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Abstract
Rose prickles are small-scale, plant-based anchoring tools of multifunctional biomechanical roles, combining physical defense against 
herbivores and growth support on surrounding objects. By employing multiscale structural observations, nanomechanical 
characterizations, and finite-element simulations, we unveil that the dog rose (Rosa canina Linnaeus) prickle incorporates structural– 
mechanical modifications at different length scales, resulting in macroscopic stress-locking effects that provide the prickle extreme 
damage-resistant capabilities and secure its functional form against catastrophic failures. These functional design strategies, unique 
to plant-based biomechanical tools, may promote futuristic micro-engineered anchoring platforms for micro-robotics locomotion, 
biomedical microinjection, and micromechanical systems.
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Significance Statement

Rose shrubs possess miniature epidermal appendages (prickles) that provide them with crucial biomechanical capabilities (physical 
defense and growth support). The dog rose prickles (Rosa Canina Linnaeus) incorporate intimate relationships between their geomet
rical shape, microstructural density, and nanomechanical properties, making them multifunctional anchoring tools with outstanding 
resistance to mechanical failures. This unusual “design solution” of biomechanical tools in the plant kingdom may promote the de
velopment of innovative micro-anchoring platforms for diverse applications.
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Introduction
Plants possess a variety of small-scaled, curve-shaped, and 
sharp-edged anchoring tools in the forms of spines, thorns, and 
prickle, providing them essential biomechanical functions, includ
ing physical defense against herbivores and frictional contact for 
growth support (1–4). Among these, rose prickles are specifically 
recognized by their hard and sharp tips that easily puncture and 
tear softer target objects alongside their overall high rigidity and 
damage resistance that preserve their shapes mostly undeformed 
and undamaged even upon significant mechanical loadings (5). 
While the botanical aspects of rose prickles, e.g. formation process, 
morphological characteristics, and anatomical composition, have 
been extensively studied over the years (6–10), their hierarchical 
structures and biomechanical load-bearing characteristics are still 
largely unexplored. Identifying the structural mechanics principles 
of rose prickles is a critical milestone toward understanding how 
plants evolve and adapt their anchoring tools to promote their her
bivory defense and growth support functions; practically, these 
insights may open new horizons for advanced engineering develop
ments of miniature, high-performance anchoring platforms for 
various applications (11, 12).

Rose prickles integrate distinct structural characteristics at dif
ferent length scales. On the macroscopic level, their geometrical 
shapes exhibit pronounced widening from their sharp tip toward 
the underlying stem with different aspect ratios along the stem 
axis and at the stem circumference, which globally links to a uni
versal geometrical law of various nonplant sharped-edge biomech
anical tools of different sizes and shapes (e.g. stingers, fangs, and 
teeth) (13). On the material level, the prickles are fundamentally 
biological composites made of highly lignified cellular tissues (ex
terior epidermis and interior cortical) of spatially varying micro
structural characteristics (i.e. sizes, shapes, and cell wall 
thicknesses) (5, 7). The composite characteristics of the prickles 
are specifically modified near their tip and close to their exterior 
surface—analogously to various anchoring tools in nonplant sys
tems, such as arthropod claws, squid beaks, and worm jaws (14, 
15)—which implies their mechanical adaptation in terms of func
tional load bearing. Indeed, extensive mechanical experiments on 
rose prickles shed light on their significant damage resistance, 
where overload failures never occurred within the bulk prickle 
but only at its connection site with the stem (5, 16). To the best of 
our knowledge, the origins of these damage-resistant 
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characteristics have yet to be discovered, and more broadly, the 
fundamental load-bearing characteristics of the prickles and their 
relationships to their diverse biomechanical functions have yet to 
be explored.

The failure process of load-bearing plant organs is inherently 
complex due to their internal composite architectures and pro
nounced microstructural anisotropy. These characteristics give 
rise to various, nonclassical, toughening mechanics that detain, dir
ect, and even prevent their fracture paths (17, 18). For example, 
basal failure of rose prickles is a priori unpredictable, which may oc
cur within the directional tissue of the prickle itself, below the 
prickle, above or beneath the interfacial cork layer, or at non
directional cortical parenchyma of the stem. Each failure type in
corporates distinct fractured surfaces with different fracture 
paths and follows different force–displacement trends until com
plete failure (5, 7). Although a profound failure criterion is currently 
not in hand, the von Mises stress and the principle tensile stress 
may be considered as possible indicators for the onset of mechan
ical damage and a failure sequence within the prickle. The von 
Mises stress indicator corresponds to a distortion-driven failure, 
suitable for ductile engineering materials and conventionally em
ployed, experimentally supported, in various biomechanical ele
ments (19–23). The principal tensile stress indicator corresponds 
to a stretching failure, suitable for brittle engineering materials 
and, thus, for dry plant parts. Specifically, the local orientation of 
the principal stress represents a critical stretching-failure axis with
in the plant part, which is commonly resisted by the local micro
structural anisotropy of the underlying tissues (24, 25).

