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a b s t r a c t 

The jackfruit is the largest fruit on the Earth, reaching upwards of 35 kg and falling from heights of 25 m. 

To survive such high energy impacts, it has evolved a unique layered configuration with a thorny exterior 

and porous tubular underlayer. During compression, these layers exhibit a progressive collapse mech- 

anism where the tubules are first to deform, followed by the thorny exterior, and finally the mesocarp 

layer in between. The thorns are composed of lignified bundles which run longitudinally from the base of 

the thorn to the tip and are embedded in softer parenchymal cells, forming a fiber reinforced composite. 

The mesocarp contains more lignin than any of the other layers while the core appears to contain more 

pectin giving rise to variations in compressive and viscoelastic properties between the layers. The surface 

thorns provide a compelling impact-resistant feature for bioinspiration, with a cellular structure that can 

withstand large deformation without failing and wavy surface features which densify during compression 

without fracturing. Even the conical shape of the thorns is valuable, presenting a gradually increasing sur- 

face area during axial collapse. A simplified model of this mechanism is put forward to describe the force 

response of these features. The thorns also distribute damage laterally during impact and deflect cracks 

along their interstitial valleys. These phenomena were observed in 3D printed, jackfruit-inspired designs 

which performed markedly better than control prints with the same mass. 

Statement of significance 

Many biological materials have evolved remarkable structures that enhance their mechanical performance 

and serve as sources of inspiration for engineers. Plants are often overlooked in this regard yet certain 

botanical components, like nuts and fruit, have shown incredible potential as blueprints for improved 

impact resistant designs. The jackfruit is the largest fruit on Earth and generates significant falling im- 

pact energies. Here, we explore the jackfruit’s structure and its mechanical capabilities for the first time. 

The progressive failure imparted by its multilayered design and the unique collapse mode of the surface 

thorns are identified as key mechanisms for improving the fruit’s impact resistance. 3D printing is used 

to show that these structure-property benefits can be successfully transferred to engineering materials. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. A visualization of the jackfruit’s interior showing vertical and horizontal cross-sections. 

c

p

e

a

[

a

e

h

m

e

a

d

a

p

s

c

i

s

f

s

a

m

e

r

(

d

d

s

c

b

t

c

c

s

d

[  

w  

o

t

p

m

n

t

t

t

t

t

t

p

n

p

a

b

f

p

∼
E

w

t

[

p

o

c

e

t

d

t  

a

d

s

f

b

o

o

d

m

i

o

t

t

c

m

l

v

f

s

a

t

p

t

s

onditions imposed by their environment. To learn from these im- 

ressive systems, researchers have explored the mechanical prop- 

rties of an array of materials generated by organisms within the 

nimal kingdom, ranging from airborne creatures like woodpeckers 

1] and pelicans [2] to animals that thrive deep under the sea such 

s whales [3] and conches [4] . However plant-based systems gen- 

rally receive less attention than their Animalia counterparts yet 

ave developed unique structural motifs with different constituent 

aterials, to resist impact events. The trunks of certain trees, for 

xample, contain a remarkable number of mesoscale features such 

s porosity and lignified reinforcing elements whose arrangement 

ictates their response to impact [5] . 

Researchers have also evaluated the impact resistance of nuts 

nd fruits of certain plants which need to withstand falling im- 

acts or offer protection from predators. One of the most widely 

tudied fruits is the pomelo which contains a thick porous meso- 

arp whose primary function is to protect the seeds in the fruit’s 

nterior. The mesocarp of the pomelo is an open cell foam-like 

tructure composed of fluid-filled struts. This structure imbues the 

ruit with several energy dissipation mechanisms during compres- 

ion. The open cell-structure, which can reach a porosity of 80%, 

bsorbs strain energy during impact. In fact, Seidel et al. [6] deter- 

ined that the mesocarp only begins to densify at strains of ∼55%, 

mphasizing the extreme collapsibility of this configuration. These 

esults were verified by compressive in-situ computed tomography 

CT) experiments [7] . The pomelo utilizes numerous structural gra- 

ients in the mesocarp to enhance its collapsibility, including gra- 

ients in porosity, cell size, and stiffness between adjoined features 

uch as the stiffer, branching, lignified vascular bundles. 

The pomelo peel also cleverly utilizes branch length of the vas- 

ular bundles; shorter branches are more resistant to buckling and 

ending. By varying the branch frequency in different regions of 

he peel, the fruit is able to tune the onset of densification by lo- 

ation [8] . Several groups have also observed, modeled, and repli- 

ated the viscoelastic and damping properties that arise from the 

trut structure, leading to bioinspired materials with high energy 

issipation under compression [9–13] . 

Other nut [14] and fruit systems such as the macadamia nut 

 6 , 9 , 15 ], Brazil nut [16–18] , coconut [19–22] , cocoyol fruit [23] ,

alnut [ 24 , 25 ], and apple [26] have been explored as a means of

btaining inspiration from nature. Recently, Ha et al. [27] turned to 

he durian as a subject for bioinspiration to create impact resistant 

ackaging designed to protect goods during transport. The durian’s 

ost striking feature are the thorns that cover its surface. Just be- 

eath the thorns is a fleshy mesocarp layer which transitions into 

he endocarp and ultimately the nutritious flesh and seeds above 

he core of the fruit. Ha et al. [27] performed uniaxial compressive 

ests on the thorny and the mesocarp layers beneath and found 
2

hat the thorny layer has a specific energy absorption nearly twice 

hat of the mesocarp layer. They observed that when a small por- 

ion of the surface was impacted, thorns at the center of the im- 

act buckle and the reinforcing fibers within the thorns delami- 

ate, while thorns near the exterior of the sample bend and com- 

ress fibers at their bases. They point out that these unique failure 

nd energy absorptive mechanisms may provide a novel source of 

ioinspiration for impact resistant materials. 

The jackfruit is similar to the durian but with several key dif- 

erences. The mass of a durian fruit is ∼1.5 kg and it grows ap- 

roximately 12 m up in trees corresponding to a falling energy of 

176 J. Jackfruit, on the other hand, are the largest fruit on the 

arth reaching 35 kg in weight, although record-holding jackfruit 

eighing upwards of 50 kg have been reported. They grow along 

he branches and trunks of trees which can reach 25 m in height 

 28 , 29 ]. Given these metrics, falling jackfruit can experience im- 

act energies of > 8.5 kJ, approximately 50 times that of durian. In 

rder to accommodate such massive impacts, the jackfruit has in- 

orporated an extra layer of cushioning between the seeds and the 

ndocarp. This region is composed of aligned tubules that run from 

he fruit’s stiff core to the underside of the mesocarp where they 

ensify before finally attaching to the base of an individual surface 

horn ( Fig. 1 ). Ha et al. [27] note that the thorns of the durian have

 high aspect ratio, making them more susceptible to bending un- 

er impact. The jackfruit, on the other hand, has thorns that are 

horter and wider ( Fig. 1 ). 

The jackfruit has numerous architectures and biomechanical 

unctions that, to the authors’ knowledge, have never heretofore 

een explored from an engineering perspective. As such, this bi- 

logical system is a ripe candidate for bioinspiration. This study 

ffers insight into the unique ways the jackfruit mitigates damage 

uring impact events and provides blueprints for how engineered 

aterials can utilize jackfruit-inspired design motifs for improved 

mpact resistance. For the former, the composition of each layer 

f the jackfruit and its underlying microstructure is explored for 

he first time. Like many biological systems, these traits are finely 

uned for the functionality of each component and here they are 

onnected to the compressibility, viscoelasticity, and deformation 

odes of the jackfruit’s hierarchical structure. In the case of the 

atter, numerous mechanisms are identified that improve the sur- 

ivability of the jackfruit such as the progressive failure of the 

ruit’s layered configuration, damage control of the thorny surface 

tructure, and the gradually increasing resistance to axial loading 

fforded by the conical thorn shape. Here a model is introduced 

o describe the effect of the thorns macroscale shape during com- 

ression and 3D printed jackfruit-inspired designs show that the 

horn can successfully reduce penetrative damage in engineered 

ystems. 
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. Methods and materials 

.1. Sample acquisition 

Whole jackfruits were acquired from 99 Ranch market in San 

iego. Impact resistance in fruit may seem counterintuitive since 

hese energy-rich capsules are often meant to act as vehicles for 

preading an organism’s offspring either through predation or by 

eleasing seeds upon separation from the plant. Our hypothesis is 

hat the impact resistance in jackfruit is meant to allow immature 

ruit to withstand falling damage and continue to ripen on the for- 

st floor. Simple free fall tests, where jackfruits of different ages 

ere dropped from a height of 7.6 m onto a concrete slab, con- 

rmed this; while older, ripe jackfruit ruptured, equally-sized un- 

ipe jackfruit withstood the impact, even surviving six sequential 

rops. Concordantly, slightly underripe jackfruit, which were just 

eginning to transition from green to brown, were purchased for 

esting. 

