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Millions of years of evolution have adapted spider webs to achieve a range of

functionalities, including the well-known capture of prey, with efficient use of

material. One feature that has escaped extensive investigation is the silk-on-silk

connection joints within spider webs, particularly from a structural mechanics

perspective. We report a joint theoretical and computational analysis of

an idealized silk-on-silk fibre junction. By modifying the theory of multiple

peeling, we quantitatively compare the performance of the system while

systematically increasing the rigidity of the anchor thread, by both scaling

the stress–strain response and the introduction of an applied pre-strain. The

results of our study indicate that compliance is a virtue—the more extensible

the anchorage, the tougher and stronger the connection becomes. In consider-

ation of the theoretical model, in comparison with rigid substrates, a compliant

anchorage enormously increases the effective adhesion strength (work

required to detach), independent of the adhered thread itself, attributed to a

nonlinear alignment between thread and anchor (contact peeling angle). The

results can direct novel engineering design principles to achieve possible

load transfer from compliant fibre-to-fibre anchorages, be they silk-on-silk or

another, as-yet undeveloped, system.
1. Introduction
The field of biomimicry has undoubtedly motivated many studies in an attempt

to learn from Nature [1–5]. Advancements have been made in both the under-

standing of the natural function of biological materials and systems (i.e.

protein-based materials [3]), as well as the synthesis and regeneration of certain

tissues (such as collagen and bone [5]). In particular, spider silk and webs are fas-

cinating examples of natural structural engineering essential for an animal’s

survival [6,7]. Spider silk and webs present a seemingly endless platform for

mechanistic discovery while the synergy between material, structure and func-

tion presents a complex problem to biologists, materials scientists and engineers

alike [7–12]. Yet, while we currently understand relatively well the mechanical

properties of silk [13,14] and the biological function of a web [15–19], less clear

is how the web itself behaves from a structural mechanics perspective. In struc-

tural engineering, for example, failure of a load-bearing system typically occurs

at the junction of beams and columns, i.e. the load-transfer joints [20,21]. The fol-

lowing question therefore arises: how does a complex geometric structure such as

a spider web transfer load across silk threads?

Complicating analysis, recent work suggests that both silk (as a material)

and webs (as a structure) are intimately connected—material properties

govern the structural performance and vice versa, creating heightened func-

tionality through synergistic interactions [22–24]. For example, a spider may

vary the properties of a piece of thread depending on its placement in the

web [16,25]. With such considerations, a need for robust and adaptable connec-

tions for load transfer is presumed. One recently explored structure used to

anchor webs to their physical surroundings (cementing dragline silks to a var-

iety of solid supports such as wood, concrete or other surfaces during web
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Figure 1. Images of silk-on-silk connections and model schematic. (a) SEM image of a silk-on-silk junction, wherein a (typically) smaller adhered thread splays and is connected
to a larger anchor thread. (Reproduced with permission from Work [33]. Copyright& 1981, John Wiley & Sons, Inc.) (b) Microscope image of a small section of Nephila clavipes
spider web, depicting numerous radial and spiral thread silk junctions, including splayed connections considered here. (Reproduced with permission from Koski et al. [25].
Copyright & 2013, Nature Publishing Group.) (c) Ideal model of silk-on-silk connection, with a symmetric adhered thread attached to a laterally fixed anchor thread at a
prescribed angle,a. Variation in anchor thread stiffness can be achieved directly through stress – strain response or indirectly through applied pre-strain. (Online version in colour.)
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construction) is the so-called attachment disc [26–28]: drag-

line silk has been observed to fuse with a disc-like structure,

providing a secure anchor point to assist prey capture and

predator evasion [26,27]. A previous study has elucidated

both a ‘staple-pin’-like attachment for structural anchorage

and branching ‘dendritic’ structures for prey capture [27]. In

both cases, a splayed thread configuration facilitates transfer

of load from the anchored thread to a substrate. Such splayed

attachment discs display remarkable adhesive properties and

hold great potential to guide the design of bioinspired and

biomimetic anchorages and adhesives [29].

Attempting to learn from the attachment disc, another

recent study used the theory of multiple peeling [30] to explore

the adaptation of the strength of attachment of such an

anchorage [28]. Using complementary theoretical and compu-

tational means, a novel mechanism of synergetic material and

structural optimization was demonstrated, such that the

maximum anchorage strength was achieved, regardless of

initial anchor placement or material type. An optimal delami-

nation (or peeling) angle was facilitated by the inherent

extensibility of silk, and attained automatically during the

process of delamination.

However, silk thread attachment is clearly not limited to

rigid substrates. In the construction of a web, structurally

robust ‘bridge’ lines are typically used to anchor the web

structure [31,32]. The dragline thread attachments to these

threads is not fully understood, but poses an interesting

mechanical question: what are the effects of attachment if

the supporting material is compliant? Inspired by such

thread-adhered connections in spider webs (figure 1a,b),

here we explore the case of silk-on-silk attachment; that is,

when silk threads are adhered to a similar, compliant silk

‘anchor line’ (figure 1c and see Methods section).

While the anchorage rigidity can be directly controlled by

variation in constitutive behaviour, in addition, the intrinsic

compliance (or ‘stretchiness’) of the anchor line introduces a

new potential control variable—pre-stretching or pre-tensioning
the anchorage. This is especially critical for spider webs

in situ, wherein changes in humidity and silk moisture content

can imbue significant pre-tension in silk threadlines

(a phenomenon known as supercontraction [34–37]). Stresses

owing to supercontraction have been measured and found to

be of the order of 10–100 MPa [38]. Here, we explore the
effect of stiffness variation (through both constitutive response