In this study, we employ multiscale structural observations, 
nanomechanical experiments, and numerical simulations to dis
close the fundamental structure–mechanics–function relation
ships of rose prickles, focusing on the prickles of the Rosa canina 
Linnaeus (dog rose) shrub as a model system of our analysis. To 
this end, we employ macroscale and microscale computed tomog
raphy (CT) and scanning electron microscopy (SEM) to character
ize the hierarchical structure of the prickle across the 
millimeter-to-micrometer length scales and nanoindentation ex
periments to identify nanomechanical properties of its basic 
microstructural materials. Then, we integrate these findings 
into finite-element (FE) simulations on the native structural forms 
of the prickles, disclose their stress morphologies at puncturing, 
hanging, and anchoring functional states, and unveil how the geo
metrical and material characteristics of the prickle reciprocally 
evolved, and possibly adapted, to promote its biomechanical 
load bearing and to secure its form against catastrophic failure.

Materials and methods
Samples
Dry samples of Rosa canina L. branches, coated with prickles, were 
received from the “Wahl Rose Garden” in Jerusalem, Israel. The 
prickles were cut from the stem by a scalpel and stored at room 
temperature.

Computed tomography
CT scans of the prickles were conducted with SkyScan (Bruker, 
MA). For low-resolution CT scans of the whole prickle, a 
SkyScan-1072 scanner was used with the following parameters: 
voxel size 6–9 µm3, voltage 40 kW, current 100 µA, and exposure 
time 3,000 ms. For high-resolution CT (μCT) scans of local regions 
within the prickle, a SkyScan-1272 scanner was used with the fol
lowing parameters: voxel size 0.8 μm3, voltage 40 kV, current 

100 µA, and exposure time 2,000 ms. The images were recon
structed with NRecon 1.7.5.9 and DataViewer 1.6 software 
(Bruker). Volume fraction analyses, visualizations (artificially col
ored), and segmentation for the FE model were conducted with 
Avizo 9.3 software (Thermo Fisher Scientific, Germany).

Scanning electron microscopy
SEM observations were conducted with either (i) FEI Phenom XL 
G2 (Thermo Fisher Scientific) with secondary electron (SE) and 
backscatter electron detectors, 5–10 kV, or (ii) FEI Verios 460L 
(Thermo Fisher Scientific) at SE mode, using an Elstar in-lens 
and Everhart–Thornley detectors, 3 kV, 25 pA. Both free-fractured 
and embedded–polished samples were analyzed after a 15 nm 
gold coating.

Image analysis
Geometrical and cross-sectional image analysis was conducted by 
built-in algorithms in MATLAB 2021b. The geometrical shape and 
ventral edge characterizations were conducted by using Kirsch’s 
compass masks algorithm on lateral images of the prickle. The 
cross-sectional analysis was conducted by using regionprops al
gorithm for edge detection and axes measurements of the oval 
cross-sections. Volume fraction analysis of the microtubular ar
rays within the different regions of the prickle was conducted by 
using ImageJ (v1.54f) and Fiji (ImageJ2) open-source software tools 
(imagej.net) on SEM and CT images.

Nanoindentation experiments
Indentation experiments were conducted with the Hysitron 
Triboindenter-950 (Bruker) with a Berkovich tip. Prior to the experi
ments, samples were embedded in cold mounting epoxy and then 
cut-polished. The nanoindentation experiments were conducted 
on cross-sections of the samples following a load-control protocol: 
linear loading for 5 s and up to a maximal force of 70 µN, a constant 
maximal force for 2 s, and then linear unloading for 5 s. The nano
indentation analysis followed the Oliver–Pharr method and yielded 
the indentation modulus and indentation hardness (26).

Statistical analysis
Statistical tests for the measured indentation modulus, indenta
tion hardness, and contact resistance were performed in 
MATLAB 2021b. Nonparametric Mann–Whitney U test or 
Kruskal–Wallis test was used for comparison between two or 
three groups, respectively, with Tukey’s post hoc test. The statis
tical distributions of the measured parameters were extracted by 
a standard transformation of Weibull’s coordinates, yielding 
Weibull’s cumulative distribution function for each parameter, 
namely CDF(X) = 1 − exp [−(X/X0)κ], where X0 and κ are the 
Weibull’s scale and shape factors, respectively.

