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Abstract 31 

Before humans and allegedly any animal group, spiders developed “functionally graded 32 
toothed blades" that cut one of the toughest biological materials: silk. Here, we reveal 33 
the importance of micro-structured serrations in spiders’ fangs that allow these animals 34 
to cut silk and artificial high-performance fibres, such as carbon or Kevlar®. The 35 
importance of serrations revolves around the stress concentration at the interface 36 
between the fang and the fibres, resulting in a cutting efficiency superior to that of a 37 
razor blade. This efficiency is high also for fibres with different diameters like silk, 38 
because of the serration grading that allows a smart positioning of the fibre in the optimal 39 
cutting condition. We propose that when the silk fibre is grasped by the fang, it slides 40 
along the serrated edge till it gets locked in the serration with a comparable size, where 41 
the load to cut is minimal. Our results provide a new perspective on cutting mechanisms 42 
and set the roots for spider fang-inspired cutting tools.  43 

 44 
Introduction 45 
 46 
Pushed by the challenges imposed by nature, many animals have efficiently solved 47 
biological tasks by coupling fascinating morphological traits and behaviours. Among the 48 
creatures that inspire researchers, spiders sit in a bright spot. They are capable of 49 
efficiently detecting imperceptible air flows and vibrations to locate prey or a mate1, from 50 
which some males can efficiently flee and avoid cannibalism using a catapult action that 51 
accelerates them up to 51g2. But above all, spiders are masters in spinning and weaving 52 
silks, gaining a special position in the minds of the intellectuals of every epoch3. Spiders 53 
can produce and spin several types of silk, which present different mechanical 54 
properties4. In particular, the strength and toughness of major ampullate silk, which 55 
outranks many natural and artificial fibres, have allowed these animals to fly to conquer 56 
many natural habitats and build robust orb webs5. In these, spiders outsource their 57 
acoustic sensors expanding their sound-sensitive surface area by about 10000 times6. 58 
Moreover, the capability of major ampullate silk to store elastic energy has allowed 59 
spiders to achieve performance otherwise impossible by using only their muscles. 60 
Recent works revealed how spiders can accelerate their body up to 80g7 and lift prey 61 
1000 times their body mass8,9. This very last work describes the interaction between the 62 
animals and the web, made of complex and disorganized networks of tough silk threads, 63 
which were promptly removed by the spider, if felt as impediments, by grasping them 64 
with the fangs and cutting. 65 
The capacity to cut and handle silk lines is fundamental for spiders, especially for those 66 
that build webs10. Nonetheless, the cutting mechanism has yet to receive much 67 
attention. Many authors have limited themselves in observing that the silk lines are 68 
brought into the vicinity of the mouth and broken up11. Some authors propose that 69 
special digestive enzymes could be involved in the cutting process due to the 70 
impossibility of fangs to act like scissors10,12–14. This intuition agrees with what is 71 
commonly observed in orb weavers that ingest parts of their webs without apparent 72 
strong mechanical action of the mouth apparatus10. The movements and the morphology 73 
of the fangs themselves are not similar to those of scissors or snipping tools.  74 
Nevertheless, spiders possess a tool, which has been surprisingly overlooked, that may 75 
be involved in the cutting of the silk lines, and that can justify alone an exclusive 76 
mechanical action: the micro-graded serration on the fangs. Interestingly, this particular 77 
trait of spiders has been repetitively observed in many families, but it has never been 78 
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associated with a specific function15, even though Foelix16 and Peters17 hypothesized its 79 
involvement in cutting silk lines.  80 
Serration on fangs and teeth is not only a spider's peculiarity but is also a distinctive 81 
characteristic of other animals, such as dinosaurs18, crocodiles19, and sharks20. Because 82 
of their mechanical efficiency, serrated blades, scissors, knives and swords were 83 
introduced by humans at the end of the XIX century to cut different materials (e.g. wood, 84 
steel) and food (e.g. bread, steaks). In particular, the serration in a blade is essential to 85 
efficiently cut compliant materials (such as silk), since a serrated edge can easily push 86 
its scallops into the material minimizing the required normal force21.  87 
Thus, to be an effective tool for cutting silk, the micro-serration on spiders’ fangs should 88 
drastically reduce the force and time required to cut fibres, thus avoiding the need for 89 
gastric enzymes to break down silk. 90 
In this work, different experimental techniques, including custom-made micromechanical 91 
and behavioural experiments, are combined with knowledge of the underlying 92 
mechanics and functional anatomy of spiders to understand the role of serration in the 93 
cutting process. Moreover, to better reveal and understand cutting mechanics and 94 
exclude the involvements of enzymes, we challenged the spiders to cut not only silk 95 
fibres, but also other high-performance materials, such as carbon or Kevlar® fibres. 96 
Finally, finite element (FE) simulations were performed and an analytical model was 97 