and pre-strain) on the anchor thread in terms of silk-on-silk

adhesion strength. Readers should note that our goal is not to

exactly replicate the silk attachment, but rather to learn the phy-

sics underwriting Nature’s success. Indeed, owing to the

diverse speciation of spiders and varying mechanical responses

of silks [24,39,40], the developed model here is intended to be a

general representation of an idealized mechanical system, not

reflective of a particular silk, but rather an adhered compliant

thread-on-thread system. As such, we implement a general

hyperelastic law that deviates from the more complex response

of silk [41–46], but facilitates an analytical solution to the

delamination process [28]. Indeed, the transfer of ideas from

biology is not limited to the ultimate form and function of a

biological system, but the understanding of such connections

may translate to robust structural engineering designs of cable

bridges or structural fuses. We hence propose to explore the

silk-on-silk attachment with a general elastic theory of a

multiple-branched adhesive anchorage, from both a general

material and structural perspective.
2. Theoretical and computational models
2.1. Theory of multiple peeling
In an earlier work [30], an elastic model was proposed for a

simple anchorage system with adhesive forces at a branch–

substrate interface, and confirmed by a recent silk-inspired

computational study [28]. Here, the governing equations are

outlined only for brevity. We note that, for the peeling model

configuration, the applied force induces both a normal force

and a shear force at the intersection of the two threads (e.g.

mix-mode loading), where the ratio of normal and shear

forces is dependent on the contact angle. Both normal and

shear contributions are included in the peeling model—the for-

mulation is based on the theory of multiple peeling [30], an

extension of the energy-based single peeling model of Kendall

[47]. While the ratio of normal/shear stresses is a function of

the angle at the interface, the two contributions can be reduced

to an effective stress, which itself can be reduced to a critical

strain in the delamination thread [30]. Here, we are only quan-

tifying the strength/force required to detach. The spider, it is

presumed, is not concerned with the variation of angle or
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Figure 2. Thread model constitutive behaviours. Stress – strain relations of gen-
eral hyperelastic constitutive law (see equation (2.4) and Methods section), most
similar to the behaviour of capture, or viscid, silks [40,50]. Here, the hyperelastic
parameter is b ¼ 3 for all models. The response of the adhered thread is held
constant (sult, 1ult), whereas the behaviour of the anchor thread is scaled by
factors k (�0.75, �1, �2, �4) to explore the effect of anchorage stiffness
on connection behaviour. (Online version in colour.)
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stress state of the attachment, but only the limit state—e.g. the

detachment force. It can be easily shown that for a linear-elastic

system, the critical delamination force for detachment can be

calculated as

Fd ¼ 2YAcsina1d, (2:1)

where Y is the elastic modulus, Ac is the cross-sectional area of a

delaminated section and thus YAc is the elastic thread rigidity or

stiffness (e.g. an equivalent ‘spring stiffness’). Because the above

reflects a force balance, for nonlinear materials such as spider

silk, we can substitute the secant modulus, Ft/1d, for the stiff-

ness, YAc, where Ft is the tensile force in an adhered branch at

the critical strain, 1d. The critical level of strain at which an

adhered branch will delaminate or detach can be expressed as

1d ¼ cos(a)� 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1� cos(a))2 þ l

q
, (2:2)

where a is the contact angle (figure 1c and see [30] for detailed

derivation). Here, a non-dimensional parameter, l, is intro-

duced representing the competition between adhesion energy

per unit length, g, and elasticity, where l ¼ 4g/(YAc) or equiva-

lently 4g/(Ft/1d); we note that in [30] a slightly different

definition was adopted. The contact angle a is a parameter

that can change the critical delamination force through strain

(1d decreases as a! 908). It is predicted that attaching a

thread to a compliant anchor will result in a decreased contact

angle at the thread interface, and thus a higher delamination

strain (and associated force). It has also been shown that there

exists an optimal angle, amax, that maximizes the delamination

force and is dependent on l [28,30]. By substituting equation

(2.2) into (2.1) for 1d, and finding where the derivative of the

structural delamination force with respect to a is equal to zero

(corresponding to a force maximum),

cos(amax) ¼ 1

cos(amax)þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1� cos(amax))2 þ l

q : (2:3)

The force required for delamination is here geometrically

restricted by the peeling angle, amax. Equation (2.2), derived

from pure mechanical considerations, has also a geometrical

interpretation (as the reader could easily prove): during delami-

nation, the contact angle is invariant, as we also observe

in simulation.
2.2. Representative constitutive behaviour
Evolutionary diversity of spiders has resulted in a vast array of

material properties and behaviours [19,39,40], web structures

[15,17,19] and, not surprisingly, associated means of attachment

[27,48]. While the exact mechanical behaviour in a particular silk

is species-dependent, this does not eliminate the possibility to

explore the behaviour of silk-on-silk attachment using an ideal-

ized model. We wish to accurately capture generic silk-like

behaviour and assess the mechanisms of detachment. Thus,

for the current investigation, as a simplification, we implement

a model previously developed for silks [9,28,49]. For the consti-

tutive stress–strain behaviour of the attachment, we introduce a

generalized hyperelastic constitutive law (most similar to the

behaviour of capture, or viscid, silks [40,50]), where

s(1) ¼ ksult
1

1ult

� �b

, (2:4)

defined by the ultimate stress (sult), strain (1ult), a hyperelastic

parameter (b) and a scaling factor, k. We note that the above
constitutive behaviour results in either zero stiffness (for b . 1)

or infinite stiffness (forb , 1) at zero strain (i.e. 1¼ 0). However,

the relation is adequate for a system subjected to pure tension,

where 1 . 0, as is the current case. See the Methods section for

additional description. The above relation can efficiently reflect

a relatively strong, stiff, brittle response, to a relatively weak,

yet highly compliant, extensible response, encompassing a

range observed across many spider species with few parameters.