FE simulations
FE simulations were conducted with commercial software 
(ABAQUS/standard 6.14). The analysis was carried out on recon
structed geometrical models from the CT analysis segmented by 
four-node, 3D linear-elastic tetrahedral elements (C3D4, 
ABAQUS element library). The simulation models included overall 
∼104 elements with isotropic linear-elastic material models suit
able for plant tissues (25, 27, 28). Each prickle region (uniform, 
skin, and core) was segmented separately, and the segmented re
gions were combined using full (nonslip) contact conditions. The 
Young’s moduli of the different regions were set via Voigt’s model 
as the typical measured indentation modulus of the cell walls 

2 | PNAS Nexus, 2024, Vol. 3, No. 12



(10 GPa) multiplied by the typical measured microtubular density 
of each region (0.8 density for the uniform and skin regions and 0.5 
density for the core region), and their Poisson’s ratios are set as 
ν = 0.3. The simulation models incorporated pressure loadings 
on the top part of the prickle that corresponded to the specific 
functional states analyzed with fixed-displacement boundary 
conditions on the bottom surface (i.e. stem connection site). The 
FE analysis yielded the stress morphology (σ; von Mises stress or 
principal stress) within the prickle, scaled by the magnitude of 
the pressure loading (p), as well as its maximal stress characteris
tics (location and magnitude).

Results
Hierarchical structure and material 
characteristics
Structural parts
The geometrical shape of the R. canina prickle resembles a sickle 
with a tapered structure that expands from the tip toward the 
stem (Fig. 1A–B). The total length of the ventral edge of the prickle 
is L; the maximal width (W) and thickness (T) of the prickle are at 
its connection site with the stem surface, where W ∼ L spans along 
the stem axis and T ∼ L/3 spans the stem circumference, respect
ively (Table S1). The ventral edge of the prickle includes a single 
normal plane parallel to the stem surface—separating the prickle 
to distal top and proximal base parts relative to the stem (Fig. 1C). 
The ventral lengths of the top and base parts are approximately 
half of the overall ventral length of the prickle, i.e. LTop ∼ LBase ∼ 

L/2 (Table S1). The top and base parts of the prickle follow differ
ent cross-sectional orientations due to a curvature change of the 
dorsal edge from convex (top part) to concave (base part). 
Cross-sections at the top part are locally parallel to the ventral 
edge, whereas cross-sections at the base part are globally parallel 
to the surface of the stem (Fig. 1C).

The cross-sections of the prickle are oval shaped of local width 
w(x) and local thickness t(x), where 0 ≤ x ≤ L indicates the location 
along the ventral edge from the tip (x = 0) to the stem (x = L) 
(Fig. 2A, Movie S1). Close to the tip, the cross-sections are 
pseudo-circular, and the datasets of w(x) and t(x) highly overlap 
and mildly change (Fig. 2B). After a certain distance from the tip, 
the cross-sections transform into pseudo-elliptical, and the data
sets of w(x) and t(x) branch from one another, become statistically 
different, and eventually separate. The pseudo-elliptical cross- 
sections further expand and significantly flatten along the base 
part of the prickle, where w(x) and t(x) follow linear trends of dif
ferent slopes and reach their maximal values at the stem, i.e. 
w(x = L) = W and t(x = L) = T (Fig. 2C).

Accordingly, the overall shape of the prickle incorporates two 
distinct structural parts: (i) an initial sharpened needle-like part 
that is located close to the tip (ventral length LNeedle ∼ L/4) and 
(ii) a massive, flattened blade-like part that is located afterward 
and ends at the stem (ventral length LBlade ∼ 3L/4) (Fig. 2D).

Material characteristics
The prickle incorporates distinct regions of higher-density (HD) 
and lower-density (LD) materials, represented by the bright and 

Fig. 1. Geometrical shape of the Rosa canina L. prickle. A) A stem with several prickles. B) A single prickle. L is the overall length of the ventral edge of the 
prickle from tip to base. W and T are the maximal width and thickness of the prickle at the connection site of the prickle and the stem. W spans along the 
stem axis, and T spans along stem circumference. C) The local normal cross-sections at the top part of the prickle are locally parallel to the ventral edge; 
the local normal cross-sections at the base part of the prickle are globally parallel to the surface of the stem. The ventral lengths of the top and base parts 
of the prickle are LTop and LBase, respectively. The structural parameters of the prickle are summarized in Table S1.
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dark areas of the CT imaging (Fig. 2A). Cross-sections close to the 
tip include a uniform (HD) material (ventral length LUni), and 
cross-sections that are more distant from the tip are composites 
of peripheral skin (HD) that encloses a central core (LD) (ventral 
length LComp) (Fig. 3A, Table S1). The thickness of the skin is small 
(∼0.03L) and mildly changes throughout the prickle, whereas the 
core gradually expands with the cross-sectional area toward the 
stem. Notably, the relative ventral lengths of the needle-like 
part and of the uniform material region, LNeedle/L and LUni/L, are 
highly overlapping—suggesting that the distinct structural 
parts and distinct material regions of the prickle are, in fact, 
tightly linked to one another, i.e. uniform needle and composite 
blade.