developed to prove the mechanical efficiency of graded serration in reducing the 98 
required force to cut a fibre.  99 
Our findings lead us to propose the following cutting mechanism. The silk fibre is 100 
grasped by a fang, causing it to slide along the serrated edge of the fang until it 101 
becomes locked and then broken down in a serration of similar size. 102 
In summary, spiders can cut silk mechanically with their serrated fangs. It is no surprise 103 
that we found such a trait in 48 araneomorph families that produce major ampullate silk 104 
and thus benefit from a tool to handle such an extreme fibre. By explaining how spiders 105 
cut, we reveal a basic engineering principle that can inspire the design of highly efficient 106 
cutting tools. 107 
 108 
Results and Discussion 109 
 110 
In previous work, we documented Steatoda spp. spiders hunting larger prey by lifting using 111 
pre-tensioned silk lines8,9. When the spider is lifting the prey, the dense tangle of silk 112 
threads should impede its movements, reducing the efficiency of the process. However, 113 
this does not happen since the spider is able to cut the silk lines promptly. This cutting is 114 
demonstrated and recorded through a high-resolution, high-speed camera, showing how 115 
spiders can cut silk threads in less than 0.1 s (Fig. 1, Supporting Video S1). The claws 116 
bring the wire close to the mouth, and the fangs open with their tips facing the thread and 117 
grab it; after which the thread seems to slide on the fang and  breaks down. The observed 118 
timing and phenomenology agree with what has already been documented in the 119 
literature10–13. The difficulties of having this phenomenon recorded at high magnification 120 
(for example, by using a microscope) handicaps its understanding, making it hard to state 121 
if some chemical action is involved.  122 
For these reasons, to better understand the cutting mechanism, spiders should be forced 123 
to cut different fibres in terms of materials and diameters. In this sense, Kevlar® and carbon 124 
fibres are the best candidates since they are considered among the strongest and 125 
toughest artificial fibres. Moreover, these fibres are resistant to enzymes and chemical 126 
attacks, which is important to understand if a chemical action is involved in spider cutting. 127 
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Thus, man-crafted orb webs in Kevlar® were used to induce spider cutting (Fig. S1a,b) by 128 
inserting the animal in a terrarium with these artificial webs.  129 
During the night, spiders were recorded cutting and destroying the Kevlar® threads in order 130 
to build their silk-web (Fig. S1c,d; Fig. S2a,b). In particular, the animals followed the usual 131 
process to build orb webs. First, they spun the frames of the silk structures10. Then, they 132 
removed the key structural threads in the artificial webs (Fig. S2,c). In contrast to what 133 
happens with silk, cutting the artificial fibers proved challenging for the spiders. Unlike silk, 134 
where threads are typically cut in a fraction of a second, the artificial threads required 135 
considerable effort to cut, >>10 s, likely involving the application of shear forces through 136 
fang movements (Supporting Video S2).  (Supporting Video S2). Eventually, the artificial 137 
fibres were cut (Supporting Video S3), and the spiders constructed their web, using the 138 
leftovers of the artificial one as support (Fig. S2d,e). 139 
At the same time, some other spiders were allowed to build the web in some supports 140 
where no artificial web was present. Then, some radial and spiral threads were removed 141 
and substituted with carbon fibres to stimulate spiders to also cut these artificial fibres. In 142 
a similar way to what has been described before, the animals removed the carbon fibres 143 
in the modified webs and promptly placed them at the edge of the webs. Then the animals 144 
filled the empty spaces with silk lines (Fig. S3).  145 
After being cut by the spiders, the fibres’ cutting surfaces were observed with Scanning 146 
Electron Microscopy. Interestingly, the fracture surfaces of the silk and carbon fibres cut 147 
by the spiders (Fig. S4a,b) were similar to those broken artificially using scissors or tensile 148 
tests (Fig. S5a-c). Conversely, in the case of Kevlar® fibres, an exhausted, and plasticized 149 
fracture surface was observed (Figs. S4c and S6). Plus, the fibres presented micro-150 
damages along their length, suggesting that the spider did not cut easily the fibre (Fig. 151 
S4d).  152 
Strong mechanical actions imply powerful muscles in the chelicerae apparatus to exert 153 
the load necessary to cut such challenging fibres. Since the force exerted by a muscle is 154 
proportional to its section, we can consider the muscles of the fang (with the smaller 155 
volume) to be the limiting factor of the paw-fang-paw system of constraint. To investigate 156 
the biomechanics of the fang and estimate the maximum force sustainable (Fs) by the 157 
muscles of the fangs in the closed position, we performed 3D μ-tomography. The results 158 
are depicted in Fig. S7 and Supplementary Video 4, which show that there is no separation 159 
between the fang and exoskeleton, which are connected through two flexible thickenings 160 
of the shell that determine the rotation axis. Five muscles can be identified, four flexors 161 
(white, red, violet and pink) and one extensor (blue). The tendons are anchored to the 162 
protrusions at the base of the fang.  163 
It is very challenging to quantify the biomechanical muscle capabilities of spiders and to 164 