.2. Microcomputed tomography (microCT) 

High resolution 3-D images were acquired by microcomputed 

omography (Skyscan 1076, Bruker, Kontich, Belgium) at 35μm 

3 

oxel resolution. The sample was wrapped in plastic wrap and en- 

losed in a sandwich-sized ziploc bag. The bag was wedged be- 

ween styrofoam blocks, taped together, and then placed inside a 

lastic jar, and further secured using additional styrofoam blocks 

o minimize shifting during scanning. It was scanned as an over- 

ized and wide (x2) scan in three fields encompassing its entirety 

sing imaging parameters of 60 kVp, 16 7μA, Al 0.5 mm filter, 180 

egrees, 0.5 degree step rotations, and 3 frame averaging. Scans 

ere reconstructed (Smoothing = 1, Ring Artifact = 6, Beam Hard- 

ning = 40%, Gaussian kernel, Dynamic Range = -0.010 to 0.020, 

Recon, Bruker, Kontich, Belgium) with auto x/y and z alignment 

nd fusion to stitch the three sets together. An image quality check 

as performed by positioning the cursor at the center of the sam- 

le (DataViewer, Bruker, Kontich, Belgium) in the skin, skin/fruit 

nterface, and fruit; three 2-D orthogonal views were checked for 

uality (presence and clarity of structural features) and absence of 

oise or imaging artifacts, and then recorded for presentation. The 

esults were processed with Fiji (U. S. National Institutes of Health, 

ethesda, Maryland, USA) [30] and 3D plugins [ 31 , 32 ]. 

.3. Scanning electron microscopy (SEM) 

Samples were extracted from each layer of the jackfruit and 

maged using an FEI Apreo FESEM (Thermo Fisher Scientific, 

altham, Massachusetts, USA) after being sputter coated (Emitech 

575X, Quorum Technologies Ltd, East Sussex, United Kingdom) 

ith iridium for eight seconds. Measurements were taken using 

iji/ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, 

SA) [30] . To visualize its compressive behavior, sputter coated 

horn samples were mounted between two screw driven compres- 

ion plates using carbon tape. A small section of the thorns’ skin 

as cut and peeled back to reveal the cellular structure beneath. 

he screw was then turned to compress the sample to specific 

trains and images were taken of the structural changes that oc- 

urred both on the surface of the thorn as well as in the underly- 

ng region. The spacing of the surface wrinkles were measured (n 

 150) at four increments of engineering strain (0%, 36%, 54%, and 

2%) using Fiji [30] . 

.4. Optical microscopy 

Thin slices of each layer were prepared by hand using a scalpel 

nd stained with Toluidine Blue O (Sigma-Aldrich, St. Louis, USA) 
3 
ollowing the procedure laid out in [33] . Images of the stained 

amples were taken using an Olympus AX70 optical microscope 

Olympus, Tokyo, Japan). 

.5. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was performed on samples from 

ach layer and were heated from 25 °C to 700 °C at a ramp rate of

0 °C/min. Samples were dried in an oven at 105 °C for 24 hours im-

ediately before testing to remove as much moisture as possible. 

.6. Compression, stress relaxation, and compact tension 

Quasi-static compressive tests were performed on samples 

aken from the different regions of the jackfruit at three different 

train-rates (10 0 s −1 , 10 −1 s −1 , and 10 −2 s −1 ). To maintain sample

omogeneity, 5 ×5 ×5mm 

3 samples were prepared and tested using 

n Instron 3342 universal testing system (Instron, High Wycombe, 

nited Kingdom) equipped with a 500 N load cell. Owing to their 

mall size, whole individual thorns were removed from the jack- 

ruit exterior and tested. For stress-relaxation tests, samples were 

ompressed to 90% of their original height at a strain rate of 10 −1 

 

−1 and then allowed to relax for 900 s. The resulting curves 

ere fitted to a three-element Maxwell-Weichert model using a 

rony series. This model involves a spring in parallel with three 

axwell elements (each consisting of a spring and dashpot in 

eries). Compact tension tests were also performed on two-layer 

amples which included the thorny exterior and mesocarp. These 

amples were fabricated to adhere to the Plastic ASTM D5045 – 14 

tandard (W = 40 mm). Tests were performed at three different 

ross-head speeds of 10 mm/min, 60 mm/min, and 120 mm/min. 

.7. Digital image correlation (DIC) 

Samples were speckled using a Speckler Pattern Application Kit 

Correlated Solution, Irmo, USA). A random speckle pattern with 

 dot size of 0.33 mm was imprinted on the surface of samples. 

ideos recorded during the tests and then still images were ex- 

racted. These stills were used to create strain maps during the 

ests using the open-source 2D-DIC Matlab software, Ncorr (Geor- 

ia Institute of Technology, Atlanta, USA). 

.8. Gas gun impact testing 

Gas gun testing was performed using a modified paintball gun 

ounted to a frame 30 cm above the sample which was placed 

n a metal surface. Rubber-coated steel balls 17.3 mm in diameter 

ith a mass of 6.92 grams were used as projectiles. The paint- 

all gun was connected to an Arduino microcontroller in order 

o fire the round. The microcontroller is used to activate a servo 

otor that in turn triggers the paintball gun. To trigger the high- 

peed camera, a laser trigger was set up in order to detect when 

he round was fired. This consists of a Thorlabs (Newton, NJ, USA) 

PS532 laser that is detected with a ThorLabs PDA10A2 Si Ampli- 

ed Fixed Gain Detector. The output signal can be viewed through 

 Tektronix DPO 2014 oscilloscope. The oscilloscope is connected 

o a Tektronix AFG3022C function generator. Once the laser beam 

s broken, it is registered by the photodetector and displayed on 

he oscilloscope. This then causes the function generator to send a 

ignal to trigger the i-Speed 716 high speed camera. Videos were 

ecorded at frames per second between 40,0 0 0 and 75,0 0 0. 

A total of 13 samples were prepared, each with two samples 

ontaining the following layers: mesocarp and tubules, mesocarp 

nd thorns, mesocarp only, thin mesocarp and tubules. Five sam- 

les were prepared consisting of thorns, mesocarp, and tubules, 
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ith all but one sample having speckles for digital image corre- 

ation (DIC). The samples were cut to have a cross-section of 3 

m × 3 cm, with the height dependent on which layers were being 

ested. Samples were tested within three hours of cutting. 

.9. Free fall tests 

To confirm that the jackfruit is intended to withstand freefall 

mpacts rather than failing as a seed dispersal mechanism, jack- 

ruits were dropped onto a concrete slab from 7.6 m high. Video 

ootage was used to capture the deflection distance of the fruit’s 

urface to estimate the maximum impact force experienced during 

he fall. 

.10. Bioinspired samples 

Bioinspired samples were designed based on cross-sectional im- 

ges of the jackfruit. Traces of the thorn and tubule dimensions 

ere extruded and then combined using Fusion 360 CAD soft- 

are (Autodesk, San Rafael, USA). Four different types of jackfruit- 

nspired designs were printed; samples modeled after all three of 

he outer layers of the jackfruit (thorns, mesocarp, and tubules) as 

ell as samples with just the thorn and mesocarp layers, mesocarp 

nd tubular layers, and samples of just tubules. Bioinspired sam- 

les were printed out of polyethylene terephthalate glycol (PETG) 

sing an Ender 3 Pro (Creality, Shenzen, China) using a 0.4 mm di- 

meter nozzle. Several different infills (of 10%, 15%, and 20%) were 

ested all of which contained a cubic infill pattern with a print di- 

ection of 45 degrees. Prints were fabricated at a print temperature 

f 225 °C onto a build plate heated to 85 °C. The jackfruit-inspired 

amples were compared with featureless rectangular samples of 

he same mass. 