All material regions of the prickle are internally architected 
as microtubular arrays of a few micrometer-thick cell walls 
that enclose hollow interiors (Fig. 3B–D). At the top part of 
the prickle, these microtubular arrays are locally parallel to 
the ventral edge (i.e. normal to the cross-section). At the 
base part of the prickle, the microtubular arrays within the 
core region are globally normal to the surface of the stem 
(i.e. normal to the cross-section), whereas the microtubular 
arrays within the skin region are locally parallel to the 

exterior surface of the prickle (Fig. 3A, E–G). µCT-based and 
SEM-based volumetric analysis of the cell walls indicated 
high microtubular density within uniform and skin regions 
(∼80%) and low microtubular density within the core region 
(∼50%) (Table S2). Notably, the microtubular density is locally 
extreme at the apex of the prickle (∼95%), i.e. close to that of a 
bulk solid.

Nanomechanical characteristics
Nanoindentation measurements on the cell walls yielded the 
indentation modulus (E) and hardness (H) of the microtubular 
arrays at the different material regions within the prickle 
(Fig. 4, Table S2). The results for both E and H are significantly dif
ferent between the uniform, skin, and core regions, and their stat
istical CDFs tightly follow Weibull’s form. The uniform region 
exhibits the highest hardness (H), the skin region exhibits the 
highest modulus (E), and the core region exhibits the lowest nano
mechanical characteristics (both H and E). The ratio H3/E2 of the 
paired E − H nanoindentation data indicates a resistance to con
tact damage (i.e. the onset of contact plasticity (29)); this charac
teristic is relevant here for the uniform and skin regions of the 

Fig. 2. Cross-sectional geometry of the Rosa canina L. prickle. A) µCT image of the prickle with x indicating the location along the ventral edge (left) and 
selected cross-sectional images of the prickle in different locations (right). The cross-sectional shape is oval, with width w(x) and thicknesst(x), 
respectively. Bright regions indicate a high-density material, and the dark regions indicate a low-density material. B) Variations in w(x) and t(x) along the 
top part of the prickle. Shaded areas indicate the range of the datasets, and symbols indicate their medians (n = 5). (*) indicates significant statistical 
differences between the w(x) and t(x) datasets (P < 0.05; Wilcoxon’s rank sum test). C) Variations in w(x) and t(x) along the entire ventral edge of the 
prickle. The median values of w(x) and t(x) follow liner trends throughout the base part of the prickle, i.e. w(x) ∝ αw · (x) and t(x) ∝ αt · (x), where αw = 1.41 
(R2 = 0.99) and αt = 0.68 (R2 = 0.98). D) The structure of the prickle comprises an initial needle-like region of ventral length LNeedle followed by a blade-like 
region of ventral length LBlade (gray shaded rectangle indicates the variability range) (Table S1).
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prickle, which directly sustain the biomechanical loadings. The 
H3/E2 values of the uniform region are significantly higher than 
those of the skin region (Fig. 4C and F). Accordingly, the contact re
sistance of the needle-like part of the prickle is about twice that of 
the blade-like part.

A summary of the hierarchical structure and material 
characteristics of the R. canina prickle is shown in Fig. 5. These re
sults are integrated next into FE simulations to analyze the bio
mechanical load-bearing characteristics at different functional 
states.

Fig. 3. Cross-sectional material of the Rosa canina L. prickle. A) µCT image of the prickle. The green shaded region indicates the uniform region close to the 
tip; the red shaded region and blue shaded regions indicate the skin and core regions of the prickle. LUni and LComp indicate, respectively, the ventral 
lengths of the uniform and the composite cross-sectional regions of the prickle (Table S1). Yellow arrows schematically indicate the local orientations of 
the microtubular arrays within the prickle. SEM images of the microtubular arrays within the uniform (B), skin (C), and core (D) regions of the prickle. 
Cross-sectional µCT images of the microtubular arrays at the uniform (E) and composite (F) cross-sectional regions of the prickle. Yellow arrows indicate 
the local orientation of the microtubular arrays. G) Frontal–sagittal µCT image of the prickle close to the stem. Yellow arrows indicate the local 
orientation of the microtubular arrays at the core, oriented perpendicular to the surface of the stem.