evaluate the forces acting on the fang apparatus22, but a simplified calculation could still 165 
be conducted. Based on the geometrical parameters obtained from these 3D models (see 166 
Supplementary Section S1, Table S13), and considering the values of specific tension 167 
(force divided by the physiological cross-sectional area) of muscles of some arachnids 168 
obtained from literature23,24, a force Fs between 17 and 27 mN has been estimated, which 169 
is enough to justify a pure mechanical action in silk cutting. Such a value is comparable 170 
with the biting forces of common insects and spiders of similar size25–27.  171 
However, from the behavioural experiments, we observed that (i) the estimated force that 172 
a single fang can exert may not be enough to cut fibres such as Kevlar® or carbon and (ii) 173 
the transversal displacement applied to the silk thread is small (see Supporting Video 1). 174 
Thus, spiders should own other structural features that enhance their cutting efficiency, 175 
thus reducing both the maximal force and displacement required to break the fibres. To 176 
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understand this, two kinds of experiments were performed on natural (silk) and artificial 177 
(Kevlar® and carbon) fibres (Fig. 2). The first type of experiment is a standard tensile test. 178 
These tests provided us with the mechanical properties of tested materials (Fig. S7, 179 
Tables S1-S3), as well as their average failure loads (Fig. 2e-g, left bars). The second 180 
type of experiment was performed using a customised micromechanical experimental 181 
setup designed to mimic the spider's cutting process. Such setup resembles a sort of 3-182 
points test that hereafter we call a “cutting experiment” (see Materials and Methods 183 
section). Through these experiments, we estimated the fibres breaking load (Fig. 2e-g, 184 
middle and right bars), and the corresponding deflection angles (or displacement) at 185 
break. With these quantities, it was possible to calculate the stress arising within the fibres 186 
(Fig. S10, and S11; Tables S4-S12). 187 
The results presented in Fig. 2e-g show that the fangs are significantly more efficient than 188 
a razor blade in cutting the fibres. This difference can be ascribed to the presence of a 189 
micro-serration on the fang since the radii of curvature of the razor blade and fang are 190 
similar. Indeed, the presence or the absence of a micro-serration is the main difference 191 
between the fang and the razor blade, respectively (Fig. S8). This fact implies that spiders 192 
are favoured by owning serrated fangs when cutting silk is required, in agreement with 193 
what was proposed by Peters17 and Foelix16. Furthermore, from Fig. 2e-g it is clear that 194 
the maximal force that spiders can exert, highlighted with a red band in the graphs, is 195 
enough to mechanically cut both carbon and silk fibres, but apparently not to cut Kevlar®.   196 
Contrary to what happens for crocodiles, sharks, and Tyrannosaurus18–20, spider fang 197 
serration is not homogeneously spaced (Fig. S12). Although the mechanical response of 198 
the fibre to such serration depends on its geometry (see later), the previously presented 199 
micromechanical customized setup cannot precisely control the relative position of the 200 
fibre with respect to the serration (Fig. S13). This explains why the average values of 201 
cutting forces obtained with the mechanical tests are still too high to fully justify the 202 
mechanical cutting of Kevlar® fibres by spiders, given the limitation on the maximum force 203 
that fang muscles can exert. However, note that multiple cuttings remain a plausible option 204 
for the spider. 205 
Systematic numerical simulations were performed to better understand the silk cutting 206 
mechanism adopted by spiders and the role played by serrations (see Materials and 207 
Methods section for further details). Fig. 3 highlights the pivotal role of serrations in the 208 
cutting process. When a fibre is pressed onto the fang, stress concentration is induced by 209 
the two bulges at the top of the serration (Fig. 3a-b). This stress concentration initiates 210 
crack propagation, leading to the failure of the fibre. The numerical simulation results (Fig. 211 
S14) illustrate the impact of serrations on the cutting process. By subjecting the fibre 212 
pressed on the serrated fang to a consistent transversal displacement of 0.50 mm, the 213 
area within the fibre experiencing von-Mises stress exceeding 326 MPa, i.e., strength 214 
obtained from tensile tests (Table S1), is maximized in cases a/R~1. It is noteworthy that 215 
in scenarios when a/R>>1 no point within the fibre surpasses 326 MPa. To further 216 
investigate the role of serration in silk cutting, we have fixed the area where the von-Mises 217 
stress is higher than 326 MPa and we measure the load necessary to achieve this value. 218 
The results (Table S14) indicate that the load required to break the fibre is reduced by 219 
80% when a/R=0.96. These results strongly suggest that the optimal cutting condition is 220 
the one when the fibre and the serration have comparable dimensions. 221 
In addition to numerical simulations, cutting mechanics can also be interpreted and 222 
explained with an analytical model (see section S2, Fig. S15). This considers how the 223 
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serration, friction, and pretension applied by the spider on the fibre modulate cutting 224 
efficiency, here defined as 225 