.11. Statistical analysis 

The Prony series fit was carried out using an evolutionary op- 

imization algorithm to minimize the residual sum squares of the 
ig. 2. Microcomputed tomography scans showing A.) a through-thickness cross-section 

nd C-E.) 3D renderings of the jackfruit’s outter three layers. Each length of the green box

4 
tted curve by adjusting the input coefficients. The presented com- 

ression and compact tension data curves are averages with the 

tandard deviation range at any given strain represented by the 

haded area. The energy absorbed during compact tension tests is 

eported as an average with error bars representing the standard 

eviation of each dataset. 

. Results and discussion 

.1. Structure and composition 

For the purpose of this study, the jackfruit was divided into four 

egions. From exterior to interior, these regions are the thorny sur- 

ace exocarp, the mesocarp, the tubular region which contains the 

ruit’s seeds, and the core of the fruit. The surface thorns were 

easured (N = 16) to have an average height (H) of 4.4 mm ±
.5 mm, with a base width (W) of 4.6 mm ± 1.6 mm and an incli-

ation angle of 57.1 ° ± 3.2 o (H and W in Fig. 2 A). While there was

ignificant variation in the height and base dimensions for differ- 

nt thorns, the inclination angle was relatively consistent. Measur- 

ng the thorns by hand (N = 30) revealed an average tip diameter 

f about 1.57 mm ± 0.19 mm and a polygonal base area of 33.21 

m ± 4.98 mm. 2D hexagons are one of the most efficient shapes 

or two-dimensional packing [34] and they are ideal for having a 

igh density of thorn tips covering the surface contours of the ir- 

egular surface of the fruit. Using computed tomography scans of 

he fruit’s interior, the porosity of the tubular region was found to 

e approximately 56%. Individual hollow tubules (N = 25) were ob- 

erved to be elliptical in cross-section with an average aspect ratio 

f 2.07 ± 0.48. Average major and minor axes dimensions of 3469 

m ± 571 μm and 1679 μm ± 409 μm, respectively, and wall thick- 

ess of 691 μm ± 161 μm. An example of these measurements can 

e seen in Fig. 2 B, which shows a transverse slice of the jackfruit’s 

ubule layer. Figs. 2 C-E show 3D renderings of the jackfruit’s dif- 

erent layers, except the core. From segmentation of the microCT 
of the thorn, mesocarp and tubular layer, B.) a cross-section of the tubular region, 

 is 50 mm. 
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Fig. 3. The composition of the jackfruit is different in each layer. A.) Optical mi- 

crographs showing the results of O Toluidine blue staining from each layer.B.) 

Schematic illustration of the structure and arrangement of lignified fiber bundles 

and cells in the four layers. C.) Normalized TGA curve and D.) normalized DTG curve 

of the different layers. E.) Bar chart showing the volatile and residual char percent- 

ages for each layer and F.) Estimates of the composition of each layer based on the 

DTG curves. 
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esults, it was determined that the tubule walls occupy approxi- 

ately 43.9% of the cross-sectional area in the tubule region. 

Toluidine Blue O is a polychromatic stain that can be used to 

ifferentiate plant tissues by preferentially binding with anionic 

roups in the cell wall. The result is a multicolored sample that 

ives insight into local composition. Fig. 3 A shows microscopy im- 

ges from each layer of the jackfruit. In the thorns, the reinforc- 
5 
ng fibers appear bright blue, suggesting that they are composed of 

tiffened sclerenchyma with thicker, lignified cell walls. These scle- 

enchyma fibers are embedded in a matrix of irregularly shaped 

nd sized cells that are generally larger than the sclerenchyma cells 

nd appear purplish when dyed. This suggests that these cells are 

ikely the parenchyma “filler” cells, which make up much of the 

oft, unspecialized tissue found in the plants and whose walls are 

rimarily cellulose [ 33 , 35 ]. These essentially act like a foam ma- 

rix with the lignified fibers embedded within. The cells in the 

horn are small relative to other parenchyma cells such as those 

ound in potatoes [36] , but vary along the longitudinal axis of the 

horn. Near the base of the thorn, the major and minor axes of 

ells were measured to be 121.0 μm (s.d. = 25.9 μm, N = 25) and

4.4 μm (s.d. = 13.7 μm, N = 25), respectively, with cell walls 

pproximately 2.0 μm (s.d. = 0.5 μm). Meanwhile, a closer look 

t the apex of the thorns reveals that the cells are smaller and 

ore circular with major and minor axes reduced of just 14.8μm 

s.d. = 4.9 μm) and 10.0μm (s.d. = 4.0 μm, N = 25) with thicker

alls approximately 3.7 μm (s.d. = 1.0 μm) across. Approximating 

he cells as ellipsoids, the volume percentage of the cell walls of 

he lower thorn was calculated to be just 10%, while in the up- 

er thorn the thicker walls and smaller cells increased this value 

o 58%. For cellular solids, the effective elastic modulus can be ap- 

roximated [37] as: 

E e f f 

E s 
= C 2 

(
ρ

ρs 

)2 

(1) 

here E eff is the effective modulus of the material, E s is the mod- 

lus of the cell walls, C 2 is a constant which can be approximated 

s 1, ρ is material density, and ρs is the density of the cell walls. 

sing this relationship, the ratio of the effective modulus of the 

ellular solid at the top of the jackfruit thorn, E T , to that of the

ase, E B can be expressed as: 

E T 
E B 

= 

(
ρT 

ρB 

)2 

(2) 

In the case of the jackfruit thorn the tip can be approximated 

o be 33.5 times stiffer than the base of the thorn. In fact, this ap-

roximation may even be an underestimation since the reinforcing 

bers take up proportionally more volume as they near the tip of 

he thorn and the more elliptical-shaped cells near the base may 

ollapse more easily. This change in cell size and shape can be seen 

n Fig. S1. This structure gives the jackfruit thorn a gradient in stiff- 

ess, a design motif that shows up repeatedly in impact resistant 

iological materials and has been shown to have beneficial proper- 

ies like improved fracture toughness and energy dissipation [38] . 

The lignified fiber bundles continue into the mesocarp but be- 

ome much thinner; whereas these bundles are 5-6 cells wide in 

he jackfruit’s exocarp, they transition to only 2-3 cells wide in the 

esocarp. Still, the significant amount of blue coloration suggests 

poradic lignification throughout the mesocarp layer. The meso- 

arp layer also exhibits some pink coloration, which is associated 

ith pectin. Recent research suggests that pectin interacts closely 

ith the cellulose in cell walls, forming an interpenetrating net- 

ork that enhances cross-linking between the cellulose microfib- 

ils [ 39 , 40 ]. Pectin also plays an important role in enhancing cell-

o-cell adhesion [40] . In the tubule layer, long pink fibers, one cell 

n width, run parallel to single-cell blue fibers. Both are embed- 

ed in a matrix of cells that are very lightly stained. Finally, the 

ore is mostly pinkish-purple, suggesting less lignification. Further- 

ore, the core has a sponge-like configuration with the cells acting 

s struts to form hexagonal pores. These features are illustrated in 

ig. 3 B. 

To further elucidate the composition of each layer, thermogravi- 

etric analysis (TGA) was performed. Fig. 3 C shows the pyrolysis 

urve (normalized sample weight vs. temperature) for each of the 
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Fig. 4. Digitial image correlation of three-layered jackfruit samples compressed at a strain-rate of 10 −1 s −1 . Nearly all of the strain is concentrated in the tubule layer until it 

has fully collapsed. Color bars indicate the equivalent von Mises strain values where the darkest blue indicates -0.5 and the darkest red is 0. 
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our layers of the jackfruit while Fig. 3 D shows the normalized 

erivative thermogravimetric (DTG) curve. Fig. 3 E plots the amount 

f residual char vs volatiles in each of the samples. Three of the 

our layers had nearly the same amount of residual char, about 

7%, while the mesocarp samples had about 19% char. This indi- 

ates that the mesocarp layer is composed of more volatiles such 

s hemicellulose, cellulose, and lignin than the other layers which 

ontain more fixed carbon. The normalized DTG curve ( Fig. 3 D) can 

e used to obtain further insights into the differences in the com- 

osition of the fruit’s layers. 

