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11 Bio-nanomaterials are one of the fastest developing sectors of industry and technology. Spider
12 silk, a highly attractive light-weight biomaterial, has high tensile strength and elasticity and is
13 compatible with human tissues, allowing for many areas of application. In comparison to spider
14 silk fibers with diameters of several micrometers, spider mite silk fibers have much smaller
15 diameters of tens of nanometers, making conventional tensile testing methods impractical. To
16 determine the mechanical properties of adult and larval Tetranychus urticae silk fibers, we have
17 performed three-point bending tests with an atomic force microscope. We found that because of
18 the small diameters of these fibers, axial tension—due to both the applied force and a pre-existing
19 strain—has a significant effect on the fiber response, even in the small-deformation limit. As a
20 result, the typical Euler-Bernoulli-Timoshenko theory cannot be applied. We therefore follow the
21 approach of Heidelberg et al. to develop a mechanical model of the fiber response that accounts for
22 bending, an initial tension in the fibers, and a tension due to elongation during testing. This model
23 provides self-consistent results, allowing us to determine that adult and larval fibers have Young’s
24 moduli of 24 6 3 GPa and 15 6 3 GPa, respectively. Both adult and larval fibers have an
25 estimated ultimate strength of 200–300 MPa and a toughness of order 9 MJ/m3. We note that with
26 increasing interest in the mechanical properties of very high aspect ratio nanomaterials, the
27 influence of pre-existing tension must be considered in any measurements involving a bending test.
28 VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4800865]

29 I. INTRODUCTION

30 Silk is an exceptionally strong natural material produced
31 by spiders, silkworms, spider mites, and many other arthro-
32 pods. Natural silkworm silk has long been exploited for tex-
33 tiles and, more recently, suture materials.1–3 Silk also shows
34 promise as a scaffold material for tissue repair and for gener-
35 ation of artificial tissue.2–4 For this reason, there is great
36 interest in characterizing the physical, chemical, and biologi-
37 cal properties of silk and in producing synthetic silk fibers.
38 Further, the properties of natural and artificial silk fibers vary
39 considerably and depend on the silk proteins utilized, tem-
40 perature, degree of hydration, and rate of deformation.5

41 Due to the length scales and magnitudes of forces
42 involved, the atomic force microscope (AFM) is well suited to
43 measuring the mechanical properties of nanofibers. In a typical
44 approach, nanofibers are suspended across trenches and
45 deformed laterally or vertically using the tip of an AFM probe,
46 thus performing a three-point bending test. This technique
47 has been used on a variety of materials including Au, Si, SiO2,
48 TiO2, and ZnO nanowires,6–10 carbon nanotubes,11–13 and
49 cellulose and assorted polymer nanofibers.6,14–17 In some

50cases, elastic moduli that increased with decreasing nanofiber
51or nanowire diameter have been reported.16,18 However,
52Heidelberg et al. showed that tensile stress, due to elongation
53of a deformed fiber, must be considered when the lateral
54displacement of the fiber is comparable to or larger than its
55radius.8 In the cases of Si and ZnO nanowires, deformation-
56induced tensile stress could fully explain the apparent increase
57in modulus with decreasing nanowire diameter, and the mod-
58uli were found to equal those of the respective materials.8,10

59Recently, the Tetranychus urticae two-spotted spider
60mite genome was fully sequenced, the proteins involved in
61silk production were identified, and the mechanical proper-
62ties of naturally produced spider mite silk fibers were meas-
63ured by atomic force microscopy, clearing the way for
64production and characterization of spider mite silks with ge-
65netically tailored mechanical properties.19 To model the
66AFM data and determine the Young’s modulus of the fibers,
67the model of Heidelberg et al. described above had to be
68modified to account for an initial axial tension, which is pres-
69ent even in the absence of applied forces from the AFM can-
70tilever tip. Here, we present a detailed account of the AFM
71technique used and the derivation of the model employed to
72determine the Young’s modulus from curves of fiber restor-
73ing force versus fiber deformation for fibers suspended over
74trenches.
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75 II. MATERIALS AND METHODS