𝐶𝑢𝑡𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 −
𝑃𝑆𝑇

𝑃0
= (1 −

𝜎𝑇
2

𝜎𝑐
2)

3
2

(√1 − (
𝑎

𝑅
)

2

+ 𝜇
𝑎

𝑅
)  (1) 226 

where PST is the load to cut the fibre with serration (PS if only with the serration) and a pre-227 
tension (PT if only with the pre-tension) and P0 is the critical load necessary to cut the fibre 228 
in the absence of serration and pre-tension, here defined as control condition of negligible 229 
cutting efficiency. The critical stress 𝜎𝑐 and the pre-tension stress 𝜎𝑇 are defined in 230 
supplementary section S2. If the cutting efficiency is positive the cutting is aided, by either 231 
the serration or the pre-tension. The effect of serration is ruled by the ratio a/R and by the 232 
friction coefficient 𝜇 between the fang and the fibre. If cutting efficiency is negative, it 233 
means that the load required to cut the fibre is higher than P0, meaning that the condition 234 
is disadvantageous for cutting. The results predicted from the theoretical model are 235 
depicted in Fig. 4 (see supplementary section S2 for more details on the construction of 236 
the model) and have been obtained using the experimental data reported in this work. 237 
From Figure 4a is clear that the condition necessary to have an optimal cutting due to 238 
serration is a/R close to 1. In particular, for μ=0.3, 0.5 the load to break the fibre in the 239 
presence of serration is reduced by a factor of 56%, and 36% respectively. In general, 240 
serration has a positive effect on cutting when a/R>0.54 for μ=0.3 or a/R>0.8 for μ=0.5, 241 
suggesting that the lower the friction the sooner and the higher the positive effect of 242 
serration. Additional aid in cutting silk lines may be provided by additional tension in the 243 
fibres induced by the spiders by pulling with the legs the threads28, as it is commonly found 244 
in cutting-leaf ants that prior to the cutting stiffens the leaves by means of vibrations29. 245 
Figure 4b shows the effect of pre-tension on cutting efficiency, and it is clear that having 246 
a pre-tension on the fibre always positively affects cutting efficiency. In particular, when 247 
𝜎𝑇

𝜎𝑐
=

1

2
 the cutting efficiency is about 40%. A combined effect of pre-tension and serration 248 

is displayed in Figure 4c, from which with a ratio a/R=0.84 we obtain a cutting efficiency 249 
of 30% in the absence of pre-tension, which can raise up to 50% by applying a pre-tension 250 

of 
𝜎𝑇

𝜎𝑐
 = 0.45. Overall, the analytical model aligns well with the numerical simulations’ 251 