Fig. 4. Nanoindentation results for the cell walls of the prickle. A–C) Bar plots for the indentation modulus (E), indentation hardness (H), and 
contact-damage resistance (H3/E2) of the cell walls within the different material regions of the prickle. The upper and lower edges indicate the upper and 
lower quartiles, and the horizontal lines indicate the medians. The whiskers indicate the dataset range, and the circles indicate the outliers. D–F) 
Statistical representations of the datasets in (A–C) via Weibull’s CDF. E0, H0, and [H3/E2]0 are the corresponding Weibull’s scale parameter, κ are their 
corresponding shape parameters, and R2 are the coefficient of determination to Weibull’s coordinates of each dataset.
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Biomechanical load bearing
The biomechanical load-bearing analysis of the prickle was car
ried out via FE simulations, focusing on its typical functional 
states: (i) puncturing of the prickle into target mediums (herbivory 
defense function) (Fig. 6A), (ii) local hanging of the prickle on sur
rounding objects (growth support function) (Fig. 6B), and (iii) an
choring of the prickle on rough surfaces or tearing through 
target mediums (growth support and herbivory defense functions, 
respectively) (Fig. 6C).

Puncturing
In the puncturing state, the apex of the prickle incorporated a di
rected pressure (i.e. traction) at different orientations (θ) within 
the sagittal plane—spanning between locally parallel ventral 
edge at the tip (θ = 0◦; target penetrating) to locally perpendicular 
to the ventral edge (θ = 90◦; target scratching) (Figs. 6A and 7). The 
FE simulations yielded the von Mises stress and the principal 
tensile stress morphologies within the prickle and indicated their 
local maximal values. The von Mises stresses of the prickle 
(Fig. 7A–B) reach maximal values at the near-tip region (σmax) for 
all orientations, followed by a bending-like stress morphology 
throughout the top part of the prickle with high stresses on the 
ventral and dorsal edges of the prickle. The stress levels gradually 
decrease with the distance from the apex and become minor at 
the base part of the prickle. The orientation of the loading signifi
cantly affects the overall magnitude of the von Mises stress 
morphology and, specifically, of the maximal stress. The stresses 
are the smallest for loadings that are close to a penetration state 
(θ ≈ 0◦), and they progressively increase with θ while exhibiting 
high sensitivity to its variations for combined penetration– 
scratching states (θ ≈ 20◦−60◦). Afterward, the stresses moderate
ly increase with θ and exhibit mild sensitivity to its variations, and 
finally, they reach the highest values for loadings that are close to 
the scratching state (θ ≈ 90◦). The principal tensile stresses 
(Fig. 7C–D) reach maximal values on the ventral edges of the 
prickle, which gradually increase with the loading direction 
from penetration to scratching, similar to the von Mises stress. 
For loadings that are close to a penetration state (θ ≈ 0◦), the max
imal tensile stress is much smaller than the von Mises stress and 

is located distant from the tip. For loadings that involve consider
able scratching (θ ≈ 60◦−90◦), the maximal tensile stresses are 
practically comparable to the von Mises stresses and are located 
close to the tip.

Hanging
In the hanging state, the ventral edge of the prickle incorporated 
local normal pressure at different positions along the top part of 
the prickle (x/Ltop)—resulting in contact-like stresses underneath 
the loading with a local maximum (σmax) that promotes local dam
age to the underlying material (Figs. 6B and 8). These contact-like 
stresses arise within the uniform material when the loading is ap
plied closer to the tip and within the exterior skin when the load
ing is applied on the composite region of the prickle. The 
magnitude of σmax is the highest for near-tip loadings, gradually 
decreases with the loading distance from the tip over a certain re
gion, and remains approximately constant afterward. The trend 
change between increasing-to-constant σmax corresponds to the 
transition between the uniform and the composite regions of 
the prickle (Table S1). Significantly, the two-fold difference be
tween the extreme σmax for near-tip loadings vs. the constant 
σmax for distant loadings corresponds well to the contact resist
ance (i.e. H3/E2) of the underlying microtubular regions (Fig. 8).

Anchoring–tearing
In the anchoring–tearing state, the ventral edge of the prickle in
corporated normal pressure loading spanning from the tip over 
a certain ventral length along the top part of the prickle (l/LTop). 
As the loading length increases, the overall force (F) on the prickle 
increases—resulting in greater stress levels within the prickle that 
span over greater portions of its top and base parts (Fig. 6C). The 
von Mises stresses (Fig. 9B) and the principal stresses (Fig. S1) ex
hibit very similar characteristics that correspond to the classical 
beam theory. For short-range loadings that apply only on the 
needle-like part of the prickle (i.e. l/LTop < 1/2), the maximal stress 
(σmax) arises on the ventral edge close to the end of the loaded re
gion (xmax), and both σmax and xmax increase with the length of 
loading (l/LTop). Significantly, σmax and xmax exhibit trend changes 
when the loading exceeds the needle-to-blade connection site (i.e. 