To directly vary stiffness, for the ‘anchor line’, we further scale the

stress–strain relation through k by factors of three-quarters

(�0.75), one (�1), two (�2) and four (�4), respectively

(figure 2), to reflect connections to both weaker/thinner and

stronger/thicker anchor threads (e.g. viscid silk to dragline,

or dragline to bridge line) and thus variable stiffness. Effective

stiffness upon initial loading of the anchor thread is also

controlled indirectly through the addition of pre-strain (see

Methods section). For each scaling factor of anchor thread,

we implement pre-strains of 0% to approximately 11%. We

note that these pre-strains result in pre-stresses of the order of

1 MPa, which is easily achieved through supercontraction [38].
3. Results and discussion
3.1. Embrittled force – displacement
Simulations of four models (with anchor thread stress–strain

scaling factors of�0.75, �1, �2 and�4) are undertaken at var-

ious anchor thread pre-strains (example simulation depicted in

figure 3; additional movies of the peeling simulation are pro-

vided in the electronic supplementary material). The

performance of each anchorage is then assessed by the

force–displacement behaviour (F2D), detachment strength

(Fd) and toughness (T ). The angles at delamination (a, a*)

are also determined to confirm the prediction of the theory

of multiple peeling (equation (2.3)).

Readers should note that, other than delamination,

failure of the anchorage can occur by either (i) fracture of
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the delamination thread or (ii) fracture of the anchor thread.

The failure modes are governed by the adhesion energy,

where an increase may result in fracture prior to delamina-

tion. This was predicted in the initial derivation of the

theory [30] and validated by an earlier work [28]. Here, we

avoid these other failure modes (fracturing of threads) by

design via two model implementations: (i) the adhesion

energy/strength is a constant (gL ¼ 5.0 � 1026 J m21; see

Methods section), set at a magnitude that ensures delamina-

tion rather than thread fracture for the delaminating thread

[28], and (ii) the anchor thread is almost of the same strength

(minimum of 75% for k ¼ 0.75) or larger (up to four times for
k ¼ 4), such that the anchor thread does not fracture in the

range of observed delamination forces, Fd.

The force–displacement (F2D) results for scaling factors of

three-quarters (�0.75), unity (�1), two (�2) and four (�4) are

plotted in figure 4. We note that the displacement is that of the

thread peak, in the vertical (i.e. peeling) direction. For all cases,

the response is nonlinear owing to both geometrical (e.g. chan-

ging thread angles) and material (e.g. hyperelastic) responses.

Load monotonically increases until the necessary detachment

force is reached, and failure is observed to occur by a pure dela-

mination process. The detachment load also corresponds to a

constant peeling angle, as theoretically expected, between the

adhered thread and the anchor thread—the structure delami-

nates and deforms upwards in equal measure (again, see

figure 3). We see, however, that, in these cases, extensibility is

an asset. Both an increase in rigidity (i.e. anchor thread scaling;

figure 4c,d) and pre-strain, individually contributing to a

higher anchor stiffness, result in a decrease of load capacity

of the connection and, correspondingly, the associated displace-

ment of the initiation of detachment. The opposite is true for a

weaker anchorage—scaling the anchor thread by �0.75 results

in the strongest observed detachment forces.

In terms of pre-stretch, for threads of equivalent stress–

strain response (figure 4b), the detachment force, Fd, varies

from approximately 230 to 70 mN (a decrease of approx. 70%)

by pre-straining the anchor thread 11%. Similarly, keeping a

pre-strain value constant, we see load capacity drop by vari-

ation in anchor thread response, from 312 mN for 0% pre-

strain, a factor of �0.75, to 230 mN (0%, �1), to 170 mN (0%,

�2) to 140 mN (0%, �4), or changes of þ36%, 226% and

239% accordingly, when compared with equivalent stiff

threads (e.g. normalized by �1 results; figure 5a). Simply put,

increasing the structural stiffness embrittles the anchorage aris-

ing from the geometrical constrain of the peeling angle, a

restriction commonly adopted by engineers but relaxed by spi-

ders. At the same time, the variation between compliant and

rigid systems decreases as the level or pre-strain increases—i.e.

from 79 mN (8%, �1) to 72 mN (8%, �2) to 58 mN (8%, �4), or

decreases of only 29% and 227%, respectively (figure 5a).

These trends hold for all values of pre-strain. Also noted is

that, regardless of system stiffness, the force–displacement

response exhibits the least variation when the pre-stain is

high. The anchor thread (though pre-tension) converges

towards a ‘rigid’ substrate, with respect to the compliance of

the adhered thread. In effect, the adhered thread cannot ‘feel’

the compliance of the anchorage, and the behaviour is more

akin to rigid substrate peeling [28].

In consideration of the tensile forces, Ft, in the adhered thread

at the delamination point, in both rigid and compliant substrates,

these can be shown to be strongly dependent on the contact

angle, e.g. a 2 a*, where, in the case of rigid anchors, a*¼ 0.

As an initial approximation, we can consider a rigid geometrical

rotation of the peeling interface (using the thread–thread contact

at a 2 a* rather than using thread–substrate contact at a and

assuming the strain at delamination,1d, for both cases is approxi-

mately equal) and, for a given system, the load capacity of a

compliant anchorage approximately scales according to

Fd,approx � Fd,rigid
sina

sin (a� a�)
, (3:1)

where the effect of compliant anchorages is contained in a 2 a*;

as for more rigid threads (a*! 0), the dependence from the

contact angle is lost, and Fd,compliant! Fd,rigid. We note that
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this scaling is constrained by the symmetric two-branch

arrangement, where a . a* and a , 908 by definition. Equa-

tion (2.4) gives an idea of the huge increment in the load

capacity expected for a compliant anchor (when a 2 a* tends

to zero). Comparison of this approximation and the measured

load capacities are plotted in figure 5b and given in table 1,

clearly illustrating the effect of anchorage compliance. While

providing a simple approximation, the scaling relation in

equation (3.1) is not exact, as 1d, a and a* vary between rigid

and compliant conditions, and we outline a solution approach

in subsequent sections.

Analogous to force, we also see a decrease in the thread

displacement at detachment, Dd. Increase in the system rigidity

(be it through scaling the anchor thread stress–strain response

or addition of pre-strain) results in a continuous decrease in

the detachment displacement—an effective measure of the

flexibility of the connection (similar, for example, to the ductility

of structural steel beam–column joints). Unlike the detachment

force, there is no convergence in the detachment displacement,

which continues to decrease with pre-strain and anchor thread

strength. Owing to the function of a spider’s web—i.e. catching

and maintaining prey—lack of connection ductility could result

in catastrophic failure, especially in consideration of impact

loadings. In webs, as in engineered structures, brittle-like

small deformation failure should be avoided.