76 The London strain of T. urticae (Koch) originates from
77 a T. urticae population collected from the Vineland region
78 (Ontario, Canada). The taxonomic status of the species was
79 determined by the Agriculture Canada taxonomy division in
80 Ottawa. Large-scale continuous propagation of the collected
81 population was performed using controlled-environment
82 insectaries at the Biotron facility at the University of
83 Western Ontario. Animals were mass reared on bean plants
84 in growth chambers at 27 �C with a 16:8 h (light:dark) photo-
85 period. The isofemale strain used for these experiments
86 (London strain) underwent eight generations of sib-mating to
87 maximize homozygosity.
88 Trenches were fabricated on silicon substrates by
89 photolithography and reactive ion etching at the Western
90 Nanofabrication Facility (London, Canada), using a custom-
91 designed mask produced at the University of Alberta
92 NanoFab facility (Edmonton, Canada). Silk fibers were
93 deposited by allowing adult and larval T. urticae spider mites
94 to walk on the silicon wafers for two to eight hours. Before
95 performing measurements on the fibers, spider mites were
96 removed from the silicon wafers with a fine brush. To reduce
97 the time needed to find single fibers crossing trenches with
98 the atomic force microscope, areas of spider mite activity
99 were located by searching for bundles of fibers using an opti-

100 cal microscope (Olympus BX60).
101 Single silk fibers and bundles of several fibers were
102 located by performing large-area contact AFM imaging on
103 flat areas in the vicinity of the large fiber bundles located
104 with the optical microscope. AFM measurements were
105 made using a multimode atomic force microscope with a
106 Nanoscope IIIa controller. NP-S silicon nitride cantilevers
107 (Veeco Instruments) with nominal spring constants of
108 0.06 N/m and 0.35 N/m were used for measurements on
109 larval and adult fibers, respectively. Actual spring constants
110 of 0:083 6 0:003 N=m and 0:347 6 0:009 N=m were meas-
111 ured using the thermal noise method.20–23 Measurements
112 were performed at a temperature of approximately 32 �C, as
113 measured at the sample position, and relative humidities of
114 14%–30%, although the relative humidity was typically less
115 than 20%.
116 Contact imaging was used to track fibers to trenches, to
117 verify that each fiber was firmly stuck to the plateau on each
118 side of the trench, to measure the fiber lengths and diameters,
119 and, in a few cases, to deliberately break fibers after acquir-
120 ing force data. Fig. 1 shows a top view of a fiber spanning a
121 trench acquired by contact-mode atomic force microscopy.
122 Once a fiber was located, mechanical testing was per-
123 formed by measuring force curves, which record cantilever
124 deflection versus the vertical position of the sample under
125 the cantilever, acquired using vertical ramps of 1 lm at a rate
126 of 4 Hz. Force-volume mode, which captures an array of
127 such force curves, was used to acquire a 64� 64 grid of such
128 curves over an area encompassing the entire suspended por-
129 tion of the fiber and parts of the plateaus beside the trench.
130 For each force curve, data were acquired up to a predeter-
131 mined maximum cantilever deflection, thus ensuring a con-
132 sistent range of forces at each point in any given experiment.

133An example force curve from near the center of the sus-
134pended portion of a fiber is shown in Fig. 2, along with a
135force curve acquired on the nearby substrate for reference.
136Data were imported into Igor Pro (WaveMetrics) for
137analysis, and force curves on the fibers and the substrate were
138identified. The cantilever deflection supplied by the position-
139sensitive detector in the AFM is initially uncalibrated.
140Dividing each force curve by the magnitude of the mean
141slope of force curves acquired on the rigid substrate, where
142the cantilever deflection must equal the piezo displacement
143after contact is achieved, results in calibrated data, as shown
144in Fig. 2.

145III. DATA ANALYSIS

146The restoring force in principle results from a combina-
147tion of bending, shear, and tensile stresses. However, when
148the aspect ratio (length divided by diameter) of a fiber is
149much greater than one, the shear stress is negligible in com-
150parison to the bending stress.24 As this is the case here, shear
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FIG. 1. 5:3 lm� 5.3 lm contact AFM image of a spider mite silk fiber sus-

pended over a trench. The bottom of the trench has been moved off-scale in

order to highlight the edges of the trench and the fiber. Note that the fiber

appears much wider than its true diameter due to convolution with the

pyramidal AFM tip. The diameter can be reliably measured from the vertical

thickness of the portion of the fiber supported by the substrate. The inset

shows a cross-section of the fiber measured at the location shown by the

dotted line, with the measured diameter indicated.