An approximate composition of each layer can be inferred from 

he change in weight of the sample’s volatiles in the temperature 

ange for each DTG peak ( Fig. 3 F) ( Table 1 ). This is discussed in-

epth in the supplemental section. As many plant systems contain 

elatively sparse amounts of pectin, researchers utilizing TG often 

nly include hemicellulose, cellulose, and lignin in their analysis. 

ince the temperature at which pectin degrades overlaps signifi- 

antly with the range at which hemicellulose pyrolyzes, the two 

ere combined here. The mesocarp sees a steep drop in mass 

tarting at around 643 K. By this point nearly all of the hemicellu- 

ose, pectin, and cellulose should have degraded [41–44] , suggest- 

ng that the mesocarp is more lignified than the other layers. In 

any plant systems, lignin acts as reinforcement for the softer tis- 

ue surrounding it, conferring rigidity and strength to the cells it 

ortifies [ 5 , 45–47 ]. Meanwhile, the core displayed elevated levels 

f pectin, which is often deposited at intercellular joints to en- 

ance cell adhesion [48] . Given the sponge-like structure of the 

ackfruit’s core, containing struts that are single cells wide, cellular 

dhesion is integral to the performance of this energy-dissipative 

ayer, while the stiffness that would be imbued by lignin is not 

s important. Likewise, the thorns had the lowest lignin concen- 

ration and the largest cellulose concentration, suggesting that the 

rotrusions are meant to function as soft impact dissipators. 

The exact mechanical properties of pectin remain mysterious 

49] but it has long been known to play a multifunctional role 
Table 1 

Temperature for each peak of each layer of the jackfruit. In pare

height of the peak relative to that of the layer’s highest peak. 

Thorn Mesocarp 

Peak 1 487 K (40.3%) 472 K (73.9%) 

Peak 2 535 K (43.3%) [shoulder] 541 K (86.4%) [shoulder]

Peak 3 591 K (100%) 569 K (100%) 

Peak 4 863 K (5.4%) 708 K (36.3%) 

6 
n plant growth and mechanics [ 50 , 51 ]. When modeling the me- 

hanical behavior of plant fibers, Keryvin et al. [52] assumed the 

roperties of pectin to be the same as those of lignin with promis- 

ng results, which suggests that the pectin-rich core and lignin- 

ich mesocarp may have similar mechanical properties. Both the 

taining and TGA indicate that the tubules contain an interme- 

iate amount of each constituent. However, this highly porous 

esostructured layer inherently decreases its effective modulus. 

his arrangement of a soft ductile material sandwiched between 

wo denser and stiffer layers is a common design motif that is uti- 

ized by both nature and engineers to improve impact resistance 

38] . 

.2. Compressive mechanical behavior 

The jackfruit contains a series of sequential failure mechanisms 

hat absorb strain energy and protect its precious seeds. The first 

ayer to fail is the extremely porous, aligned tubular region on 

he fruit’s interior. DIC quasi-static compression tests performed 

n three-layered samples (thorns, mesocarp, and tubular region) 

how this phenomenon ( Fig. 4 ). Only after the tubules have almost 

ntirely collapsed do the other two layers begin to deform and ab- 

orb strain energy. During an in-vivo impact, the initial load should 

e equally distributed amongst the exterior thorny layer; however, 

aving an easily collapsible porous layer beneath allows for easy 

ransfer of impact energy to the deeper regions of the fruit. 

After the tubular layer, the next layer to deform during com- 

ression is the thorny exterior. When samples of just mesocarp 

nd thorns were compressed, the thorny layer collapsed first as 

hown in Fig. 5 A. Upon being released, the thorns recovered nearly 

alf of their initial height as can be seen in the last two frames. 

he underlying structure of the jackfruit thorn also plays a vital 

ole in its compressive and viscoelastic behavior. The surface of 

he thorns is composed of skin with a highly ordered, microscale 

ave-like configuration as shown in Fig. 5 B. Beneath this wrinkly 
ntheses is the height of the normalized DTG peak, i.e., the 

Tubule Core 

473 K (58.6%) 478 K (56.8%) [shoulder] 

 532 K (58.6%) [shoulder] 516 K (99.3%) 

584 K (100%) 552 K (100%) 

898 K (16.4%) 893 K (20%) 
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Fig. 5. A.) Images of two-layer jackfruit samples composed of the thorn and mesocarp layer being compressed and released . B.) SEM scans of the jackfruit thorn’s ordered 

exterior and C.) the underlying structure of the jackfruit thorn where the fibers, cellular matrix, and gradient in cell size can be seen. The general location of images B and 

C are indicated by the boxes on the first panel of A. 

Fig. 6. The thorn structure shows impressive ordered collapse and survivability during compression. A.) A pre-compression image taken of the underlying structure of the 

jackfruit thorn and B.) an image of the same structure after being compressed to 72%. C.) Distribution of the jackfruit thorn’s wrinkle spacing at different compressive strains 

and D.) representative images visualizing how the wrinkles pack together during compression. 
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xterior is a fiber-reinforced closed-cell foam-matrix composite, 

epicted in Fig. 5 C. 

Thorn samples were compressed and then imaged by SEM, re- 

ealing the collapsibility of their microstructure. Figs. 6 A and B 

how images of the underlying foam matrix before compression 

nd at 72% strain, respectively. Buckling of the cell walls can be 

bserved, but very little fracturing can be seen due to the extreme 

ollapsibility of the sample. On the surface, the wrinkled skin be- 

aves like an extended spring. As the thorn is compressed, the dis- 

ance between wrinkles decreases and the distribution of wrinkle 

pacing narrows, as shown in Fig. 6 C. Fig. 6 D shows how these

rinkles bunch together as the strain is increased. The highly or- 
7

ered nature of the surface skin allows the jackfruit thorn to re- 

ruit substantial amounts of material to resist compression. Re- 

earch into thin-walled, crashworthy structures has shown that a 

rogressive, stable collapse mode is often preferable for increased 

nergy absorption during compression [ 53 , 54 ]. The wavy features 

f the thorn’s exterior dictate this collapse mode by providing 

symmetric planes of weakness along the length of the thorn that 

an fold and condense without failing. Furthermore, with minimal 

lastic deformation during compression, this structure is able to 

ebound after being compressed, even to high strains. 

Figs. 7 A-C show a comparison of the stress-strain curves for the 

ifferent layers at the compressive strain-rates of 10 0 s −1 , 10 −1 s −1 , 
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Fig. 7. Comparison of compression true stress-strain response(except the tubule layer) of three layers (except the tubule layer) at three different strain-rates (A. 10 −2 s −1 , B. 

10 −1 s −1 , C. and 10 −2 s 0 ). 

Table 2 

Elastic moduli of each layer at each strain rate. 

Strain rate, s −1 Mesocarp, MPa Core, MPa Thorn MPa ∗

10 −2 1.19 1.37 3.28 

10 −1 2.36 1.96 5.15 

10 0 2.3 2.38 4.36 

∗ Thorn modulus values are determined using the adjusted cross- 

sectional area value calculations discussed in Section 3.3 . 
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nd 10 −2 s −1 . The elastic moduli of each layer at each strain rate 

re shown in Table 2 . 

Across all strain-rates, the behavior of core and mesocarp sam- 

les is the most similar, with the core exhibiting a comparable or 

lightly larger stiffness while the mesocarp was able to reach a 

igher ultimate stress. Both layers see an increase in stress up un- 

il approximately 0.9 strain after which it begins to decrease. The 

rop in the stress is attributed to fracture and is, as expected, more 

rominent at high strain rates. As the strain rate is increased, it 

his drop occurs at lower strains. 