Finally, with the addition of pre-stretch, we note a dis-

tinct transition from a nonlinear stiffening response to a
more softening-like response. The hyperelastic character of

the global response changes from an extreme stiffening-like

behaviour at low pre-strains (most similar to the constitutive

law; figure 2) to a near-constant stiffness with sudden yield

at high pre-strains. This is counterintuitive, as the material

law for both threads is always a stiffening behaviour (s/ 1b,

with b ¼ 3). However, the initial rigidity/stiffness is imbued

by the applied pre-strain, and amplified by the geometric

configuration of the connection—interaction between both

material and structure. Again, we can propose a benefit of

not only compliance of the structure, but also a stiffening-like

behaviour wherein the force required to both deform and

break the connection increases [9,28]. Upon sudden loading

(from prey capture, for example), a web is subjected to some

finite load. The spider, presumably, would want to anticipate

if such a load decreases the structural integrity of the web,

with ample warning of failure. Stiffening connections—such

as those with limited pre-strain—would both deform consider-

ably and yet have sufficient capacity to withstand the loading

force. The connection can be evaluated based on extreme sag-

ging, or loss of thread tension. In effect, the spider would be

clearly warned of impending failure. A rigid connection in con-

trast would give no such warning—only small deformation

would occur until a failure event is initiated.

It could also be postulated that a tension structure such as

a web would necessitate some geometric flexibility at the con-

nections, owing to uncertainties in environmental conditions
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Table 1. Delamination forces, toughness, measured and scaled/approximated via equations (3.1) and (3.2).

anchor scaling factor, k pre-strain Fd (mN)
Fd,approx., mN
equation (3.1) T (mJ)

Tapprox (mJ)
equation (3.2)

�0.75 0.111 80 76 0.898 0.761

0.081 104 101 1.120 1.006

0.053 150 138 1.540 1.381

0.026 236 197 2.560 1.967

0 312 231 3.190 2.312

�1 0.111 70 71 0.769 0.710

0.081 79 73 0.855 0.735

0.053 100 101 1.140 1.012

0.026 146 162 1.590 1.615

0 228 281 2.420 2.806

�2 0.111 70 62 0.742 0.621

0.081 72 64 0.740 0.640

0.053 86 82 0.973 0.822

0.026 116 122 1.330 1.215

0 173 183 1.930 1.831

�4 0.111 53 55 0.648 0.553

0.081 58 59 0.695 0.588

0.053 75 70 0.792 0.704

0.026 99 101 1.049 1.011

0 141 149 1.447 1.495
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of the web, for example, and slightly modify the architecture

of the web, then a modest ‘tightening’ of the silk junc-

tions would provide the required extensibility and facilitate

geometrical variation.
(b)

(c)

(d)

9.9°

16.3°
34.4°

35.4°22.7°

31.1°

k = 4

k = 2

anchor thread

k = 1

a*

Figure 6. Simulation snapshots of delamination angles. (a) Schematic of
delamination angles, constant once delamination initiates. Peeling angle of
adhered thread, a, and deformed angle of anchor thread, a*. (b – d ) Repre-
sentative system snapshots depicting variation of angles (a, a*) with
anchorage rigidity, for (b) k ¼ 1, 1pre ¼ 2.6%, (c) k ¼ 2, 1pre ¼ 5.3%,
(d ) k ¼ 4, 1pre ¼ 8.1%. (Online version in colour.)
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3.2. Toughness
Next, we assess the systems in terms of toughness, T, or elas-

tic energy capacity of the connection, evaluated numerically

by integrating the F2D curves until ultimate detachment.

We note that this includes the plateau regions of the F2D

response (figure 4), where the delamination force is relatively

constant. Again, there is a clear influence on system rigidity,

be it through the addition of pre-strain or scaling of stress–

strain (figure 5c), amplified by the joint effect on ultimate

load (Fd) and displacement (Dd). For example, with threads

of equivalent stress–strain response (figure 4b), the tough-

ness varies from approximately 2.4 to 0.8 mJ across the

values of pre-strain. Similarly, with constant pre-strain, we

see toughness decrease by variation scaling factor, from 3.2

(0%, �0.75) to 2.4 mJ (0%, �1) to 1.9 mJ (0%, �2) to 1.4 mJ

(0%, �4). This has critical implications for such connections:

while the adhesion strength between threads is constant

(gL ¼ 5.0 � 1026 J m21), the length of the adhered thread con-

nection is constant (40 mm), and the direction of the applied

force is constant, the toughness of the connection—that is,

the required energy to detach one thread from the other—

is dependent on both the structural and material response

of the silk-on-silk connection. Moreover, the toughness is

increased by an increase in system compliance (e.g. no pre-

strain, equivalent behaviours) while increasing system rigidity

has the adverse effect—it weakens the system in terms of both

load capacity and toughness. Accounting for the angle of the

anchor thread, similar to the load capacity, the increase in

toughness can also be approximated according to

Tapprox � Trigid
sina

sin (a� a�)
: (3:2)

Comparison of this prediction and the measured toughness

values is plotted in figure 5d and given in table 1. In general,

the more extensible the anchorage (and thus a*! a), the

tougher the connection.
3.3. Ideal peeling angles
Finally, we analyse the detachment geometry—specifically

the angles of both the adhered thread (a) and the anchor

thread (a*), as shown to vary in figure 6 as a function of

anchor rigidity. Upon initiation of delamination, both angles

remain constant until the adhered thread is completely

detached (again, refer to figure 3). The optimal angle, amax,

was shown to maximize delamination force, Fd, and can be pre-

dicted by equation (2.3) for rigid substrates, based on the

effective stiffness of the adhered thread, and the adhesion

energy (through the parameter l).