FIG. 2. AFM force curves obtained by pushing against a fiber (solid curve)

and the rigid substrate (dashed curve). The sample approaches the cantilever

with decreasing piezo position, with Dz ¼ 0 chosen to be the point of con-

tact. Note that Dy is measured relative to the mean deflection signal far from

contact, where the cantilever deflection is expected to be zero.
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151 stress is not considered in the analysis below. Further, the
152 radius of curvature everywhere on the fiber is assumed to be
153 large relative to the fiber diameter, which is satisfied for fiber
154 displacements much smaller than the length of the fiber, as is
155 the case here. To develop the theory, we further assume that
156 the material is linearly elastic for axial strains. As we will
157 see later, this assumption is valid for small deformations and
158 sufficient for determining the Young’s modulus. Finally, to
159 simplify the analysis, we only consider the case when the
160 cantilever tip pushes at the center of the fiber.
161 In many AFM studies of other fibers, force curves on the
162 fiber are linear, and fiber deflection is attributed to bending
163 and/or shear.6,14–17 In the pure bending case, the equilibrium
164 displacement, dðxÞ, of a beam or fiber deflected by a force of
165 magnitude Fc applied at its center may be determined as a
166 function of the position x along the fiber from

EI
d3dðxÞ

dx3
¼ �Fc

2
; (1)

167168

169 where E is the Young’s modulus of the fiber and I its area
170 moment of inertia.25 With clamped boundary conditions and
171 noting that the solution must be symmetric about the center,
172 x ¼ L0=2, the solution must satisfy dð0Þ ¼ 0 and d0ð0Þ
173 ¼ d0ðL0=2Þ ¼ 0, where L0 is the length of fiber between the
174 clamped boundaries. The solution, after isolation of the mag-
175 nitude of the force at the center, Fc, is

Fc ¼
192EI

L3
0

dc; (2)

176177

178 where dc ¼ dðL=2Þ is the displacement of the fiber at its cen-
179 ter.25 Note that Eq. (2) predicts a linear relation between
180 force and displacement.
181 In our case, we find nonlinear force curves, indicating a
182 need to consider tensile stress. When an axial tension of
183 magnitude T is present, the vertical components of the ten-
184 sion in an infinitesimal element of the fiber act like shear
185 forces on the ends of the element, requiring modification of
186 Eq. (1). In the small-deflection limit where the slope of the
187 fiber remains small, the vertical component of the tension at
188 position x is TddðxÞ=dx, and the new equation for equilib-
189 rium of the fiber is25

EI
d3dðxÞ

dx3
¼ �Fc

2
þ T

ddðxÞ
dx

: (3)

190191

192 Assuming linear elasticity, the tension due to stretching the
193 fiber from an initial length L0 to a stretched length L is given
194 by

Ts ¼ rA ¼ EA� ¼ EA
L� L0

L0

; (4)

195196

197 where r is the axial stress in the fiber, A its cross-sectional
198 area, and � is the axial strain in the fiber. The stretched length
199 L can be calculated from the fiber profile dðxÞ as25

L ¼ L0 þ
ðL0=2

0

dd
dx

� �2

dx: (5)
200201

202Heidelberg et al.8 solved Eq. (3) for clamped boundary
203conditions and the tension given by Eqs. (4) and (5) to obtain
204the relationship

Fc ¼
192EI

L3
0

f ðaÞdc; (6)
205206

207where

f ðaÞ ¼ a 48� 192 tanh
ffiffiffi
a
p

=4ð Þffiffiffi
a
p

� ��1

; (7)

208209

210and the dimensionless parameter a is defined by

a ¼ TL2
0

EI
; (8)

211212

213and T ¼ Ts is the magnitude of the tension due to stretching
214of the fiber. Note that T, and hence a, varies with the applied
215force. Heidelberg et al. used their solution for the fiber shape
216to relate a and dc through the transcendental equation

acosh2ð
ffiffiffi
a
p

=4Þ

2þcoshð
ffiffiffi
a
p

=2Þ�6
sinhð

ffiffiffi
a
p

=2Þffiffiffi
a
p

1�4
tanhð

ffiffiffi
a
p

=4Þffiffiffi
a
p

� �2

¼A

I
d2

c :