results, i.e., the optimal cutting condition is achieved when the fibre and the serration have 252 
comparable size.  253 
The cutting phenomenon cannot be visualized in focus using light microscopy, which 254 
underscores the importance of the proposed model (SS2) and the numerical simulations 255 
in providing a potential explanation. We propose that the cutting is achieved by smart 256 
positioning the fibre to be cut along the serrated edge of the fang. Thanks to the graded 257 
serration of the spider fang and its curvature, the optimal cutting condition could be 258 
achieved just by the fibre sliding on the fang (Figure 4d,e). Thus, during cutting, the fang 259 
grasps the fibre that slides on the different serrated edges till it gets locked in the one with 260 
comparable size and thus where the cutting load is nearly minimal. This means that the 261 
presence of a functionally graded spacing between subsequent serrations (contrary to 262 
other animals18,19,21) permits the cutting of multiple fibres with different dimensions (such 263 
as those found in the silk threads spun by spiders). Both these aspects imply that serration 264 
is an advantageous trait for spiders and should be commonly found in these animals.  265 
A closer look at the literature data and original data  indicates that serration  has been 266 
observed in 48 araneomorph families and at least three mygalomorph families30 (Figs. 267 
S16-17, supplementary data sheet). This means that the serration may have played a 268 
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function even in the absence of major ampullate silk (e.g. aiding the chewing and 269 
smashing of prey). Thus, the role of serration in cutting the tough major ampullate silk may 270 
have been later acquired in Araneomorphae31.  271 
The results reported in this article highlight that the sole mechanical action produced by 272 
spiders with their serrated fangs could be enough for cutting silk, carbon and even Kevlar® 273 
fibres. Enzymes and gastric fluids may play a role in cutting mechanics, as suggested by 274 
Eberhard14, though this does not rule out the mechanical involvement of fang serrations. 275 
Spider gastric fluids, while typically unable to rapidly dissolve major ampullate silk, are 276 
unlikely to solely induce fast cutting observed (~0.1 s)32,33. Additionally, such chemical 277 
action would not significantly affect Kevlar® and carbon fibers, which spiders also cut. 278 
Thus, it remains possible that chemical enzymes weaken the fibres, but it is sure that the 279 
mechanical action that cuts them, as here demonstrated.  280 
Finally, Fig. 2 clearly demonstrates that serrated blades are more effective than non-281 
serrated blades in cutting high-performance fibres like Kevlar® and carbon. With the 282 
ongoing advancement of high-performance fibres that exhibit toughness and strength 283 
comparable to native silk34–36, we believe our findings offer valuable insights and lay the 284 
foundation for the development of spider fang-inspired cutting tools designed to efficiently 285 
cut fibres of varying diameters. 286 
 287 
Conclusions 288 
 289 
Our understanding of the mechanisms that occur in nature is challenged by the 290 
complexity of the systems involved and technical limitations. Among the most captivating 291 
and understudied natural phenomena, the cutting of silk lines performed by spiders 292 
keeps awake the minds of both arachnologists and engineers. This work shows that 293 
spiders are efficiently capable of mechanically cutting silk and other highly performant 294 
artificial fibres, such as carbon and Kevlar® fibres. These were selected to challenge the 295 
spiders and to better reveal and explain the cutting mechanism. By combining 296 
experimental, theoretical, numerical and biological approaches, we provide evidence 297 
that the cutting of silk lines is mechanically possible due to the presence of functionally 298 
graded fang serrations that could also allow fibre smart positioning before optimal 299 
cutting. Although this does not exclude the involvement of gastric enzymes in this 300 
phenomenon, it surely gives a solid reason for the pervasive distribution of fang serration 301 
among spiders. Here, we suggest that such a micro-structured serration has secondarily 302 
acquired a cutting function as a morphological tool to optimize cutting mechanics by 303 
reducing the forces necessary to break up silk fibres.     304 
 305 
 306 
Materials and Methods 307 
 308 
Spiders and silk extraction 309 
The spiders under study are the common orb-weaver Nuctenea umbratica (for the 310 
interaction with artificial webs) and the tangle web spider Steatoda triangulosa (for the 311 
interaction with the natural web). Adult specimens were collected around the campus in 312 
Trento (Italy) and used in the cutting experiments. The silk was forcibly extracted from N. 313 
umbratica at ~1 cm/s. Nuctenea umbratica was selected because it is known to build orb 314 
webs in captivity under certain environmental conditions, i.e. the presence of at least 315 
three rigid stick-like supports. Man-crafted orb webs in Kevlar® were built using 316 
polystyrene supports (Figure S1a,b) to induce spiders to cut artificial fibres. The spiders 317 
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were then let inside the cage and monitored with a nocturnal vision camera during the 318 
night. At the same time, some other spiders were allowed to build the web in some 319 
