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Spiders’ mechanical lifelines provide a key
for the study of trust in the quality of materials

Shigeyoshi Osaki

It is very important for living creatures to have trust in most of the environments encountered in daily life. However, there

have been no reports evaluating the degree of trust in such environments, including the quality of materials. The mechanical

properties of a spider dragline may be considered an appropriate object for studying trust in the quality of materials such as

fibers, textiles and plastics, because a spider must trust its life to the dragline when falling. In this study, the stress–strain

curves of a dragline, and the effects of ultraviolet rays on its mechanical properties, were found to present an origin for

evaluating the degree of trust on the quality of materials. Hypothetically, spiders may have trust in only the linear region of the

stress–strain curve, where there is no possibility of the dragline breaking; they may have no confidence in the nonlinear region

where there is the risk of breakage. Thus, the degree of trust could be estimated by establishing whether there is a linear

relationship between stimulus and response and by determining the slope of the straight line. The concept of trust developed

here is applicable to specifications for various industrial materials and also to social phenomena.
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INTRODUCTION

It is impossible for living organisms to function without some degree
of trust in their environment, where dangers are frequently encoun-
tered. Problems related to safety and trust have recently attracted
considerable attention in the complicated society of high technology.
Trust has been studied not only as the quality of industrial materials
but also as economic and psychological issues in social sciences.1–5

To deal with trust quantitatively is very difficult because the subtleties
of trust come from the fact that trust is a mental state that cannot be
measured directly. To my knowledge, there have been no reports on
methods for evaluating trust based on natural sciences. It is of
tremendous importance to understand the real nature of trust
scientifically from the viewpoint of effectively avoiding dangers and
making a living with safety. However, it has been very difficult to
understand the real nature of trust scientifically because no appro-
priate methods have been found for evaluating trust numerically.
Here, the author focuses on a spider’s mechanical lifeline, which its
total weight is perfectly applied to. Spiders necessarily use their
draglines as their mechanical lifeline controlling life and death when
jumping to capture insect prey on their orb webs or falling to escape a
predator. He paid attention to the mechanical properties of spider
silks under different environmental conditions because the mechanical
functions of not only lifeline but also silks constituting orb webs
of diurnal spiders for capturing insect prey outdoors could have been
markedly affected by exposure to ultraviolet (UV) irradiation.
The spider places its complete trust in the lifeline under such an

environmental condition. However, it is doubtful for spiders to
perfectly trust in all functions of their silks under sunlight. Thus, it
is very important to study which part of the lifeline the spider trusts
under their environmental condition, such as at night and in the
daytime, from the viewpoint of understanding an origin of trust.

Much research has focused on the physicochemical and aging
properties of spider draglines,6–11 including studies on mechanical
properties such as the mechanical breaking stress (BS) and the elastic
modulus.12–18 However, most researchers only focused on such studies
based on natural science. In my previous work, I put forth a concept
of maximal safety from a mechanical lifeline of spiders.19 It was found
that the elastic limit strength (ELS) of a dragline was approximately
twice that of the mature spider’s weight,19–21 so that the dragline could
be safely used as a mechanical lifeline.

As the ELS of draglines is related to safety, it may also be connected
with trust. Although it is of great interest to study how living
organisms trust their environment, there have been no reports to
date proposing methods for evaluating such trust. In a previous
paper,22 it was found that spiders usually use only part of the limiting
mechanical characteristics. This author focuses on the mechanical
properties of a spider dragline, which he considers to be an appro-
priate object for studying the concept of trust, under environments at
night and in the daytime.

In the present study, the aim of the author was to probe the nature
of trust and then provide a clue for dealing with trust in the quality of
industrial materials quantitatively. Here, a method has been developed
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for evaluating the degree of trust from a mechanical perspective, and is
applied to specifications for mechanical properties of various indus-
trial materials, and also to social phenomena.

MATERIALS AND METHODS

Spiders
The spiders used here were mainly female Nephila clavata. Female Leucauge

blanda and Argiope bruennichii spiders were also used. These spiders were

mature and diurnal and were active in the daytime outdoors.