Thorn samples exhibited the lowest curves, collapsing much 

ore easily at each strain-rate. There is also a noticeable ab- 

ence of stress drop. This is due partially to the composition of 

he thorn, but also is a result of the irregular shape of the thorn 

hich leads to a top-down collapse mechanism. With the small- 

st cross-sectional area, the top of the thorn collapses easily at 

ow loads; however, as the cross-section increases larger and larger 

oads are required to continue the collapse. The stress calculations 

or these curves were based on the base cross-sectional dimensions 

nd the result is a steadily rising stress-strain curve. These values 

o not provide an accurate interpretation of the stress throughout 

he thorn (which varies due to the changing cross-sectional area). 

owever, it does show the ingenuity of the thorn shape design. 

he low cross-sectional area at the apex of the thorn allows it to 

eform at lower loads, absorbing strain energy before other parts 

f the fruit. There is a parallel with automotive frames that un- 

ergo gradual and progressive collapse during impact, protecting 

he passengers. 

The graceful collapse of the thorn discussed previously allows 

t to compress to very high strains without seeing a drop in load 

ndicative of catastrophic failure (a phenomenon observed for the 

esocarp and core samples). The high cellulose content and softer 

arenchyma cells likely also contribute to the lower stiffness of 

he thorns. Acting jointly, the macroscale shape, microscale fea- 

ures, and cellular composition enable the thorn to be one of the 

rst parts of the fruit to absorb strain energy during compression 

hile also being capable of doing so to high strains. Furthermore, 

he thorns exhibit less strain-rate dependence, while the core and 

esocarp samples become noticeably stiffer and stronger at higher 

train-rates. This ensures that the thorns remain collapsible cush- 
8 
ons protecting the body of the fruit during impact. On the other 

and, the mesocarp and core layers transition from a steady slop- 

ng curve at a strain-rate of 10 −2 s −1 to a stiffer behavior that 

eaches a maximum stress at ∼0.8 and ∼0.95 strain when tested 

t strain-rates of 10 −1 s −1 and 10 0 s −1 , respectively. Interestingly, a 

rend was observed where samples were able to reach a higher ul- 

imate strain and maximum stress at higher strain-rates. This sug- 

ests more energy can be absorbed by these layers during impact 

cenarios. The drop in stress is associated with failure, which is 

bsent in the thorn layer because of its geometry. 

.3. Viscoelastic behavior 

Understanding the viscoelastic nature of the three layers (thorn, 

esocarp, and core) can provide insight into their time-dependent 

ehavior. Fig. 8 A shows the stress relaxation of the different layers 

n the jackfruit. Much like with the compressive results, the meso- 

arp and core have very similar behavior, relaxing to a plateau of 

bout 20% of their initial stress. The thorns relax slightly less; how- 

ver, this again might be skewed by their irregular shape. Fig. 8 B- 

 shows the relaxation modulus of each layer and their respective 

tted curves from the Prony series. The equations describing the 

esultant Maxwell-Weichert model are listed below: 

 r, core ( t ) = 0 . 13 + 0 . 248 e −t/ 3 . 16 + 0 . 127 e −t/ 56 . 54 (3) 

 r, mesocarp ( t ) = 0 . 273 + 0 . 652 e −t/ 1 . 63 + 0 . 562 e −t/ 17 . 39 

+0 . 173 e −t/ 269 . 53 (4) 

 r, thorn ( t ) = 0 . 14 + 0 . 131 e −t/ 27 . 76 + 0 . 094 e −t/ 465 , 81 (5) 

Keryvin et al. [52] performed nanoindentation stress-relaxation 

xperiments on flax cell walls and identified four characteristic re- 

axation times of 0.3 s – 0.54 s, 1.4 s – 2.3 s, 7.6 s – 10 s, and 46 s

54 s. These were attributed to hemicellulose, pectin, amorphous 

ellulose, and crystalline cellulose, respectively. For macroscale ten- 

ile relaxation tests performed on flax fibers, these relaxation times 

mear together into two characteristic relaxation constants, one of 

.6 s ± 2.4 s attributed to hemicellulose and pectin and one of 55 

 ± 29 s attributed to cellulose. This aligns well with our results, 

articularly for the core, which has calculated relaxation times of 

.2 s and 56.5 s. While a three-component model was fitted to 

ach layer, the third component of the core and thorn made an in- 

ignificant contribution to the fit and was disregarded. The meso- 

arp, which contains less cellulose and more lignin as determined 

y TGA, has a third component with a longer relaxation time. This 

ould be the result of the higher lignin concentration found in the 

esocarp. The first and second relaxation times ( Fig. 8 C) are also 

ower, which suggests there could be more hemicellulose and less 

rystalline cellulose in this layer of the jackfruit. The thorns, with 
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Fig. 8. Stress-relaxation to evaluate the viscoelastic behavior of each layer of the jackfruit (except for the tubular layer). A.) Normalized stress decay curves comparing the 

core, mesocarp, and thorn layer. B-D.) The experimental relaxation modulus and fitted model for the thorn, mesocarp and core samples during the relaxation test. 
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he least hemicellulose and pectin, were not determined to have 

 relaxation constant on the scale of τ = 0.1 s – 10 s ( Fig. 8 B),

nstead only having an intermediate relaxation constant of 27.8 s 

nd a long-term relaxation constant of 465.8 s. The former is dom- 

nated by the cellulose relaxation that is pulled downward by the 

resence of relatively smaller quantities of more rapidly relaxing 

emicellulose and pectin. The larger relaxation time, again, can 

ikely be attributed to the bundles of lignin fibers identified in pre- 

ious sections. 

.4. Dynamic mechanical behavior 

While these quasi-static tests provide insight into the mechani- 

al behavior of the jackfruit, the response of the entire fruit during 

mpact might be quite different. For example, during quasi-static 

ests on a flat sample, the tubular layer is able to densify entirely, 

efore the mesocarp and thorny layer begin to deform. However, 

hen attached to the entire fruit, this would likely not be pos- 

ible without tearing the external two layers. Furthermore, under 

mpact conditions the time dependency of stress-waves traveling 

hrough the outer two layers may reduce the percentage of strain 

nergy absorbed by the tubular under-layer. To assess this, impact 

ests using a gas gun were conducted on different combinations of 

ayers. 

Fig. 9 shows still images extracted from high-speed footage of 

he impact event. Samples of mesocarp, mesocarp with thorns, and 

esocarp with tubules failed completely. In these cases, the pro- 

ectile penetrated entirely through the sample, hitting the metal 

ackplate underneath. The mesocarp is composed of aligned fibers 

hat easily peel apart under impact. This can be seen in the tests 

n the solitary mesocarp samples as well as the tests on the meso- 

arp and tubule layers, where the tubules begin to absorb the im- 
9 
act (row 3, frame 2) but then split apart and fail (row 3, frame 3)

efore the impactor can be rebounded. For the three-layer sam- 

les, nearly all the impact energy was absorbed by the tubule 

ayer which collapsed to strains of ∼0.3 before rebounding (the re- 

ound could not be captured by DIC as the sample ‘jumped’ off

he backplate in the process). This can be seen in DIC figures for 

he three-layer samples which show minimal strain values in the 

horn or mesocarp layers throughout the impact, while the tubule 

ayers collapse. Meanwhile, the thorny layer held the three-layer 

ample together preventing the splitting observed in the samples 

f just mesocarp and tubules. When post-impacted samples were 

ut open, bruising was observed just beneath the thorns for three- 

ayer samples, while samples without thorns were bruised through 

he whole thickness of the sample. 