(9)
217218

219They found that the tensile stress due to elongation becomes
220significant when the lateral fiber displacement is comparable
221to or larger than the fiber radius and applied Eqs. (6) through
222(9) to AFM three-point bending tests of nanowires. The func-
223tion f ðaÞ, which is greater than or equal to one, is the factor
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FIG. 3. Diagram of the segment of fiber under analysis (a) before clamping

and without initial tension, (b) after application of initial tension and clamp-

ing to grating but before contact with the AFM cantilever tip, and (c) after

contact with the AFM cantilever tip. The fiber is shown in light grey, and

the segment under analysis in dark grey. Leq is the equilibrium length of the

section of fiber stretched by an initial tension T0 to the distance L0 between

clamping points. When the fiber is deflected by an amount dc by a force Fc

applied at its midpoint x ¼ L0=2, the total axial tension increases to

T ¼ T0 þ Ts, the sum of the initial tension and the tension due to elongation

of the fiber.
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224 by which tensile stress increases the fiber’s resistance to
225 deformation relative to Eq. (2), which considers only bending
226 stress. An analytic expression for a cannot be found from Eq.
227 (9) but may be solved numerically (our choice in this work) or
228 approximated analytically using a Pad�e approximant.8

229 We extend the model of Heidelberg et al. by considering
230 the case in which a constant initial tension T0 is applied to
231 the fiber, as shown in Fig. 3. Since the suspended fiber
232 segment of length L0 is under tension, its relaxed equilibrium
233 length, Leq, is less than L0, as indicated in Figs. 3(a) and
234 3(b). Equation (3) then defines the equilibrium shape of the
235 fiber with T ¼ T0 þ Ts in the presence of a lateral force Fc

236 applied to its center as shown in Fig. 3(c). With assistance
237 from Maple (Maplesoft, Waterloo, Canada), we find that for
238 the case of a clamped fiber of suspended length L0 subjected
239 to a lateral force Fc applied at its center, the displacement of
240 the fiber between x¼ 0 and x ¼ L0=2 is

dðxÞ ¼ Fc

2T
x� L0ffiffiffi

a
p sinh½

ffiffiffi
a
p
ðx=L0 � 1=4Þ� þ sinhð

ffiffiffi
a
p

=4Þ
coshð

ffiffiffi
a
p

=4Þ

� �
:

(10)

241242

243Restoring force versus deformation can still be expressed using
244Eqs. (6)–(8). However, introducing the additional tension T0

245changes the relationship between a and dc as is found below.
246Assuming the fiber remains in the linear limit, the addi-
247tional tension due to stretching, relative to the relaxed equi-
248librium length, is given by

Ts ¼ EA
L� L0

Leq
¼ EA

Leq

ðL0=2

0

dd
dx

� �2

dx: (11)

249250

251Substitution of Eq. (10) into Eq. (11) yields

252
254
255

Ts

T

Leq

L0

a cosh2ð
ffiffiffi
a
p

=4Þ

2þ coshð
ffiffiffi
a
p

=2Þ � 6
sinhð

ffiffiffi
a
p

=2Þffiffiffi
a
p

1� 4
tanhð

ffiffiffi
a
p

=4Þffiffiffi
a
p

� �2

2
664

3
775 ¼ A

I
d2

c : (12)

256257258

259

260

261 By definition

T0 ¼ EA
L0 � Leq

Leq
;

262263

264 so

Leq ¼ L0

EA

T0 þ EA

� �
: (13)

265266

267 Using Eqs. (8) and (13) and Ts ¼ T � T0, Eq. (12) may be
268 written as

1�L2
0T0

aEI

� �
EA

T0þEA

� �

� acosh2ð
ffiffiffi
a
p

=4Þ

2þ coshð
ffiffiffi
a
p

=2Þ�6
sinhð

ffiffiffi
a
p

=2Þffiffiffi
a
p

1�4
tanhð

ffiffiffi
a
p

=4Þffiffiffi
a
p

� �2

2
664

3
775

¼A

I
d2

c ; ð14Þ
269270

271 providing a relationship between a and dc different from that
272 of Eq. (9) in the previous model. Note that when T0 ¼ 0,
273 Eq. (9) is recovered.