Fig. 5. Schematic illustration for the hierarchical structure of the R. canina prickle. The uppermost needle-like structure of the prickle includes a uniform, 
high-density microtubular material of high abrasion resistance. The subsequent blade-like structure of the prickle is a skin–core composite. The skin 
comprises a high-density microtubular material of high elastic resistance, and the core is a low-density microtubular material with inferior mechanical 
properties.
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l/LTop ∼ 1/2), beyond which the magnitude and location of the 
maximal stress become approximately constant—even for long- 
range loadings that apply over significant portions of the blade- 
like part (Fig. 9C–D). This maximal stress-locking effect originates 
from the rapid increase in the cross-sectional moment of inertia 
due to the geometrical expansion of the blade-like part, prevent
ing the emergence of significant bending stresses below the 
needle-to-blade connection site. Significantly, the FE results for 
local orientations of the principal stresses within the uniform, 
skin, and core regions of the prickle (Fig. 9E) correspond well to 
the actual microtubular orientations within the prickle (Fig. 3A).

Base widening
The base part of the prickle serves as a bridging region that gradually 
reduces the stresses within the prickle toward its mechanically 
weakened connection site with the stem (Figs. 9 and 10). The stress 
reduction effect is especially pronounced for long-range loadings, 
which yield broad stress morphologies throughout the majority of 
the prickle. To demonstrate the stress reduction effect, we modified 
the FE model with full-length pressure loadings by artificially ex
cluding portions of the base part and observed the stress variations 
at the bottom surface of the model that correspond to the modified 
prickle–stem connection site. In the absence of the base part, the top 
part of the prickle directly connects to the stem, forming a sharp 

geometrical transition, of approximately right angle, between the 
ventral edge of the prickle and the long axis of the stem (Fig. 10A). 
This sharp geometrical transition yields stress intensification effects 
that produce extreme stress values at the prickle–stem connection 
site, which offends the load-bearing efficiency of the prickle and pro
motes its overloading catastrophic failure (i.e. complete traction). 
Notably, sharp transitions in cross-section cause stress concentra
tions is a central result of classical elasticity. The stresses at the con
nection site rapidly decrease, by a power low, while including larger 
portions of the base part (Fig. 10B–C)—both by blunting the prickle– 
stem geometrical transition and by expanding the total area of the 
connection site that decrease its effective force-to-area ratio. 
Notably, the connection stresses diminish by three orders of magni
tude and become practically insignificant for the native prickle (i.e. 
with the whole base part) (Fig. 10D)—securing its weakened connec
tion site with the stem against mechanical failure.

Discussion
The rose prickles belong to a large group of functional epidermal 
appendages located on the stems of various shrubs and even on 
the trunks of some tree species. Despite their miniature sizes 
and minor mass portions, rose prickles provide the shrub signifi
cant functional capabilities—by forming mechanical growth 

Fig. 6. Models for the biomechanical analysis of the R. canina prickle. A) Tip loading represents the puncturing of the prickle into target mediums 
(herbivory defense); B) local ventral loadings represent the leaning of the prickle on surrounding objects (growth support); C) broad ventral loadings 
represent tearing of the prickle throughout target mediums (herbivory defense) or anchoring of the prickle on rough surfaces (growth support). In (A), a 
directed pressure p (i.e. traction) is applied on the apex of the prickle at different orientations (θ) within the sagittal plane of the prickle. In (B), a local 
normal pressure p is applied at different ventral locations (x) along the top part of the prickle (length LTop). In (C), a broad normal pressure p is applied on 
increasing ventral segments (length l), which span from the tip toward the base.
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support for its flexible stems via hanging on neighboring plants or 
anchoring into rough surrounding objects (e.g. rocks) and by de
terring herbivores via puncturing, scratching, and tearing their 
mouthpart tissues. The multiple functions of the rose prickle in
timately link to the overall load-bearing characteristics of its hier
archical structure—originated from the nanomechanical 
characteristics of its cell walls, upscaled through density-induced 
modifications of its microtubular arrays at different regions of the 
prickle, and finalized by graded geometrical characteristics of its 
macroscopic shape.