supports where no artificial web was present. Then, some radial and spiral threads were 320 
removed and substituted with carbon fibres to stimulate spiders to cut these artificial 321 
fibres. In the case of experiments on spiders, according to Italian regulations on animal 322 
protection and EU Directive 2010/63/EU for animal experiments, we are not required to 323 
obtain ethical approval. 324 
 325 
Artificial spider webs 326 
The artificial orb webs were produced with the support of a styrofoam base, from which 8 327 
pillars were placed to elevate the web from the plane. Kevlar® Technora T240_440dtex 328 
(Teijin) and Carbon C T24-5.0/270-E100 (SGL) fibres were used to create the main 329 
frame and the spirals. Then, the artificial fibres were glued on the frame by Super Attack 330 
glue droplets.  331 
 332 
High-speed video 333 
A Sony PXW-FS5 equipped with Nikon AF Zoom-Micro-Nikkor 70–180 mm f/4.5–5.6 D 334 
ED lens was used to record high-speed cutting videos. These movies were recorded at a 335 
frame rate of 240 fps (24p). 336 
 337 
Cutting experiments with spiders 338 
In a glass terrarium (30x30x40 cm3) the artificial orb web structures were placed and 339 
subsequentially a small refuge was created using rolled paper. This was placed in a high 340 
corner of the cage, to provide to the spider during the day. The spider was then placed in 341 
the terrarium and recorded at night with the support of a high-resolution Sony Camera 342 
with night visual (Sony FDR-AX700 4K).    343 
 344 
Scanning electron microscopy (SEM) 345 
We used a FE-SEM Zeiss Supra-40/40VP to perform SEM microscopy. The samples 346 
were coated by using a Quorum machine T150 with the Pt/Pd 80:20 program in a 347 
reduced argon atmosphere. SEM images were used to measure serration spacing c 348 
used to define the initial crack length a in Equation (1) and reported in Figure S5 (right). 349 
Such values were evaluated by computing the averages and the standard deviation of 350 
several measurements conducted on different specimens.  351 
 352 
Mechanical tests 353 
Two kinds of experiments were performed on natural and artificial fibres. Such 354 
experiments were performed using two loading frame machines: a nano-tensile Agilent 355 
UTM T150 and a mu-strain by Messphysic. The use of two different machines was 356 
dictated by (i) the expected loads to be applied to break the different fibres (i.e. higher 357 
load for Kevlar®) and (ii) space constraints. For instance, the needle-cutting experiments 358 
were impossible with the nano-tensile machine since there was insufficient space to 359 
mount the razor blade on its upper grip. Before the execution of the experiments 360 
reported in this article, preliminary tests were performed with both machines to verify the 361 
correspondence of the collected results. In both experiments, the samples were 362 
prepared as follows. Paper frames were obtained by cutting a square window (10x10 363 
mm2) and placing double-sided tape to attach the fibres. For spider silk, no extra glue 364 
was necessary, whereas, for carbon and Kevlar® fibres, we also used super glue to fix 365 
the fibres better. In all the cases, the fibres were mounted with a bit of slack to ensure 366 
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minimal pre-stress. The diameter of the fibres (used to calculate the cross-sectional area 367 
and thus the stress) was measured before the experiments with the support of an optical 368 
microscope at five points for each fibre and then averaged. The results are reported in 369 
supplementary tables S1-10. 370 
 371 
Tensile experiments. These experiments were performed to estimate the mechanical 372 
properties of the fibres. We used the nanotensile machine to test silk and carbon fibres, 373 
while a mu-strain (by Messphysic) to test Kevlar® fibres. The imposed test speed 374 
(displacement gauge machines) was 6 mm/min in all the mechanical tests. The nominal 375 
stress and strain were calculated, respectively, by dividing the force by the initial cross-376 
sectional area and the imposed displacement by the initial gauge length (taking into 377 
account the slack before the initial loading). Young’s modulus was obtained by linear 378 
fitting of the initial linear elastic region of the stress-strain curve, strength as maximal 379 
stress, ultimate strain as maximal stain and toughness modulus as the area under the 380 
nominal stress and strain curve. 381 
 382 
Cutting experiments. These experiments were specifically designed to mimic the cutting 383 
mechanism used by spiders. The test is a sort of 3-points test, where the fibres are fixed 384 
at their ends and loaded transversally with the loading machine. The setup consisted of 385 
a loading frame machine (Figure 3a) whose upper grip, the one connected with the load 386 
cell, holds different cutting elements. These were a needle (0.2 mm diameter, Figure 387 
3b), a razor blade (Surgical Scalpel blade #10, Figure 3c), and a spider fang (glued on a 388 
steel support, Figure 3d) from an adult specimen of Nuctenea umbratica. For the fang, in 389 
particular, we ensured that the serration was pointing upwards against the fibre. The 390 
needle was selected to have a diameter comparable to the middle part of the fang. The 391 
razor blade was selected to have a cutting edge as sharp as the one of the spider fangs 392 