274 IV. RESULTS AND DISCUSSION

275 To facilitate the use of Eqs. (6), (7), and (14) to model
276 our mechanical data, force curves were converted to force-
277 versus-displacement data by manually determining the
278 contact point and calculating the fiber displacement as

279d ¼ Dyþ Dz and the corresponding restoring force as kDy for
280all positions in which the tip and sample are in contact—i.e.,
281for all points with Dz < 0. Fibers were assumed to have circu-
282lar cross-sections, for which I ¼ pd4=64 and A ¼ pd2=4,
283where d is the diameter of the fiber.

284Our system of Eqs. (6), (7), and (14) was fit to force-
285versus-displacement curves with only the Young’s modulus,
286E, and the initial tension, T0, as free parameters. Examples of
287force-versus-displacement curves with relatively small and
288large initial tensions are shown in Fig. 4 along with corre-
289sponding least-squares fits to our model. For comparison, fits
290to both the pure bending Euler-Bernoulli model and the
291model of Heidelberg et al. including bending and stretching
292but without an initial tension are also shown. The range of
293the pure bending fits were restricted to dc less than 50 nm in
294an attempt to fit only the linear regions of the curves. In the
295case of high initial tension, fits of the other two models were
296restricted to dc less than 150 nm to fit only the region of
297linear elastic deformation.

298In the examples shown in Fig. 4, the Euler-Bernoulli
299model yields moduli of 580 6 20 and 167 6 2 GPa, while
300the model of Heidelberg et al. yields moduli of 32 6 0:2 and
30146:7 6 0:9 GPa, for examples (a) and (b), respectively.
302These models thus provide inconsistent results despite the
303restriction to the low-deflection limit and, as we will see, sig-
304nificantly overestimate the modulus of the silk.

305As shown by Eqs. (6)–(8), an initial tension results in a
306greater than zero, f ðaÞ greater than one, and an increased
307slope of Fc versus dc. In the case of a fiber with circular
308cross-section, the initial value of a, a0, as a function of the
309initial strain, �0, is given by
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a0 ¼ 16
L0

d

� �2

�0 ¼ 16
T0

EA

L0

d

� �2

; (15)

310311

312 where L0=d is the aspect ratio of the fiber. This relationship
313 demonstrates that for fibers with high aspect ratios such as
314 those studied here, the initial value of a, and hence even the
315 initial slope of force-versus-displacement curves, is strongly
316 influenced by any initial strain of the fibers. With the inclu-
317 sion of the initial tension T0 in the model presented here,
318 moduli of 25:4 6 0:3 and 22:9 6 0:3 GPa and initial tensions
319 of 46 6 2 and 155 6 2 nN are obtained, for examples (a) and
320 (b) in Fig. 4, respectively. These initial tensions correspond
321 to initial strains of 0.22% and 0.30%, respectively.
322 Though the model was developed for loads applied at
323 the center of the fiber, we find that the moduli given by the
324 model are fairly constant over at least the middle 20% of
325 force curves (approximating x as L0=2 for each), as shown
326 in Fig. 5. We therefore average the values obtained from
327 force curves located within 6 10% of the center of the
328 fiber. The Young’s moduli and initial tensions of fibers and
329 fiber bundles, obtained using the method described above
330 for samples prepared with a mixture of adults and larvae,
331 adults only, and larvae only, are recorded in Table I. The

332diameters suggest three cases in which a measurement was
333made on a small bundle with a few fibers and four cases in
334which a measurement was made on a larger fiber bundle
335with a height above the substrate greater than 100 nm. In
336a few cases, consecutive measurements were made to
337test the repeatability of the experiments. Averages of
338the results for repeated measurements are recorded. Also
339included is the average value of the factor f ða0Þ, which
340characterizes the enhancement of the apparent bending
341rigidity of the fiber due to the pre-existing tension, for each
342fiber.
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FIG. 5. Young’s modulus, obtained from fitting individual force curves

obtained from a single fiber, displayed versus position of the force curve

relative to the center of the fiber as a fraction of fiber length. Error bars

represent the statistical uncertainty of the individual curve fits and do not

consider the effects of position along the fiber nor of the uncertainty in

parameters such as the fiber radius. The reported modulus of the fiber was

determined by averaging the middle 20% of measurements, the result of

which is indicated by the dashed line.