.5. Analysis of thorn collapse mechanism 

The results indicate that the thorny structure on the surface of 

he fruit both delocalizes damage while also containing it. When 

he thorny layer alone was impacted at a lower energy, ultimate 

ailure did not occur. Only the thorns in contact with the projec- 

ile exhibited damage. However, each of the impacted thorns ex- 

erienced a similar level of deformation. Ha et al. [27] observed 

 similar energy absorption mechanism resulting from the thorny 

tructure of durian fruit. They noted that most of the energy ab- 

orbed by the fruit’s exterior could be attributed to bending of the 

horns, fracturing at the thorns’ tips, and buckling, bending, and 

elamination of the thorn’s reinforcing fibers. In the jackfruit, the 

horns have a lower aspect ratio, are more densely packed, and are 

ess curved than for durian. Further, the jackfruit’s surface is much 

ore irregular and tends to have less curvature. As a result, the 

oading mode of the thorns is much closer to axial, leading to a 
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Fig. 9. Still frames extracted from high speed video of gas gun impact tests on different combinations of jackfruit layers. The bottom panels show DIC on three-layer samples 

during impact. Color bars represent equivalent von Mises strain. The darkest red indiciates a strain of 0. In the first frame the maximum strain (dark blue) is -0.1 to show 

where the strain begins to develop 0.5 seconds after impact. In the subsequent frames the maximum strain is -0.3. 
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ailure mechanism that is dominated by crumpling and, later, split- 

ing of the thorns. The gradient in thorn cell morphology, identi- 

ed in Section 3 , encourages crumpling and buckling near the cen- 

er of the thorn where the cross-section is still small but where 

ber and matrix cell wall density are lower than at the thorn tip. 

The shape of the thorn provides an ingenious design for absorb- 

ng impact energy, by creating a weak initial contact surface that 

radually becomes more resistant to loading as it is compressed. 

implifying the shape of a thorn to be a conical frustrum ( Fig. 10 A)

e can approximate the radius of the thorn at any given height to 

e 

 ( y ) = r o + 

y 

tan ( �) 
(6) 

here y is the distance to the origin and ϴ is the inclination angle 

f the cone. This can be used to calculate the increase in cross- 

ectional area as a function of position: 

 ( y ) = π∗
(

r o + 

y 

tan ( �) 

)2 

(7) 

During the elastic portion of thorn compression, the maximum 

tress occurs at the smallest cross-sectional area, which is the apex 
10 
f the pyramid (in our approximation, a cone, if r 0 = 0). As such, 

uring elastic compression, the maximum stress is 

max = 

F 

A ( y ) 
(10) 

Substituting this in we get 

max = 

F 

π∗
(
r o + 

y 
tan ( �) 

)2 
(11) 

Applying this equation to the compression data shown in 

ig. 7 results in a near linear increase in stress before a long 

lateau in stress as the thorn collapses. These results highlight 

he importance of the shape of the thorn in absorbing energy and 

ushioning impacts. Furthermore, the distribution in thorn heights 

eads to an even more gradual macroscopic collapse as certain 

horns undergo compression during and axial impact before oth- 

rs. 

During compaction, Poisson effects increase the lateral area 

s the sample is compressed. This can be incorporated into the 

nalysis by assuming that the thorns are incompressible, do not 

ork harden, and are ideally plastic. To simplify the calculations, 
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Fig. 10. The shape of the thorn plays a vital role in its compressive behavior. A.) The thorn’s shape can be idealized as a conical frustrum with a circular cross-section whose 

radius varies linearly with its height. B.) By accounting for the varied cross-section along the y-axis during compression, the stress in the thorn plateaus after reaching 

approximately a strain equal to 0.2. C.) The thorn’s shape is discretized into stacked cylinders that collapse one at a time until they have a radius equal to the next layer. D.) 

Average measured load vs. strain curves are plotted alongside estimates using the “wedding cake” model shown in C. 
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s

he conical frustrum can be discretized into tranches, idealized as 

tacked cylinders with linearly varying diameters, whose volumes 

emain constant throughout loading. The force necessary to com- 

ress the resulting “wedding cake” model can be ascertained by 

ssuming only the region with the smallest area is being deformed 

t a given instance. The initial height of each tranche is constant as 

s the change in radius with each consecutive volume which is de- 

ermined by the inclination angle, ϴ, of the thorn. As the top tier 

s compressed the cross-sectional area increases until it reaches a 

merging point”, when the area matches that of the next layer. 

fter this step, both are deformed. To denote the height of each 

ayer the notation h n,i was used where n is the layer number be- 

inning with 1 at the top and i is the number of ‘times’ it has

een compressed (i.e., how many other tranches’ initial areas it has 

atched). This notation and collapse process are shown in Fig. 10 C. 

sing the conservation of volume, the height of each layer can be 

etermined using the following equation: 

 n,i = 

n 

2 

( n + i ) 
2 
�y (12) 

Likewise, the strain required to deform the top volume in order 

o reach the next tranche’s area can be calculated using: 

 i = 

1 + 2 i 

( 1 + i ) 
2 

(13) 

The derivation of these formulas along with other useful equa- 

ions are provided in the supplementary material. To estimate a 

orce vs. global strain plot for an arbitrarily shaped thorn the fol- 

owing equation is introduced: 

 = σF ∗ a ( y ) (14) 

here 

 ( y ) = 

V n,i 

h n,i 

(15) 

nd σF is a constant flow stress that is estimated using an evolu- 

ionary optimization algorithm to reduce the residual sum squares 

elative to the measured force on the jackfruit thorns. This uses 

he conservation of volume assumption to account for the lateral 

xpansion of the thorn as it is compressed. Fig. 10 D shows both 

he average measured and predicted load vs strain curves for each 

train rate. More accurate models would need to account for the 

mperfect plasticity of the cell walls and the collapsibility of the 
11 
ellular structure of the thorns. These likely lead to the longer load 

lateau in the empirical curves. 

.6. Fracture propagation paths 

Impact reveals a preferential cracking mechanism. Cracks nearly 

lways propagate between the irregular bases of the thorns. Thus, 

racture is prevented from spreading throughout the fruit’s sur- 

ace, the irregular hexagonal base configuration leading to tortuous 

rack paths. The image on the left of Fig. 11 A shows the under- 

ide of the sample where both the damage control mechanism and 

he preferential cracking (highlighted by dashed red lines) can be 

bserved. A close look at the cracks also shows that the material 

as not entirely failed as intact fibers bridge the cracks faces. On 

he right of Fig. 11 A the exterior of the sample after impact can 

e seen, where splitting, crumpling, and discoloration of just the 

mpacted thorns can be seen. Fig. 11 B shows the surface of a split-

ing jackfruit with significant fiber bridging spanning the valleys 

etween the thorns. 

To explore the preferential cracking mechanism in the jack- 

ruit’s thorny layer, compact tension specimens were prepared. A 

re-crack was introduced and driven through the sample. Much 

ike the cracks that developed during impact testing with a spher- 

cal projectile, there was a preferential crack path between the 

horns, which is visualized by the still frames shown in Fig. 11 C. 

he extrinsic toughening mechanism of fiber bridging, where fibers 

pan the crack interfaces behind the crack tip, was observed and 

an be seen in the insets of Fig. 11 C. DIC analysis of the compact

ension tests can be found in supplemental Fig. S2. The average 

oad vs extension plots for the compact tension tests performed 

t different crosshead speeds ( Fig. 12 A) show a clear strain-rate 

ependency, with the curves of faster crosshead speeds achieving 

igher loads. As a result, the energy absorbed (the area under the 

urve), increases with increasing crosshead speed ( Fig. 12 B). 

The sudden rises in load in the load-extension curve correspond 

o the instant when the crack encounters a thorn. Upon the crack 

ypassing the thorn, it continues propagating through the valleys 

etween them and the load drops again. 

.7. Collapse stress for tubular layer 

It is instructive to determine the contribution of the compres- 

ive collapse of the tubules to the energy absorption. The Euler 
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Fig. 11. A.) During projectile impact tests on the thorn jackfruit’s thorn structure, cracks propagate preferentially between the thorns. Furthermore, by looking at the un- 

derside of thorn samples, bruising can be seen exclusively in the thorns that were in contact with the projectile. B.) Crack propoagation along the jackfruit surface between 

thorns showing signficiant fiber bridging. C.) Compact tension tests reveal that cracks prefer to propagate between the thorns even when a crack is being driven through the 

material under slower loading conditions. 