Failure resistance strategies of rose prickles
The rose prickle incorporates various structural–mechanical 
strategies to promote its failure resistance against diverse func
tional–mechanical loading states. In the puncturing state, the 
minimal stress for loadings close-to-parallel to the tip direction 
indicates that the prickle is primarily adapted to sustain 
penetration-dominant loadings, and its load-to-failure capabil
ities at this state are about two to three times greater than at 

the combined penetration–scratching and the scratching- 
dominant states. Moreover, the persistent near-tip location of 
the maximal stress for all loading states corresponds well to the 
extreme microtubular density at this region, providing the prickle 
with enhanced damage resistance to puncturing loadings. In the 
hanging state, the apparent correlation between the variations 
in the maximal stress and the contact resistance of the underlying 
material indicates a preannounced load-bearing adaptation 
that facilitates the hanging function of the prickle at different ven
tral positions. In the anchoring–tearing state, the maximal 
stress-locking effect promotes the load-bearing efficiency of the 
prickle by allowing it to magnify, and even double, the anchor
ing–tearing forces on target objects without increasing the max
imal stress. Complementarily, the locking effect of the location 
of the maximal stress secures the prickle against catastrophic fail
ures by confining its potential damage to the needle–blade con
nection site—preventing its further propagation within the 
blade-like part or downward to the prickle–stem connection site 
(i.e. blade fracture or prickle traction, respectively). The corres
pondence between the local orientations of the principal stresses 

Fig. 7. FE results for the stresses (σ) of the prickle upon apex loadings (puncturing herbivory defense), showing the von Mises stresses (A–B) and the 
principal tensile stresses (C–D). A, C) Variations in the maximal stress (σmax) within the prickle with the orientation of the tip loading (θ). The whiskers 
indicate the data range, and the symbols indicate the median values. B, D) Stress morphologies within the prickle for selected tip-loading orientations 
(θ = 0◦, 20◦, 60◦, and 90◦). Specifically, θ = 0◦ corresponds to a penetration state with tip loading parallel to the ventral surface at the tip, and θ = 90◦

corresponds to a scratching state with tip loading perpendicular to the ventral surface at the tip. The results are scaled by the applied pressure (p).
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and the material anisotropy by the microtubular orientations 
gives rise to toughening mechanisms that resist mechanical fail
ure within the bulk prickle, which is in line with previous 

experimental observations that failure typically occurs at the 
basal region below the prickle—either in the vicinity of the cork 
layer or within the stem tissue. Such basal failure is further 

Fig. 8. FE results for the stresses (σ, von Mises) of the prickle upon local ventral loadings (hanging growth support). A) Variations in the maximal stress 
(σmax) underlying the pressure region with the relative loading location along the top part of the prickle (x/LTop). The results are scaled by the applied 
pressure (p; left vertical axis). The whiskers indicate the data range, and the symbols indicate the median values. The green and red shaded regions refer 
to the interquartile range of the resistance to contact damage (H3/E2; right vertical axis) of the uniform and skin regions of the prickle, respectively. B) 
Representative stress morphologies within the prickle for local ventral loadings on the uniform region closer to the tip (top) and on the composite region 
closer to the base (bottom). Left panels: exterior stress morphologies of the prickle. Right panels: interior stress morphologies within the sagittal plane of 
the prickle; the uniform, skin, and core materials are indicated. The results are scaled by the maximal stress in each loading state.

Fig. 9. FE results for the stresses (σ) of the prickle upon broad ventral loadings (anchoring growth support or tearing herbivory defense). A) Variations in 
the overall force on the prickle (F) for increasing the ventral length of the pressure (l/LTop), scaled by the maximal force for full-length pressure loading, 
Fmax = F(l/LTop = 1). B) von Mises stress morphologies within the prickle for selected pressure lengths; (i) l/LTop = 0.15, (ii) l/LTop = 0.35, (iii) l/LTop = 0.6, and 
(iv) l/LTop = 0.8. The results are scaled by the applied pressure (p). The corresponding σmax and xmax values for these cases are indicated in panels (C–D). C) 
Variations in the maximal stress within the prickle (σmax) while increasing the ventral length of the applied pressure (l/LTop). The results are scaled by the 
applied pressure (p). D) Variations in the location of the maximal stress (xmax) while increasing the length of the applied pressure (l/LTop). The blue arrows 
indicate the ventral locations of the needle-like and the blade-like regions of the prickle. E) FE results for the local orientation of the dominating principal 
stresses (red—tension or blue—compression) within the sagittal plane of the prickle of the prickle; the white dashed line encloses the core region. The 
magnitudes of these principal stresses are shown in Fig. S1.
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detained by the gradual base widening of the prickle, which pre
vents the emergence of stress concentrations due to sharp geo
metrical transitions between the prickle and the stem.