First, we check the validity of equation (2.3) for compliant

anchorages. As mentioned, owing to the nonlinear behaviour

of the silk, we calculate the value of l substituting the secant

stiffness, or YAc ¼ Ft/1d, where Ft is the force in the adhered

thread at the onset of delamination (via the measured value

of Fd) and 1d is the associated strain in the silk at the limiting

force. Using l, we can solve equation (2.3) for amax.
The measured values of a and a* are reported in table 2.

However, using equation (2.3) and presuming a rigid ancho-

rage, the calculated values of amax consistently underestimate
the actual peeling angle, a. This can be understood by consid-

ering the increase in energy required to deform the more

compliant anchorage—rather than just stretch the adhered

thread until the critical delamination force surpasses the

adhesion energy barrier (expressed through gL), the load

must also deform and stretch the compliant anchorage. This

allows more energy to be absorbed by the system, thus

requiring additional force to delaminate, and subsequently

increasing the delamination angles. As a result, the exact

values for Fd can be solved only after calculation of a*. It rep-

resents an additional unknown in the coupled nonlinear

problem, and can be derived geometrically. We find

cos(a�) ¼
1þ 1pre

1þ 1total
, (3:3)

where 1pre is the prescribed pre-strain, and 1total is the total

anchor strain accounting for the applied total load in the

anchor thread Fanchor. From the anchor–thread system equili-

brium, we find

Fanchor ¼ Fpre þ
Fd

2sina�
, (3:4)

where Fpre is the force in the anchor thread owing to the pre-

strain (solved via the constitutive law; equation (2.4)). With

high pre-strain (or anchor to thread stiffness ratio k), Fanchor!
Fpre, 1total! 1pre and a*! 0, i.e. the anchor thread does not

deform vertically and the gain in the load capacity is lost. The

measured and predicted values of a* are plotted in figure 7a,b.



Table 2. Delamination angles, measured and predicted.

anchor scaling
factor, k

pre-
strain

peeling
angle (88888), a

anchor angle
(88888), a*

anchor angle (88888),
a*pred equations
(3.3) and (3.4)

l* equation
(3.5)

contact angle (88888),
Dapred equation
(3.6)

�0.75 0.111 34.35 11.20 17.55 0.0139 20.77

0.081 34.15 16.95 21.02 0.0078 18.07

0.053 35.88 22.20 25.17 0.0043 15.64

0.026 36.39 26.41 29.51 0.0021 13.10

0 37.72 28.03 32.81 0.0016 12.27

�1 0.111 33.30 9.10 15.74 0.0172 21.89

0.081 33.86 10.17 18.52 0.0141 20.84

0.053 34.87 17.44 22.08 0.0081 18.25

0.026 35.42 24.46 26.24 0.0036 14.95

0 36.82 30.32 30.36 0.0014 11.85

�2 0.111 31.94 5.09 13.00 0.0217 23.14

0.081 32.26 6.04 15.24 0.0193 22.49

0.053 34.50 13.09 18.54 0.0131 23.16

0.026 35.33 20.72 22.58 0.0068 20.47

0 35.90 26.12 26.72 0.0032 14.58

�4 0.111 29.86 1.35 9.74 0.0312 25.22

0.081 31.08 3.34 11.92 0.0268 24.33

0.053 32.58 8.67 15.39 0.0181 22.14

0.026 34.59 17.29 19.45 0.0104 19.37

0 35.27 23.45 23.69 0.0053 16.47
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We note that the prediction for a* slightly deviated from the

measured value as the rigidity of the anchorage is increased—

the measured values are consistently lower than the predicted.

This can be attributed to the relaxation of the threads—upon

delamination, the portion of the anchor thread no longer in con-

tact with the adhered thread undergoes relaxation as it is no

longer subjected to the applied load and the anchorage angle

is reduced from the predicted value. A similar trend was

observed in a previous study [28].

Clearly, increasing the rigidity of the anchor results in

less extension of the anchor thread and smaller deformation,

and thus detachment occurs at lower forces (as shown in

figure 5a). A compliant anchorage increases the effective

adhesion between threads, by increasing the work required to

achieve the critical delamination strain and angle, via the defor-

mation of the anchorage (in comparison with a rigid substrate

with the same adhesive properties). Through the anchor defor-

mation, the compliance of the anchorage can increase the

‘adhesion capacity’ significantly. In terms of a robust connec-

tion, a spider would desire a very stretchy system, amplifying

the adhesion strength between two silk threads.

To account for the variation in anchor stiffness and the

increase in adhesion capacity in terms of the theory of multiple

peeling, we must account for the force at the contact peeling

angle, Da ¼ a� a�, rather than at the adhered thread angle,

a (figure 7c). We see that the contact peeling angle consistently

increases with relative stiffness, k, as well as applied pre-strain.

Because the adhered thread here is constant, the variation of

the anchor thread properties (i.e. pre-strain and stiffness)
results in variation in work required to delaminate. Moreover,

we observe that an increase in Da corresponds to a decrease in

delamination force. This effect can be understood through

equation (2.3) by considering the parameter l—an increase in

angle corresponds to an increase in l, which can be considered

a ratio of the work required to delaminate to elastic stiffness of

the adhered thread. An increasingDa corresponds to a decreas-

ing delamination force, as by the secant stiffness, l/ 1=Fd. As

a result, by increasing the contact angle, we can expect lower

delamination forces.

In terms of the theory of multiple peeling, we can intro-

duce a modification to the definition of l in equation (2.3).

