e ach meso-st ructura l element 
ident i!e d in this wo rk, alo ng wi th design p rinci ples that 
derive from eac h attribut e d st ruc ture-func t ion relat ion- 
ship are ident i!e d in Table 1 . This table is n eith er com- 
pre h en siv e, nor is each design principle va lidate d to 
simi lar deg re es o f co n!dence t hat t he m a ss-minimizing 
strategy of the hexagon al sh ape h a s been bu t p rovides 
a co mp i lat io n o f design p rinci ples that would bene- 
!t fro m f urt her invest igat io n o n a fun dam ental leve l, 
a s well a s examin at ion in spe ci!c a pplica tio n co ntexts. 
Th e m eso-st ructura l e lem ents di scu ssed in thi s work 
ar e pr esented as in depen den t en t it ies. How ev er, much 
as in the discussion of an o p timum corner radius for a 
g iven cel l size and wa l l thicknes s, it is pos sible that s e v- 
eral of these meso-st ructura l elements when taken to- 
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Meso-structures in honeycomb 19 
g ether hav e a more signi!can t im p act on eng ine ering 
per for m ance. Fin a l ly, whi le the emph a si s in thi s work 
h a s been on the structural (i .e ., load-be ar ing) advan- 
ta ges as soci ated w it h t h ese m eso-st ructura l e lem ents—
simila r e"o rts could be co nd uct ed t o build o n p rio r 
wo rk fo r other physical domains such as acoustics ( Gai 
et al. 2022 ; Utho" et al. 2023 ), t her m al m an agement 
( Boldrin et al. 2014 ), and co mposi te materia l desig n 
( Zhang et al. 2010 ). 
Conclusions 
This work a ttem pted to list and classify s e veral mes o- 
st ructura l desig n e lem ents of th e bee’s h on eycomb n est, 
g oin g bey on d th e we ll-kn own an d implem ented h exag- 
o nal uni t ce ll s hape. Th e following con clusions can be 
drawn from this work: ! An ap proach develo ped for engineered cellular ma- 

teria ls desig n can be applied to h on eycomb t o cat e- 
go rize i ts meso-st ructura l desig n e lem ents ! Bro ad ly spea king, these desig n elements col le ct ively 
serve to reduce materia l ut i lizat ion, increase st i"- 
n ess an d strength, an d loca l ly minimize st ress con- 
cen tra tions ! W hile co n cepts such as th e h exagon al n ature of the 
h on ey comb hav e been w e ll un der st o o d for their 
eng ine ering bene!ts, s e veral mes o-structural ele- 
ments remain p o orly studied and r epr esent an op- 
po rtuni ty fo r f urt her invest igat ion and t ranslat ion 
into eng ine ering desig n 

While the focus of this work h a s been on th e h on- 
eycom b, the “four-q uest ion” appro ach can, in princi- 
p le, be app lie d to any repeat ing st ructura l desig n ele- 
men t in na ture to iden t ify meso-st ructura l features wor- 
thy of abst ract ion into eng ine ering desig n. These in- 
clude scales ( Martinez et al. 2024 ), ha ir-lik e m aterial s 
( Peer lin c k et al . 2023 ), an d oth er biological ce llular ma- 
teria ls ( Mcnu lty et a l. 2017 ). Couple d wi th a co mpara- 
t ive appro ac h t o b io-insp ire d desig n ( Penick et a l. 2022 ), 
this can uncover new design p rinci ples, as well as in- 
crease con!dence in them, which in turn can accelerate 
the b io-insp ire d desig n process. Fina l ly, the appro ach in 
thi s work m ay be ext ended t o di"erent length scales and 
fea tures a t thos e s ca les—at the micro-st ructura l sca le, it 
could include the a rra n g ement of wax and si l k in mature 
cel l wa l ls, whi le at the macro-st ructura l sca le, it might 
consider aspects of t he ar ran g ement of ho neyco mb in 
natural c av ities such as the spacing between comb and 
i ts functio nal advantages. 
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