Fig. 12. Compact tension tests at multiple cross-head speeds for the jackfruit’s outer later. A.) A clear deformation-velocity dependency can be seen in the load-extension 

curves. B.) The energy absorbed during compact tension tests increases signficantly with an increase in crosshead velocity. 
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uckling equation provides the simplest approximation. The crit- 

cal load, P c , for a tubule is given by: 

 c = 

πEI 

L 2 
(12) 

here E is the Young’s modulus and L is the tubule length (assum- 

ng pinned joints). The lower moment of inertia I for an elliptical 

ross-section is: 

 x = 

π (
A B 

3 − a b 3 
)

(13) 

64 

12 
here A and B are the major and minor axes, respectively, of the 

uter tubule wall and a and b are the major and minor axes, re- 

pectively, of the inner wall. The stress is calculated from the num- 

er of tubules in a normal cross section per unit area. 

The length of the tubule region can vary widely based on the 

ize and age of the fruit; for the purpose of this calculation a 

rototypical tubule length (5 mm) of one jackfruit specimen was 

sed. Also, owing to the narrow geometry of the tubule walls, it 

as difficult to calculate the modulus of bulk tubule material di- 

ectly. Instead, the modulus of the mesocarp, likely the most simi- 

ar region, was used. Applying the structural parameters measured 
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Fig. 13. Bioinspired designs were fabricated to translate the impact resistant mechanism in the jackfruit to engineered materials. A.) An exploded CAD schematic showing 

the different layers of the bioinspired models. B.) Still images extracted from high-speed video of a featureless control block and C.) a three-layer jackfruit-inspire design 

during and after impact. D.) DIC analysis of two-layer jackfruit-inspired samples without thorns showing that strain is concentrated in the tubular layer before failure. The 

maximum equivalent von Mises strain (darkest blue) is -0.07. 
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n Section 3.1 , a critical buckling force of 0.55 N/tubule was cal- 

ulated using Equation. [13] . With an average area of 3.17 ∗ 10 −6 

 

2 per tubule and an area fraction of 43.9%, there are approxi- 

ately 17,0 0 0 tubules per square meter. The onset of buckling for 

ach tubule is approximately 0.174 MPa. Assuming the shape of the 

ackfruit to be an ellipsoid defined by radii, r x , r y , and r z, the sur-

ace area of the fruit can be approximated using Knud Thomsen’s 

ormula: 

 = 4 π

(
r p x r 

p 
y + r p x r 

p 
z + r p y r 

p 
z 

3 

) 1 
p 

(14) 

here p is 1.6075. Using the same specimen as before, values of 

 x , r y , and r z were measured to be, 0.09 m, 0.0105 m, and 0.19

; the resulting external surface area is 0.2 m 

2 ( Eq. 15 ). Subtract-

ng the thickness of the thorn layer (0.005 m) and mesocarp layer 

0.01 m) to get the surface area of the underside of the mesocarp, 

here the tubules terminate, one obtains a surface area of 0.154 

 

2 . This implies that there is a total of ∼2,600 tubules in a jack-

ruit. The simultaneous collapse of the entire tubule layer requires 

pproximately 69.3 N. However, when falling from a tree, impact 

s not spread evenly over the entire jackfruit but rather primarily 

cross the region below the thorns that impact the surface. Using 

ur previous measurements for the jackfruit sample, the idealized 

llipsoid can be described in cartesian coordinates as: 

x 2 

0 . 09 

2 
+ 

y 2 

0 . 0105 

2 
+ 

z 2 

0 . 19 

2 
= 1 (15) 

From DIC experiments, it can be seen that the tubules begin 

o collapse at around ε= 0.08 (0.0 0 04 m). The impact area before

uckling can be estimated as the intersection of the ellipsoid equa- 

ion and the plane that is the sum of the thorn height (0.005 m), 

esocarp thickness (0.01 m), and compression distance (0.0 0 04 m) 

eneath the surface of the jackfruit. These planes correspond to x 

 0.0746, y = 0.0896, and z = 0.1746. Using the equations by Bek- 

as [55] we can calculate the area of intersection for each of these 

lanes to be 0.00162 m 

2 , 0.00099 m 

2 , and 0.00045 m 

2 with critical

uckling forces of 15.2 N, 9.26 N, and 4.21 N, respectively, depend- 

ng on which side the jackfruit lands on. 

To determine the maximum force exerted on the jackfruit dur- 

ng impact, free fall tests were performed to determine the deflec- 

ion of the fruit during dynamic loading. A fruit weighing 6.97 kg 

as dropped from a height of 7.62 m onto a concrete slab. Just 

efore impact the diameter of the fruit was 0.24 m. When the ve- 

ocity of the fruit drops to zero, the diameter was measured to be 

.2124 m, indicating a change of 0.0276 m. Using this value as the 

eceleration distance and assuming the concrete slab to be inelas- 

ic, conservation of energy can be used to estimate that the max- 

mum dynamic force exerted on the fruit was approximately 18.9 

N, approximately one thousand times the collapse force for the 
13
ubular layer. Hence, the initial buckling of the tubules cannot ac- 

ount for a significant fraction of the energy dissipation. 

.8. Bioinspiration from the jackfruit 

In order to demonstrate that the jackfruit structure can be 

ranslated to an engineered system, impact tests were performed 

n 3D printed designs, comprised of combinations of thorns, fea- 

ureless mesocarp, and tubular layers. Fig. 13 A shows an exploded 

chematic of these layer designs. A variety of print materials 

ere explored to understand which engineering scenarios are best 

uited for the use of the jackfruit design. 

The first series of tests was printed out of relatively stiff, brittle 

ETG. Blocks of solid PETG were printed at decreasing increments 

f infill and tested until samples consistently failed. Jackfruit- 

nspired designs were then scaled to the same size as the control 

lock and printed to be the same mass. For the first test. a con- 

rol block of PETG printed with 10% infill was used for compari- 

on. Fig. 13 B shows the total failure of the control as the projectile 

ravels through the entire length of the sample, causing fractures 

o initiate and propagate between the print layers in the process. 

he jackfruit-inspired sample, shown in Fig. 13 C, sustained consid- 

rably less through-thickness damage. Owing to the fact that PETG 

s considerably stiffer than natural jackfruit, the impact stress was 

ot effectively transmitted through the sample layers. The result 

s that the progressive collapse mechanism of tubule buckling, fol- 

owed by thorn compression, before finally giving way to meso- 

arp densification, was not observed. DIC analysis showed min- 

mal strain ( < 0.01) in the tubular and mesocarp layer through- 

ut the impact event. However, despite the mismatch in mate- 

ial properties, the thorn structure still efficiently absorbed im- 

act energy and delocalized damage across the sample surface. 

his mechanism can be observed in the post-impact still images 

f the samples, where the neat, control block has a hole approxi- 

ately the same size as the impactor through its entirety, whereas 

he lower layers of the jackfruit-inspired sample are still intact 

hile the outer thorn layer is completely obliterated. During im- 

act, the thorns directly beneath the projectile collapse downward 

long their longitudinal axis, splitting vertically as they do, while 

djacent thorns in contact with the impactor buckle and bend be- 

ore snapping. Nearby thorns that are not in the impact zone pro- 

ide lateral planes of weakness that encourage damage to spread 

orizontally through the sample rather than vertically. Samples 

rinted with tubules but without the thorns exhibited strain con- 

entrations in the tubular layer before failing. Fig. 13 D shows strain 

aps of these samples during impact. Due to the high stiffness of 

ETG minimal buckling, bending, or deformation was observed in 

he tubule layer with fractures initiating at strain values of about 

.067. However, much like biological jackfruit samples, nearly all 
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Fig. 14. DIC anaysis of A.) tubule and mesocarp samples printed at 20% and B.) 

15% infill and three-layer samples printed at C.) 20% and D.) 15% infill just before 

cracking initiates. In samples without thorns, strain is concentrated in the tubular 

layer while samples with thorns exhibit the most strain just below the thorns. The 

maximum equivalent von Mises strain plotted in this figure (darkest blue) is -0.05. 
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at faster crosshead speeds. 
he strain was concentrated in the tubular layer, as was the resul- 

ant damage. 