We capture the effect of compliant anchor thread by letting

l�ffi l

1þV
(3:5)

where V is the ratio of adhered thread stiffness (Ft/1d) to anchor

thread stiffness (Fanchor/1total) at delamination, accounting for

the increase in stiffness owing to scaling, k, and pre-strain

through equations (3.3) and (3.4). We note that, while similar,

the scaling factor, k, is not equivalent to V, as k reflects variation

of constitutive relation (equation (2.4)), where V reflects the rela-

tive stiffness at the strains of each thread. This ‘1þ V’

adjustment represents the influence of a finite value of the

anchor rigidity on the load capacity and represents a previously

derived solution for an aligned double joint [51] (where Da ¼ 0;

note a slightly different definition in [51]). Clearly, as the anchor

thread becomes more rigid (V! 0), rigid substrate conditions

are approached, and l* ¼ l. This modified form is substituted
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Figure 7. Delamination angles and theoretical predictions. (a) Anchor thread angle, a*, as a function of pre-strain. (b) Predicted anchor thread angle as a function
of pre-strain and applied load via equations (3.3) and (3.8). (c ) Delamination contact angle, Da, as a function of pre-strain. As load capacity is related to Da

through l, higher contact angles are proportional to weaker effective adhesion strengths. (d) Predicted contact angle as a function of l* (equations (3.5) and (3.6)),
demonstrating the effect of angle (and thus load capacity) through a transition from a ‘rigid’ anchorage to a ‘compliant’ anchorage (via stress – strain scaling and/or
applied pre-strain). (e) Delamination force versus predicted theoretical value (equations (3.6) and (2.1)), indicating decreased capacity with an increase in anchorage
rigidity. (Online version in colour.)
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into equation (2.3) along with the contact peeling angle, Da, or

cos(Da) ¼ 1

cos (Da)þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1� cos (Da))2 þ l�

q , (3:6)

and the optimal contact peeling angle, Da, can then be calcu-

lated. Values of l* are given in table 2, and the measured and

predicted values of Da are plotted in figure 7d showing a rel-

evant agreement. Finally, the force can be predicted by

modifying equation (2.1), accounting for Da instead of a.

The predicted forces are plotted in figure 7e.
3.4. Variation of constitutive law
The computational results clearly indicate an increase in load

capacity with anchorage compliance, which can be calculated

through equations (3.3)–(3.6). In practice, engineering materials

are typically neither as extensible as spider silks nor do they exhi-

bit the same magnitude of hyperelastic stiffening (represented by

b; equation (2.4)). The rigidity ratio, k, however, can easily be
manipulated through geometrical design of connections, such

as increasing the cross-sectional area of the anchor (for a given

material, k/ Ac). Similarly, the pre-strain, 1pre, can be easily

manipulated in practice through the application of pre-tension.

The key question then arises: what is the effect of variation in

the constitutive law? Or more specifically, what is the effect of

varying the hyperelastic parameter b?

To explore the variation, we use the formulation developed

here to predict the peeling strength as a function of b for the

anchor thread (the properties of the adhered thread are assumed

constant). The solution requires an iterative approached

described in the Methods section. We repeat the process for

b ¼ 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 (figure 8a) while modifying

the pre-strain from 0% to 15%. The resulting factors are plotted

in figure 8b. The trends clearly depict a drastic increase in load

capacity and toughness with compliance, which decreases as

the material law approaches linearity (b! 1). Stiffening behav-

iour in the anchorage is desired, owing to the relative initial

compliance. As the material transitions from linear-elastic to

softening behaviour, there is little change in the connection
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capacity for the strain regime explored. This can be attributed

relative stiffness of a plastic softening-like behaviour at small

strains (for the case here, where 1ult ¼ 2, at 1 ¼ 0.15, the ratio

of anchor thread tangent stiffness with b¼ 0.5 to adhered

thread tangent stiffness with b ¼ 3 is greater than 100; see

Methods section). In effect, using the constitutive law expressed

by equation (2.4), the anchor thread approaches the rigid con-

dition for b , 1 at small strains. Of note, the specific

delamination strengths and behaviours are dependent on both

the constitutive law and the adhesion model implemented (see

Methods section). One would expect different delamination

forces if other material responses and interaction rules were

applied. Again, as silk and silk-on-silk behaviours are not

fully understood, we have relied on a simplified representation

to enable both modelling and analysis. The procedure can

clearly be repeated upon determination of more accurate laws.

3.5. Significance of pre-strain and supercontraction
We have shown that the addition of pre-strain or rigidity in an

anchor thread effectively embrittles a silk-on-silk connection.

However, a key motivation for the exploration of the pre-

strain effect is in consideration of supercontraction. Unique to

silk, the process of supercontraction [34–37] involves the

uptake of water by silk—and thus a function of environmental

humidity—and results in significant shrinkage if the silk fibres

are unrestrained [37,52,53]. It is proposed that the addition of

H2O molecules disturbs the fibrous or axial predominance

of the molecular structure of silk (controlled by specific motifs

in the silk proteins [35,54]), and facilitates a self-folding effect

(e.g. entropy-driven recoiling of molecular chains [55,56]),

resulting in marked changes in mechanical properties [34,37,

52,53]. If the fibre/thread is restrained from contraction, intrin-

sic stresses build up within the thread—i.e. a post-tensioning

mechanism controlled by wetting. The exact physiological func-

tion of supercontraction (if any) is still unresolved [36], but has

been postulated to enable tailored mechanical properties [57],

or pre-tensioning a web [53], as examples.

It would be an oversimplification to claim that supercon-

traction merely ‘pre-tensions’ the silk threads, as the addition

of water induces an effective phase-change of the silk nano-

structure. Indeed, while there is a resulting build of intrinsic

stress, the constitutive behaviour of supercontracted/humid/

wet silk changes from the dry state, and is dependent on
numerous factors. That being said, a recent study using Bril-

louin scattering measured how the elastic stiffnesses of spider

silk change when it supercontracts [25], reporting an increase

in longitudinal stiffness with humidity, and there is a clear con-

nection between silk’s internal stress, stiffness and extensibility

with humidity. It was hypothesized that supercontraction

helps the spider tailor the properties of the silk during spin-

ning, because the spider may be able to tailor the particular

elastic constants by pulling and restraining the silk threads

and adjusting the water content. Clearly, this has a subsequent

effect on the silk connections, which are highly sensitive to pre-

tensioning and stiffness. That being said, readers should note

that supercontraction not only acts as a post-tensioning mech-

anism, but also fundamentally changes the constitutive law of

the silk (via molecular changes in the nanostructure). Here, we

apply a tension to our model without any variation of constitu-

tive law as a simplification to facilitate theoretical treatment. To

accurately reflect supercontraction, the constitutive law would

be a function of humidity [58], which is beyond the scope of

this study.