(curvature radius 3.5 μm, Figure S8), with the sole main difference of not having a 393 
serration. These experiments were performed for the major ampullate silk of an adult 394 
Nuctenea umbratica, carbon fibres and Kevlar® fibres. During the execution of the 395 
experiments, the machine applied a strain (test speed of 6 mm/min) and recorded the 396 
applied load until the failure of the fibres. We used the nanotensile machine to perform 397 
the cutting tests with the needle and the fang on silk and carbon fibres. We used the mu-398 
strain to test (i) silk and carbon fibres with the razor blade and (ii) Kevlar® fibres with all 399 
three different cutting elements. The cutting loads estimated using the three different 400 
cutting elements (needle, razor blade, and fang) were compared to those obtained via 401 
standard tensile test (4 types of test in total).  402 
 403 
Tomography of the teeth 404 
We undertook microtomographic imaging of the spider fangs in the TOMCAT beamline 405 
of the Swiss Light Source37. The used energy was 21 keV, and the distance detector-406 
spider was 20 cm. This was euthanized in alcohol at 70% and kept in a vial to guarantee 407 
adequate contrast. The images were pre-elaborated with ImageJ software38 using the 408 
plug-in “WEKA trainable segmentation” to classify the grey-scale images into different 409 
classes. The segmentation and the 3D volumes were measured with the support of 410 
3DSlicer, with which all the volume images were produced39.  411 
 412 
Simulations 413 
We performed systematic Abaqus (Static, General) simulations to investigate the role 414 
played by the functionally graded serration in the cutting mechanism adopted by spiders. 415 
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The silk fibers were modelled as 3D elements with Young’s modulus and diameter, 416 
respectively, E=7 GPa and d=3.33 μm. Six different simulations were performed, one for 417 
each of the serration spacing c={1.6, 3.292, 4.782, 6.012, 8.643, 9.514} μm (Figure 418 
S12). The radius of curvature of the contact region r and the distance between the 419 
contact points (2a) are assumed to be r=0.25*c. To reduce computational costs, we 420 
divided the fibres into two main regions to have a finer mesh only where necessary. The 421 
two parts were joined together using a tie constraint. In the external regions, we used a 422 
coarser mesh made of C3D10 elements (10-node quadratic tetrahedron) with a 423 
maximum size of 0.5. Conversely, the central region was discretized by a much finer 424 
mesh made of C3D10 elements (10-node quadratic tetrahedron) with a maximum size of 425 
0.035. The refinement in the central region is essential in correctly estimating the stress 426 
concentration arising at the contact region between the fiber and the fang. A mesh-427 
sensitive study was performed to estimate the optimal mesh sizes that led to mesh-428 
independent results. 429 
To better compare the real experiments, we tried to replicate the actual fang using the 430 
SEM images as a template. Such 3D objects were realized parametrically in SolidWorks 431 
and then imported into Abaqus for running the simulations. Since the geometry of the 432 
serration fangs used in the simulation is an approximation of the real geometry, the 433 
simulation results provide just an indication of the stress concentration induced by 434 
serrations in the fibers. The final results are shown in Figure 3 and Table S14. The fangs 435 
were modelled as 3D elements with Young’s modulus E=10 GPa40–42 and meshed with 436 
C3D4 elements (4-node linear tetrahedron). To obtain reasonable results and to avoid 437 
convergence issues, we reduced the mesh size to 0.01 in the vicinity of the serration, 438 
namely in the area where contact with the fibers happens.   439 
The contact fiber-fang was modelled using a surface-to-surface frictional algorithm 440 
(friction coefficient 0.3). We have assigned the master and the slave roles to the fang 441 
and the fiber surfaces, respectively. In the simulations, the fibers were constrained with 442 
two hinges at the two ends, while a constant displacement was imposed on the fang to 443 
mimic the setup of the cutting experiment. By virtue of the remarkable ductile properties 444 
exhibited by silk fibres, we have opted to employ the von-Mises stress as a criterion for 445 
assessing failure, which is a common approach used for both fragile and compliant 446 
materials43,44. 447 
 448 
Mapping of serration on the spider tree of life 449 
Information regarding spider taxa for which fang serration is present was acquired by 450 
direct observation of spider specimens and by screening literature data. The presence of 451 
serration was plotted on a cladogram including all major spider groupings derived from 452 
the phylogenomic work by Kallal et al.45. The explored literature was16,30,46–52. A list of 453 
spider taxa for which serration is reported in the bibliography, together with novel data 454 
obtained in this work is reported in the Excel® supplementary data.  455 
Data obtained from15,16,52,30,45–51.  456 
 457 
Statistical analysis 458 
To analyse the data obtained from the experiments we employed one-way ANOVA. For 459 
each type of experiment, the sample size was between 9 and 22. No outliers were 460 
excluded from the analysis. The p-value was calculated using the data analysis package 461 
in Excel®.  462 
 463 
 464 
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 611 