Sampling
Orb webs are mechanically supported by a main frame of radial threads, which

are similar to the draglines that function as ‘mechanical lifelines’ for falling

spiders by supporting their bodyweight.19,20 Although radial threads should be

used for studying the effects of UV rays on orb webs, it is not appropriate to use

radial threads cut directly from built orb webs as samples because of the

mechanical hysteresis associated with cutting and building. Thus, it is appro-

priate to estimate the mechanical strength of the orb web by using draglines

instead of radial threads, as both types of threads are secreted from the same

ampullate gland.9

Live spiders were used in the experiments just after being captured from orb

webs. We obtained long draglines from a spider by sticking draglines to both

sides of a plastic frame B50 cm long covered with adhesive when falling from a

wooden bar under laboratory conditions. No extra stress above the elastic limit

stress (ES) was applied to avoid mechanical hysteresis,20–22 and the draglines

were cut into eight specimens and stuck to both sides of a paper frame covered

with adhesive for mechanical measurements. One of the eight specimens was

assigned for scanning electron microscope observation and the other specimens

were used for UV irradiation during fixed periods. We repeated the sampling

more than five times using live spiders.

In a previous paper,21 the ratio of spider’s weight to the cross-section of

draglines was determined to be almost constant. We judge the homogeneity of

draglines from the values of the ratio of the spider’s weight to the cross-section.

We ascertained whether the samples were true draglines consisting of double

filaments using a scanning electron microscope (JEOL, Tokyo, Japan),17,20 before

the stress–strain curves were measured. The cross-sectional area of draglines

was determined using a scanning electron microscope. The draglines consisted

almost entirely of protein, with an amino acid composition mainly comprising

glycine, alanine and glutamic acid residues.23

Mechanical measurements, UV irradiation
The stress–strain curves for dragline samples 4 cm in effective length, which

were ascertained to be true draglines, were measured using a modified

TENSILON UTM-IIIL (A & D Ltd., Tokyo, Japan) with a stretching velocity of

3.3�10�4 m s�1,11,17,20 which is relatively low compared with the actual velocity

of secretion. The mechanical measurements of draglines taken immediately

after irradiation of UV rays were taken five times, using samples prepared from

a dragline of the same spider. Here, ELS is determined from ES multiplied by

the cross-sectional area of the dragline. ES is defined as the stress at the elastic

limit point, where the stress–strain behavior changes from linear to nonlinear.

The mechanical breaking strength is determined from the BS, which is defined

as the stress at the breaking point of the dragline multiplied by the cross-section

of the dragline. These data obtained from five samples were averaged and the

s.d. was determined.

UV rays reaching the ground from the sun are mainly UV-A rays (320–

400 nm) as very small intensity of UV-B rays (290–320 nm) and no UV-C rays

(270–290 nm) reach the earth’s surface. UV rays with wavelengths longer than

270 nm and an intensity distribution similar to UV-A and UV-B rays were

created by a 660 W xenon-arc lamp (Suntester XF-180, Shimadzu, Japan) with

a special filter, thereby yielding an intensity distribution similar to sunlight.11

An air fan was installed in the UV irradiation source to avoid heating of

samples. In the UV-A* irradiation instrument, samples were set 25 cm from the

xenon-arc lamp. UV-A* and UV-B*, which were irradiated to samples, were

prepared by excluding wavelengths shorter than 320 nm and 290 nm, respec-

tively, from the xenon-arc lamp using special filters. UV-B* contains UV-B and

UV-A rays, whereas UV-A* contains only UV-A rays. The intensity of the

UV-A* rays was similar to that of natural UV-A rays, whereas the intensity of

the UV-B* rays, which increase by breaking the ozone layer, was approximately

double that of natural UV-B rays.