TABLE I. Silk fiber lengths, diameters, moduli, and initial tensions for

samples prepared with adults and larvae, adults only, and larvae only.

Sample

type Fiber Location L (lm) d (nm) E (GPa) T0 (nN) f ða0Þ

Mixed 1 i 4.2 57 27:4 6 7:6 486 6 40 15

i 4.1 59 27:6 6 4:1 205 6 10 6.0

iii 3.9 51 40:6 6 3:3 80 6 12 3.2

iv 4.1 59 15:7 6 0:7 255 6 5 12

2 i 6.8 75a 39:9 6 5:8 628 6 39 12

3 i 4.2 170b 26:5 6 1:0 201 6 86 1.1

i 4.4 190b 19:3 6 2:3 0:7 6 0:5 1.0

iii 4.4 200b 25:3 6 0:9 510 6 100 1.1

4 i 18 92a 25:4 6 4:3 621 6 28 51

iic 16 78a 31:6 6 2:9 366 6 21 38

Adult 5 i 3.8 33 24:2 6 1:0 9 6 4 3.3

6 i 3.4 108b 26:0 6 1:2 231 6 35 1.4

7 i 4.4 65 15:2 6 1:1 91 6 14 4.2

ii 4.4 54 20:5 6 0:5 79 6 6 5.3

8 iid 4.0 54 19:6 6 0:3 238 6 2 12

Larval 9 i 3.6 23 20:3 6 4:0 14 6 4 16

10 ic 6.0 25 9:55 6 0:48 32 6 2 140

11 ie 4.3 22 15:16 6 0:56 90 6 2 210

aLikely multiple fibers.
bLarge fiber bundle.
cAverage of four consecutive measurements.
dAverage of three consecutive measurements.
eAverage of two consecutive measurements.

FIG. 4. Experimental force versus displacement curves for single silk fibers

with (a) relatively low and (b) relatively high initial tensions. For clarity,

two-thirds of the data points have been omitted. Fits to our model, which

accounts for bending, stretching, and an initial tension, are shown with solid

curves. For comparison, fits to the pure bending and bending plus stretching

models are shown for each dataset with dashed and dotted curves, respec-

tively. The range of the pure bending fits were restricted to dc less than

50 nm. In the case of high initial tension (b), fits to the other two models

were restricted to less than 150 nm.
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343 From contact imaging on the substrate, adult fibers were
344 found to have a diameter of approximately 55 nm. Several of
345 the fibers from the mixed adult and larval samples have
346 diameters matching those from the adult only samples. We
347 therefore classify fibers 1, 5, 7, and 8 from Table I as individ-
348 ual adult fibers. Their average diameter is 54 6 3 nm. The
349 larval fibers, fibers 9, 10, and 11, have a significantly smaller
350 average diameter of 23:3 6 0:9 nm. The remaining fibers
351 have diameters greater than 70 nm and are assumed to be
352 bundles of fibers. The initial tensions of the strands vary
353 from negligibly small to hundreds of nanoNewtons. These
354 tensions may arise from mites pulling on the silk as they lay
355 it down or from shrinkage of the silk after it has been depos-
356 ited. Despite the variation in T0, the values of Young’s mod-
357 ulus show little variation. The average of the moduli of the
358 adult fibers is 24 6 3 GPa, and the average of the moduli of
359 the larval fibers is 15 6 3 GPa.
360 In cases of high initial tension, such as that shown in
361 Fig. 4(b), the shapes of the force curves suggest deformation
362 beyond the elastic limit. To explore the nonlinear elastic
363 properties of our fibers, we estimated the tensile stress versus
364 engineering tensile strain as follows. Neglecting the variation
365 in strain due to curvature of the fibers, the uniform tensile
366 strain for each point along the Fc versus dc curves is given
367 by

� ¼ L� Leq

Leq
;

368369

370 where Leq is provided by the fitting results through Eq. (13)
371 and L is determined from Eq. (5) and the derivative of
372 Eq. (10). Note that we assume that even if the elastic limit is
373 exceeded, the fiber retains the shape predicted by the model
374 of Heidelberg et al. Fiber restoring force was converted to
375 engineering tensile stress from

r ¼ T

A
;