To further understand the interplay between the thorn and 

ubular layers, samples with higher infills of 15% and 20%, which 

ould fail less easily, were printed. Fig. 14 shows strain maps of 

mpacted samples just prior ( < 0.033 s) to the onset of fracture. 

ig. 14 A and B show samples printed without thorns at infills of 

0% and 15%, respectively. In these samples, the strain is concen- 

rated in the tubular region, which reaches a maximum of 0.052 at 

0% infill and 0.0 6 6 for the more flexible 15% infill before failing.

eanwhile, in samples that have thorns, the strain in the tubular 

egion remains below 0.01 for the duration of the impact; most 

f the strain is spread amongst the thorns and the area just be- 

eath them as shown in Fig. 14 C and D. The more flexible 15% in-

ll sample allows the strain to spread deeper and more broadly 

nto the mesocarp layer. These results confirm that the thorns act 

s an initial barrier to impact and disperse the strain energy near 

he surface much more effectively than a flat exterior. The latter 

urface configuration would allow the impact energy to be trans- 

itted deeper into the material. However, the progressive failure of 

he layers is inverted for the stiffer PETG samples which see fail- 

re of the thorns first and then of the tubules, unlike the jackfruit 

amples. Regardless, both mechanisms continue to exist in stiffer 

amples. 

This energy dispersion mechanism has an effect on how the 

amples fail during impact. Fig. 15 shows the progression of dam- 

ge for samples of mesocarp and tubules (A and B), for all three 

ayers (C and D), and tubules and thorns (E and F). In samples, 

ithout thorns (A and B) linear cracks form vertically through 

he sample, causing splitting between the tubules and sample 

ailure. Generally, only a few large cracks were observed which 

plit the sample in half or broke off large chunks of material. 

n samples with thorns, however, arcing cracks formed just be- 

ow the thorn layer and moved horizontally through the sample. 

any smaller cracks were observed between and through thorns 

hich propelled debris in every direction. While several cracks 

eached the tubular layer, none were observed traveling all the way 

hrough the samples which were still intact after testing. To de- 
14 
ermine whether this was simply the result of more material in 

he three-layer samples, designs of just thorns and mesocarp were 

abricated which have significantly less material. Still, no cracks 

raveled entirely through the sample, while crack arcing, multiple 

racking, and large amounts of impact debris were still observed. 

he tubules absorb strain energy by acting as a weak, porous layer 

hat can easily collapse before the solid mesocarp layer. This effect 

s decreased in stiffer sam ples yet was still observed in those with- 

ut thorns. This suggests that the tubule layer would be the next 

o compress and fracture if impacted with more energy. 

.9. Discussion of main results 

The jackfruit is the largest fruit on the Earth and is capable 

f withstanding very high falling impacts. The goals of this study 

ere (a) to understand how the jackfruit is able to survive such 

vents and (b) to apply these concepts to bioinspired designs. 

For this, the structure and composition of the jackfruit’s layers 

as characterized for the first time. 

1. MicroCT scans revealed a tubular layer that has a porosity of 

approximately 57% while SEM scans showed that the thorns on 

the exterior of the jackfruit have a fiber-reinforced foam com- 

posite structure and are covered with an ordered, wavy skin. 

2. These fibers are lignified while the surrounding matrix is pri- 

marily composed of cellulose-rich parenchyma cells that in- 

crease in size and decrease in wall thickness towards the base 

of the thorn. As a result, the tip has a much higher cell wall 

density than the base. 

3. The thorns have a significantly higher concentration of cellu- 

lose while the mesocarp has relatively more lignin and the core 

contains pectin/hemicellulose. These results corroborate those 

of the staining experiments and agree well with other studies. 

These structural and compositional findings were then con- 

ected to the behavior of each of the jackfruit’s layers with me- 

hanical tests. 

1. The lignin-rich mesocarp and pectin/hemicellulose rich core 

behave relatively similarly, with the mesocarp samples gener- 

ally reaching higher ultimate stresses. This suggests that these 

two layers form a sandwich structure around the tubular layer 

which collapses first when the outer three layers are com- 

pressed together. 

2. The thorn on the other hand, even when adjusted for its vari- 

able cross-section, plateaued at a relatively low stress value but 

did not see a decrease even when compressed to 30% of its 

original height. This is optimal for continuously absorbing im- 

pact energy during falling, when the exterior of the fruit can 

experience very high strains. The conical structure of the jack- 

fruit thorn is also ideal for absorbing impact energy. As the 

strain on the thorn increases, so does the cross-sectional area. 

This means that the apex of the thorn absorbs the brunt of the 

impact energy by collapsing easily, while the increasing cross- 

sectional area leads to a gradual increase in resistance. Ulti- 

mately, this makes the thorn an ideal impact surface energy- 

absorber. 

3. The irregular hexagonal base structure not only allows for op- 

timal packing of the thorns, but it also leads to increased crack 

tortuosity both during impact testing and during compact ten- 

sion tests. Cracks prefer to initiate between the thorns and 

propagate around them rather than traveling through them. 

Furthermore, the thorn structure delocalizes damage across the 

surface of the jackfruit. 

4. Compact tension tests reveal that even when driven through 

the jackfruit skin, cracks prefer to travel between the thorns. 

The skin also absorbs more energy during compact tension tests 
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Fig. 15. Extracted still images from high-speed video of gas gun impact tests on tubule and mesocarp samples printed at A.) 20% and B.) 15% infill, three-layer samples 

printed at C.) 20% and D.) 15% infill, and thorn and mesocarp samples printed at E.) 20% and F.) 15% infill. 

b f

t

s

The general structure of the jackfruit was then transferred to 

ioinspired designs to capture its mechanical capabilities. 

1. During impact, the thorn structure effectively spreads damage 

across the surface of the sample at all infills. Meanwhile, con- 

trol samples of the same mass punctured through their full 

thickness at low infills or experienced ultimate failure due to 

vertical cracking at high infills. 

2. In three-layer samples, strain was concentrated in the thorn 

layer during impact, while in two-layer samples composed of 

just a bioinspired mesocarp and tubular layer, nearly all of the 
pre-failure strain developed in the deeper tubular layer. 

15 
These tests show thatjackfruit-inspired designs can be success- 

ully utilized to improve the impact resistance of engineered ma- 

erials. The thorn structure is a particularly useful design motif for 

everal reasons: 

1. It can be transferred to materials with different properties (i.e., 

stiffness) while still providing benefits: Many bioinspired de- 

signs need to be replicated using materials that contain prop- 

erties akin to those of the natural system. However, the thorn 

structure disperses impact damage along the surface of a mate- 

rial in both stiff and soft materials. 
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2. It can be easier to fabricate: Unlike other common bioinspired 

designs that resist impact like conch shells or horse hooves, the 

thorn structure is not inherently composite and can be fabri- 

cated out of a single material, making it easier to manufacture. 

3. It can be combined with other designs: Many biological sys- 

tems use composite interfaces as a means of fracture control 

[56] to improve impact resistance, but these mechanisms break- 

down, particularly near the surface, during impact scenarios [4] . 

Yet the thorn structure can yield preferential, tortuous cracking 

during impacts, even while using just a single material. This a 

flexible design can easily be combined with other toughening 

architectures to act as a first contact surface structure that re- 

duces impact damage and channels initial cracking. 

. Conclusions 

In the present study, several impact resistant mechanisms in 

he jackfruit were identified. The exterior thorns have a fiber- 

einforced composite structure and an ordered wavy surface which 

ondenses when compressed. The conical shape of the thorns also 

ontributes to the impact resistance of the fruit by containing 

ractures to interstitial valleys, dispersing damage across the sur- 

ace, and gradually increasing the cross-sectional area of the im- 

acted surface as the thorn is compressed. A simplified model of 

horn collapse is put forward to describe the effect of the coni- 

al shape on the axial crushing force of the thorn. The composi- 

ion and porosity of the jackfruit’s different layers also result in a 

rogressive collapse mechanism where deformation in standalone 

pecimens is led by the tubule region before the thorns and ulti- 

ately the mesocarp. Gas gun tests confirm that this helps cush- 

on impacts while spreading damage to the fruit along the sur- 

ace. Jackfruit-inspired, 3D printed samples exhibited less through- 

hickness damage than controls samples during impact tests and 

howed that these mechanisms can be transferred to engineered 

aterials. 
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