With supercontraction as a consideration—potentially result-

ing in a pre-strain and thus a weakening mechanism for silk-

on-silk connections—it could be hypothesized that the ‘glue’

silk [59,60] present at the thread junction within a web may not

only serve as a mechanical adhesive (depicted in figure 1a), but

also potentially as a ‘protective coating’ that prevents/controls

local hydration (and thus can suppress or amplify the effects of

supercontraction). Uncertainty in the changes in humidity

could have adverse effects in the web, but, at the same time,

silk connections should maintain structural integrity. Perhaps,

by means of ‘glue’ coating key connections, the ever-impressive

spider inadvertently ‘weather-proofs’ its structure.
4. Conclusion
Extending from previous work on rigid substrates [28], here we

explore the load transfer, ultimate strength and deformation

behaviour of thread-adhered silk-on-silk attachments. Before

concluding remarks, we note that there may be other physio-

logical roles of ‘compliant connections’, but we intentionally

maintain a structural perspective in our analysis and discus-

sion. Our aim is to learn a mechanical lesson from Nature,

relying on general representative computational and
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theoretical models. Again, the intent was not to replicate the

exact behaviour of spider silk systems, but rather formulate a

general mechanical model inspired by a splayed attachment

(based on the web geometry) and pre-tensioning (based on

supercontraction). As such, the constitutive law was simplified

to enable theoretical treatment—it is not intended to reflect the

exact behaviour of either dragline or capture silks, but rather

the hyperelastic stiffening response (which is common

throughout silks). The key finding is that compliance is a

virtue for such silk-on-silk attachments—the increase in

anchor stiffness (from either an introduction of pre-strain or

rigidity in the anchor thread) significantly degrades the ulti-

mate load capacity (Fd), deformation at failure (Dd) and

toughness (T ). With increasing anchor stiffness, the connection

becomes more brittle. In agreement with previous studies, the

extreme extensibility and hyperelastic stiffening of silk, typi-

cally viewed as a material weakness, are incorporated in a

structure (here, a silk connection) that benefits from these

extreme properties. Common engineering materials (elasto-

plastic, i.e. b , 1) and junctions (rigid anchors) are thus not

ideal. Indeed, one is not likely to find a steel or concrete

beam–column joint which strains over 100% before failure.

This is a key finding in consideration of the geometry of the

web, wherein silk connections are typically perpendicular

(viscid and dragline connections, for example) and the vari-

ation/control in delamination angle greatly influences joint

strength.

We have further explored the intrinsic optimization mech-

anism of potential attachment structures, using an extension

of the theory of multiple peeling [30] for soft substrates. In

comparison with attachment to rigid substrates, a compliant

anchor thread increases the work to delaminate and behaves

like a surface with increased adhesion strength, captured by

the effective peeling angle a 2 a* (and modified parameter,

l*, independent of the properties of the adhered thread).

The theory thus helps demonstrate why applying pre-stretch

to the anchor line results in a strength loss, substantially by

limiting the angle of delamination.

The findings presented also have key implications in con-

sideration of supercontraction, wherein hydration can instil

pre-tension in silk threads. While it is known that silk properties

can vary across a web structure, an interesting unresolved ques-

tion would be if silk sections close to such connections are less

susceptible to supercontraction. Indeed, while supercontraction

has been proposed to serve a biological role, here we see that the

induced tension results in a weakened connection. It can be pre-

sumed that a spider would not want the structural integrity of a

web to vary through degradation of structural joints.

The model system here presents a platform for bioinspi-

red simplification—an essential adaptation from the original

biological system to explore potential structure–function

relationships in more complex biological materials and systems

[1,2]. Herein, we presented the underlying design principles

and mechanisms that determine the possible load transfer

from compliant fibre-to-fibre anchorages, be they silk-on-silk

or another, as-yet undeveloped, system.
5. Methods
5.1. Ideal connection
We consider the structure depicted in figure 1c that shows a model

of a simple thread-adhered silk-on-silk connection. The simple
anchorage is colarchic, two-branched, symmetrical and homo-

geneously adhesive across a similar, compliant thread. It is an

adhesive anchorage because it allows a force, F, to be transmitted

to a solid substrate through adhesive forces at the material interface

(e.g. no penetration of material entanglement), symmetrical

because the initial angles, a, on both sides are equal, and it is

colarchic because it has no hierarchy (e.g. a single connection).

The model represents the most basic geometry of splayed silk

connections that engage adhesive forces at a silk thread interface.

We again note that the model is not representative of any particular

spider species or silk type by design, to maintain generality

and potential transferability of the findings to similar systems.

We proceed to describe the theoretical formulation of multiple

peeling [30] and the general silk-based material model to explore

the silk-on-silk connections.
5.2. Constitutive model
We consider the general stress–strain relation expressed by

equation (2.4), defined by the ultimate stress (sult), strain (1ult), a

hyperelastic parameter (b) and a scaling factor (k). For stiffening,

b . 1, whereas softening occurs for b , 1, and linear-elastic be-

haviour when b ¼ 1. Because we are interested in forces, we

simply multiply by cross-sectional area, and rearrange to separate

the constants

F(1) ¼ A0s(1) ¼ kA0sult
1

1ult

� �b

1b: (5:1)

For modelling purposes, we want the force to be a function of dis-
tance (r), and not strain, so we substitute

1 ¼ r� r0

r0
and 1ult ¼

rult � r0

r0
: (5:2)

From which we attain

F(r) ¼ kA0sult
1

rult � r0

� �b

(r� r0)b: (5:3)

For the elastic potential energy, we integrate once with

respect to r

w(r) ¼ kA0sult
1

rult � r0

� �b 1

bþ 1

� �
(r� r0)bþ1: (5:4)

The final potential is effectively defined by four parameters,

where (i) kA0sult captures the ultimate strength (or maximum

force) of the threads, (ii) rult the ultimate strain or maximum

extension, and (iii) r0 prescribes the equilibrium condition

(which can be manipulated for pre-stretch) and b the hyperelastic

parameter (where b . 1 implies hyperelastic stiffening). For the

model here, the hyperelastic parameter is set at b ¼ 3.0. We use

sult ¼ 1400 MPa [28] and assume a cross-sectional diameter of

approximately 20 mm for the attached silk threads, resulting in

an ultimate strength of the order of 0.5 N. We also implement

1ult ¼ 2.0, such that rult ¼ 3r0 and r0 ¼ 0.1 mm.