376377

378 by determining T for each pair of experimental force-
379 displacement values through Eqs. (6)–(8) and (14), with the

380modulus E (but not the initial tension T0) allowed to vary
381with strain.
382An example plot of the tensile stress versus tensile strain
383curves thus obtained is shown in Fig. 6. The initial tension in
384the fiber studied is responsible for the data beginning above
385zero strain. The extrapolated linear fit nearly passes through
386the point of zero stress at zero strain, demonstrating that it is
387reasonable to assume that the material exhibits linear elastic
388behavior at low strains.
389An estimate of the ultimate tensile strength could be
390made in cases where large enough forces were applied that
391the stress became flat with increasing strain. Both adult and
392larval fibers had ultimate tensile strengths of approximately
393200–300 MPa, typically reached at 1%–1.5% strain. To
394obtain an estimate of the toughness, several fibers were
395broken by repeating contact imaging with gradually increas-
396ing imaging force. An estimate of the lateral deformation of
397the center of a fiber was made from the last contact image
398obtained before the fiber broke, allowing us to estimate a
399maximum strain of �4%. If we assume that the stress
400increases linearly from 0 to 250 MPa between 0% and 1%
401strain and remains constant thereafter until the fiber breaks at
4024% strain, we can make an order-of-magnitude estimate of
4039 MJ/m3 for the toughness.
404The elastic modulus, tensile strength, breaking strain,
405and toughness of the spider mite silk fibers is compared to
406those of the Nephila clavipes spider and the Bombyx mori
407silk worm silks in Table II. The spider mite silk has a higher
408modulus than the spider and silk worm silks. However, the
409tensile strength, breaking strain, and toughness of the spider
410mite silk are lower than those of the spider and silk worm
411silks. The low toughness of spider mite silk relative to that of
412spider silk is perhaps not surprising, given that the former
413did not evolve to capture large prey. Nevertheless, spider
414mite silk possesses a larger elastic modulus than spider silk
415and, unlike other silks, is a true natural nanomaterial, which
416may permit applications impractical for other silks.

417V. CONCLUSION

418In summary, the mechanical properties of adult and
419larval spider mite silk nanofibers deposited onto silicon gra-
420tings were determined by measuring fiber restoring force
421versus vertical displacement with an atomic force micro-
422scope and modeling the fibers as clamped beams made of a
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FIG. 6. An example plot of tensile stress versus tensile strain. Experimental

stress-strain data are shown with circles. The dashed curve shows a linear fit

to the linear region of experimental data (in this case, for � < 4� 19�3) that

has been extrapolated back to zero strain.

TABLE II. Comparison of the elastic modulus, tensile strength, breaking

strain, and toughness of adult spider mite, spider, and silkworm silks. The

spider and silkworm data are from Elices et al.26

Elastic Tensile Breaking

Modulus Strength Strain Toughness

Silk (GPa) (GPa) (%) (MJ/m3)

Spider mitea 24 6 3 �0.2–0.3 �4 �9

Spiderb 1–10 1.8 30 � 130

Silk wormc 5 0.6 12 � 50

aTetranychus urticae.
bNephila clavipes.
cBombyx mori.
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423 linear elastic material. Since the fiber displacements were
424 greater than their radii, tensile stresses had to be considered.
425 However, the model of Heidelberg et al. was insufficient
426 for our data, and an initial tension in the fibers had to be
427 included. We have presented a model for determining the
428 Young’s modulus of suspended nanofibers with clamped
429 boundaries that accounts for bending stress, tensile stress due
430 to elongation during deformation, and tensile stress due to
431 an initial tension. We note that the latter stress changes the
432 initial slope of the force-versus-displacement curves and
433 so must be considered even in the limiting case of small
434 displacements. Despite force versus displacement curves
435 ranging from nearly linear to highly nonlinear, our model
436 provides consistent measurements of the elastic modulus of
437 spider mite silk fibers. To our knowledge, this is the first
438 study to incorporate axial tension due both to the applied
439 force and pre-existing tension in the analysis of nanofiber
440 properties. We recommend that such contributions to the
441 axial tension be considered in cases whenever the initial
442 tension T0 results in a value of f ða0Þ as given by Eqs. (7) and
443 (15) that is significantly greater than one.
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