RESULTS

Trust in the mechanical properties of the lifeline
It is of great interest to study the mechanical behaviors of draglines for
understanding which part of the draglines spiders trust in. Stress–
strain curves were measured for eight specimens prepared from a
dragline sample secreted from a female N. clavata (Japanese golden
web spider) spider weighing 540 mg at the same time. The strain was
found to increase linearly with an increase in stress between the origin
and the elastic limit point, but nonlinearly between the elastic limit
point and the breaking point. All the specimens showed almost
identical behavior in the linear region, where the stress–strain relation-
ship was linear and reversible. Figure 1 shows stress–strain curves for
three different specimens prepared from the dragline. The straight line
indicates that strain can be accurately estimated for a given stress,
following Hooke’s law, and the slope of the straight line is related to
the elastic modulus reflecting rigidity in a very small strain. Generally,
the length of the linear region and its slope depend on the mechanical
functions of the spider’s dragline, which is affected by the spider’s
growth. For example, the length of the linear region reflects that of the
elastic region, whereas its slope reflects the degree of rigidity. Anyway,
spiders could hang by their draglines in safety in the linear region.
As the stress–strain curve in the linear region shows a reversible
behavior, there is no possibility of breaking, and spiders can precisely
estimate the mechanical functions of draglines in the same way as the
weighing machine with normal spring, which follows Hooke’s law.
However, the specimens showed marked fluctuations in mechanical
behaviors in the nonlinear region (see Figure 1) where the stress–strain
relationship was irreversible. Most of the protein molecules constitut-
ing draglines are mainly amorphous, whereas only a part of the
protein molecules forms b-configuration (a pleated sheet form with
intramolecular bonds).24–26 Furthermore, the entanglements among
protein molecules exist in the amorphous state as the molecular chains
are very long. The entanglements may be helpful for exhibiting the
elasticity of draglines when applied stress is not more than the ES.
However, stress above the ES causes loosening in the entanglements of
protein molecules, which cannot be reconstructed in the amorphous

Figure 1 Stress–strain curves for three different specimens of draglines

secreted from a Nephila clavata spider weighing 540mg. The stress–strain
behavior changes from linear to nonlinear at the elastic limit point. Elastic

limit stress (ES) and breaking stress (BS) are defined, respectively, as the

stress at the elastic limit point at which the stress–strain behavior changes

from linear to nonlinear, and as the breaking stress at the breaking point.
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state, even after the stress has been removed from the dragline. This
irreversibility may be responsible for the nonlinear behavior observed
above the ES.

Generally, it is very dangerous for spiders to act freely without exact
recognition of the actual limit of their mechanical functions.22 To
compare the maximum limits in linear and nonlinear regions of
mechanical functions of draglines, here, the mechanical breaking
strength and ELS were plotted against the spider’s weight in Figure 2.
Variation in mechanical breaking strength was found to be very large
for draglines of spiders with different weights, whereas the variation in
ELS was extremely small (see Figure 2). Therefore, it was very difficult
to accurately estimate stress–strain behavior in the nonlinear region,
or the limit point at which the draglines would break. More than two
BS peaks were observed in each stress–strain curve, as shown in
Figure 1, which correspond to the double filaments constituting the
dragline18–20 and also to fibrillation of filaments. Spiders could not
trust the nonlinear region, as they could not estimate exactly when and
where the dragline would break. In contrast, the ELS increases linearly
with the spider’s weight and it follows a law that the ELS is twice the
spider’s weight.19,20 Thus, spiders could recognize the limit of the
linear region and could then have complete confidence in the linear
region where the draglines were mechanically safe.

Therefore, the degree of trust could be evaluated by checking
whether the relationship of stress–strain showed a linear or nonlinear
behavior, and by determining the slope of the straight line. As the
slope is directly related to the elastic modulus, the larger slope
mechanically presents a higher degree of trust for spiders. On the
other hand, the length of the linear region reflects the length of the
period that spiders can mechanically trust the dragline for. These may
be a hereditary result of the spider’s long evolutionary history.