Links between rose prickles and other 
load-bearing biomechanical elements
The basic nanomechanical characteristics (E and H) of the cell walls 
comprising the rose prickle correspond well to those of plant tissues 
of pronounced mechanical roles (secondary xylem, sclerenchyma, 
and collenchyma), present in diverse types of load-bearing plant 
parts, including various of woods (30–33), nutshells (34), leaves 
(35), and winged seeds (36). The nanomechanical contact resistance 
(H3/E2) of the rose prickle is equivalent to nonplant biological mate
rials that are functionally adapted to sustain contact loadings, in
cluding crab claws, squid beaks, spider claws, and fangs (37)—and, 
quite strikingly, exceeds that of most engineering steels and alloys 
(38). To the best of our knowledge, the contact resistance character
istic is firstly framed here in the context of plant biomechanics and, 
presumably, plays a significant role in other plant parts that sustain 
direct-contact loadings—both related to defense and growth func
tions (e.g. branch thorns, leaf spines, and fruit hooks) (39–41) and 
to shielding functions (fruit walls and seed shells) (34, 42, 43).

The high-density uniform and skin regions of the prickle effect
ively upscale the nanomechanical characteristics of their micro
tubular arrays into the material level—forming mechanically 
enhanced functional regions. The uniform region equips the 
prickle with a hard and contact-resistant tip that facilitates its 
puncturing capabilities into target mediums by generating stress 
concentrations and micro-damage effects that reduce their over
all work-to-puncture (44–48). The exterior skin region equips the 
prickle with a stiff and hard coating that sustains its direct and in
direct mechanical loadings, transmits their resultant stresses to
ward the stem, and promotes the overall structural resistance of 
the prickle to flexural deformations (49). Notably, the 
density-induced modifications of the rose prickle are analogous 
to chemical-induced and compositional-induced modifications 
found in various other nonplant biomechanical elements, e.g. 
metal-ion deposition that modifies the cutting edges of arthropod 
cuticular tools and marine worm jaws, and chitin content and 
alignment modification that reinforces the exocuticle parts of spi
der fangs and claws, and scorpion pincers (50–55).

The gradual morphological changes in the geometrical shape of 
the prickle form three distinct structural parts that fulfill different 
mechanical functions. The uppermost, puncturing, needle-like 
part of the prickle includes a semi-circular, slightly expanding 
cross-sectional shape that facilitates its puncturing efficiency by 

decreasing frictional loss (48, 56), enhancing its buckling stability 
(57, 58), and confining its puncturing stress-to-failure to the apex 
region (22, 59). Contrary to injection-related biomechanical ele
ments that typically preserve their expanding semi-circular 
shapes throughout most of their structures (e.g. stingers, fangs, 
and spines (49, 58, 60–62)), the rose prickle breaks its axisymmet
ric expansion after a certain distance from the tip—modifying its 
remaining underlying into a flattened blade-like part that corre
sponds to miniature anchoring tools (e.g. insect claws, ant mandi
bles, and radular teeth (55, 63–65)). The oval cross-sectional 
expansion of the blade-like part facilitates the flexural rigidity of 
the prickle parallel to the stem axis, eliminates the evolution of 
significant bending stresses far from the tip, and confines the ex
treme stress states within the prickle to its near-tip region, which 
does not exceed the needle–blade connection site (49, 59). The fi
nal geometrical modification arises at the base part of the prickle, 
in which all cross-sections lay parallel to the stem axis, and their 
oval shapes exhibit pronounced aspect ratios that rapidly expand 
toward the connection site of the prickle with the stem. While 
such basal modification is typically absent in nonplant biomech
anical elements (or very minimal, e.g. in some snake fangs (22, 
62)), its presence is very dominant in rose prickles and apparently 
in various other plant anchoring elements (e.g. spines, thorns, tri
chomes, and fruit hooks) (5, 39, 40, 66). Evidently, the base part 
plays a significant role in protecting the weakened connection 
site of the prickle with the stem, thus securing the prickle against 
catastrophic traction failure.

Macroscopically, the stress morphologies within the prickle 
and the local orientation of the principal stresses closely follow 
the classical beam theory. This observation allows approaching 
the mechanical behavior of rose prickles and other sharp-edge 
biomechanical tools via analytical modeling tools of structural 
composites (67). Such models would possibly provide new insights 
into stress-to-failure characteristics of diverse forms of biomech
anical tools and disclose other load-bearing aspects, such as 
graded deformation patterns, optimal structural stiffness, and 
puncture mechanics (68, 69), which may play critical roles in their 
functional capabilities.

Conclusions
The natural design principles of the rose prickle as a natural, 
plant-form anchoring tool demonstrate complementary struc
tural and material adaptations that promote its load-bearing cap
abilities for multiple biomechanical functions. These design 
principles may open new horizons for developing advanced 

Fig. 10. FE results for the stresses (σ, von Mises) of the prickle upon broad ventral loadings with different base portions. A) Top part only; B–C) top part 
with 1/3 and 2/3 base portions; and D) top part with the entire base part. The results are presented on a logarithmic scale.
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engineering forms for miniature anchoring platforms for diverse 
applications (70–73).
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