The tangent stiffness can be expressed as the derivative of the

stress with respect to strain

ds

d1
¼ kb

sult

1
b

ult

 !
1b�1: (5:5)

For all cases without pre-stretch, regardless of the scaling

factor, the initial stiffness of the threads is zero (e.g. ds/d1 ¼ 0

for 1 ¼ 0). However, the addition of pre-strain increases the

initial effective stiffness of the anchor thread to a finite non-

zero value. Pre-strain is controlled by varying r0 and the initial

geometry of the model, where

1pre ¼
rinitial � r0

r0
and rinitial . r0: (5:6)
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Substituting pre-strain values into equation (5.5) results in the

initial stiffness of the anchor thread.

5.3. Thread adhesion
Adhesion between threads is achieved with a Lennard–Jones

(LJ) interaction of the type

E ¼ 41LJ
sLJ

r

� �12
� sLJ

r

� �6
� �

for r , rcut, (5:7)

where E is the energy of the interaction, 1LJ is the adhesion par-

ameter, sLJ an interaction-range parameter, r is the distance

between the two particles and rcut is the cut-off distance beyond

which the interaction no longer has effect. An LJ interaction is

implemented to facilitate the use of molecular dynamics software,

typically applied in full atomistic studies. While the scale is much

larger here, the LJ interaction provides an adequate representation

of non-instantaneous delamination—that is, there is some give at

the adhered interface before complete fracture (and zero force or

detachment)—e.g. silk thread attachment is not assumed brittle.

The LJ interaction also decays relatively quickly, so it does reflect

long-range adhesion. We use s ¼ 0.089 mm, leading to an

energy minimum at a spacing 0.1 mm and rcut ¼ 0.50 mm. The

adhesion parameter, 1LJ, is proportional to the energy of adhesion

per unit length of silk, gL, where gL ¼ 1LJ/r0 (i.e. the adhesion

energy per bead divided over the bead spacing) and is set at

5.0 � 1026 J m21, chosen to ensure delamination prior to thread

rupture. It has been previously shown that the strength of the

adhesion (through the parameter gL) dictates the failure mode of

an attached thread system [28]. Low adhesion results in premature

delamination (before a significant build-up of strain, or change in

contact angle), whereas high adhesion results in thread rupture

rather than delamination. As the exact adhesion energy for silk-

on-silk adhesion is currently unknown, we select an intermediate

value, such that delamination occurs after notable deformation,

yet prior to thread rupture. Variation of the adhesion energy

would scale the results through the parameter l (i.e. equations

(2.2) and (2.9)), but the relation remains the same.

5.4. Model implementation
We implement this silk model using a simple bead–spring

configuration in LAMMPS [61] (http://lammps.sandia.gov/),

modified to reflect the stress–strain. We introduce a single silk

thread with a total length of 45 mm (i.e. the ‘adhered thread’), of

which 40 mm (two 20 mm branches) is attached to a second

thread (i.e. the ‘anchor thread’), with an initial angle of a0 ¼ 458,
as depicted in figure 1c. We note that implementation of the

LJ interaction for adhesion leads to a hexagonal-packing-like

arrangement of the beads when they are adhered in equilibrium.

This rough packing provides a finite shear resistance, prevent-

ing lateral slipping between threads. The magnitude of force
required to induce such slipping is a function of the adhered

length. The 20 mm overlap length of the adhered thread was suffi-

cient to prevent slippage prior to delamination. Each thread

consists of a linear bead–spring chain, with beads spaced

0.1 mm (r0 ¼ 0.0001 m).

5.5. Peeling simulations
We use steered molecular dynamics [62] (SMD) with a constant

pulling velocity as the protocol for simulating the force-induced

deformation of attachment structure. The SMD approach applies

a moving spring force (pulled at a constant rate of 0.05 mm s21

and with a spring stiffness of 0.1 N m21, similar to previous simu-

lations [28]), such that the structure can behave in a manner not

captured by either force or displacement loading alone, allowing

induced conformational changes in the system. We note that trial

cases with pulling rates of 0.5 and 0.01 mm s21 were implemented

to check for any rate dependence, with negligible effect on the

observed results. Upon loading, we measure the attachment

angle, a, and applied force, F (example plotted in figure 3).

5.6. Iterative solution
To solve the critical delamination force, Fd, as a function of

pre-strain and b, an iterative solution is implemented. We first set

k ¼ 1, and through equations (2.1)–(2.3) determine the critical dela-

mination force, Fd,rigid, and peeling angle, arigid, for rigid substrate

conditions. Through k and the applied pre-strain, we can predict

both the total force in the anchor thread at delamination (equation

(3.4)), and the anchorage angle, a* (equation (3.3)). From a*, arigid

and Fd,rigid, the secant stiffness for both the anchor thread and

adhered thread can be determined. We can then calculate l*

through equation (3.5) through V, and use equation (3.6) to calcu-

late the optimal contact peeling angle, Da. From Da, we can

update both the adhered thread angle, a (where a ¼ Da þ a*), as

well as the delamination force, Fd (equation (2.1)), which differ

from the initial rigid solution. These updated values serve as the

initial values for a subsequent solution, requiring a recalculation

of a*, V, l*,Da, a and Fd. The process is repeated until convergence

is attained, and the necessary delamination force is predicted,

Fd,compliant. Finally, the ratio of Fd,compliant/Fd,rigid is calculated to

determine the amplification effect of compliant anchorages.
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