 612 

Figure 1. The cutting of silk by spiders. High-speed photograph of the silk cutting sequence in a female of 613 
Steatoda sp. a) The spider first grabs the silk lines (here highlighted in green) with the fang to subsequently 614 
b) squeeze them between the fang and the basal part of the chelicerae to c) cut them. Scale bars of 5 mm. 615 
The panels in the lower row are enlarged about three times and the relative scale bar is 12 mm.  616 
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 619 

 620 

Figure 2. Micro-tensile or custom-made micro-cutting experiments. Experiments performed to evaluate 621 
the mechanical parameters to cut the fibres. a) Tensile tests, b) 3-points needle tests, c) 3-points blade tests, 622 
and d) 3-points fang tests. e) Force measured by the machine to cut silk lines with the previously mentioned 623 
setup. f) Force measured by the machine in order to cut carbon fibres with the previously mentioned setups. 624 
g) Force measured by the machine to cut Kevlar® fibres with the previously mentioned setups. The red 625 
horizontal bands in subfigures f) and g) represent the range of the maximal force exerted by the spider fang 626 
computed by means of computer tomography. In the silk panel, this maximal force (17-27 mN) has not been 627 
inserted because the forces in play are much lower than it. Stars indicate that the difference is significative 628 
with p-value<0.05. The sample size for each experiment was between 9 to 22 and the analysis was performed 629 
using Excel®.  630 
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 632 

Figure 3. The serrations concentrate the stress at the interface between the spider fang and the fibre 633 
and improve cutting efficiency. a) Representative image of a simulation with the modelled serration used 634 
to cut the fibre. In this case c=1.6. b) The same image without the serration, which depicts the stress 635 
amplification in the contact point induced by the two upper serration bulges. c) Schematic of the main 636 
geometrical parameters involved in the modelling: fibre diameter (d), distance between the two contact 637 
points and thus also estimation of the spacing length (2a), and distance between serrations (c) considered to 638 
be proportional to the radius of the contact region. d) 3D model of the serration with the six different 639 
considered distances c in the serrations that are identified by the numbers. 640 

 641 
  642 



 

 

18 

 

 643 

Figure 4. Analytical model of the cutting, smart positioning and optimal cutting. a) Serration effect: 644 
Plot of the cutting efficiency vs the a/R ratio at two different friction coefficients.  b) Pre-tension effect: Plot of 645 
the cutting efficiency vs relative pre-tension stress applied by the spider for the different fibre materials. c) 646 
Serration + pre-tension effect: Plot of the cutting efficiency vs the a/R ratio at different relative pre-tension 647 
stresses, showing the effect of both the different serrations and pre-tension stresses. Dashed coloured 648 
(blue, black, and yellow) lines indicate the experimental values of the cutting efficiency for the different 649 
materials (silk, carbon fibre, and Kevlar® respectively). d) In this panel we propose a schematic of the cutting 650 
mechanism: the fibre slides along the serrated edge (SEM image of the real serration) till e) its smart 651 
positioning, interlocking in the serration where the cutting is more advantageous. Panel e) values were 652 
obtained for μ=0.3 and σT/σc=0.25. The experimental data are those related to the load necessary to break 653 
the fibres obtained from Tables S6, S9, and S12.  654 
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