Effects of UV irradiation on Lifeline
Draglines from diurnal N. clavata spiders are irradiated by UV rays
from the sun in the daytime. Therefore, it is of great importance to
study the mechanical behaviors of draglines for understanding how a

spider trusts her dragline as a lifeline under the strict condition of UV
irradiation. The effects of UV rays on the mechanical properties of the
dragline were investigated, to further explore the notion of trust.
Figures 3a and b show the time-dependent effect of UV irradiation on
the BS and ES of draglines secreted from a female N. clavata spider
weighing 540 mg. The UV-A* and UV-B* rays used here were
prepared by excluding wavelengths shorter than 320 and 290 nm,
respectively, from a xenon-arc lamp. The BS increased rapidly after
commencing UV-A* or UV-B* irradiation, peaked fairly quickly, then
decreased gradually as it approached an asymptote. The asymptotic
value was lower at the starting point and was apt to approach the
value of ES with time. BS approached the value of ES more rapidly
under UV-B* irradiation than under UV-A* irradiation, as the UV-B*
rays were more destructive to silk proteins compared with UV-A* rays
(see Figure 2 of ref. 11). The s.e. in the data of ES after UV-B*
irradiation is a little larger than that after UV-A* irradiation, even
though the s.e. in the data of ES is much smaller than that in BS. Thus,
the BS was strongly affected by UV-A* or UV-B* irradiation,11 and
prolonged exposure increased the possibility of breaking.

As the intensity of UV irradiation from sunlight is dependent
on weather, spiders could not predict the useful value of the mechan-
ical function of draglines and also when and where the draglines
would break.

Figure 2 The elastic limit strength (ELS) and the mechanical breaking

strength (MBS) are plotted against different weights of spiders. The ELS and

the MBS are defined, respectively, as the strength at the elastic limit point

at which the force–elongation behavior of draglines of Nephila clavata

spiders changes from linear to nonlinear and as the strength at the breaking

point. A variation in ELS and MBS is shown as s.d.

Figure 3 (a) Time dependence of ultraviolet UV-A* irradiation on the

breaking stress (BS) and elastic limit stress (ES) of draglines (mean

value±s.e.) secreted from a female Nephila clavata spider weighing

540mg. Closed circles represent ES, and open circles represent BS. The

UV-A* rays were prepared by excluding wavelengths shorter than 320 nm

from a xenon-arc lamp. (b) Time dependence of UV-B* irradiation on the BS

and ES of draglines (mean value±s.e.) secreted from a Nephila clavata

spider weighing 540 mg. Closed circles represent ES, and open circles

represent BS. The UV-B* rays were prepared by excluding wavelengths

shorter than 290 nm from a xenon-arc lamp.
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UV-A* irradiation also produced a peak in normalized BS for a
female L. blanda weighing 70 mg,27 then decreased gradually and
tended to approach the value of ES, whereas ES was almost constant
even after UV-A* irradiation, as shown in Figure 4. The time
dependence of UV-A* irradiation on BS also produced a small peak,
but the ES was almost constant for the period investigated, although
the results of UV-A* irradiation to A. bruennichii spiders are not
shown here. Such peaks in the BS shown in Figures 3a, b and 4 may be
mainly a consequence of two factors: an increase in molecular
weight28–30 due to crosslinking of protein molecules,11 and a decrease
in molecular weight due to decomposition.31 Although the effects of
generating crosslinks are significant for a period after the commence-
ment of UV irradiation, the effects of chemical decomposition become
dominant over time.29 The peaks in the BS may also be ascribed to the
difference in the amino acid composition or fine structure,32 or to
hardening because of water evaporation from spider draglines.
As prolonged exposure to UV-A* and UV-B* irradiation significantly
changed the BS, spiders could not trust the mechanical strength
above the ES.

The probability of the breaking of draglines becomes very high in
the nonlinear region. In particular, the BS changed markedly under
UV irradiation. Thus, spiders could not trust all the mechanical
functions of the nonlinear region and also the BS as they cannot
know when and how the mechanical function changes rapidly
depending on environmental factors such as weather.

In contrast, ES and the slope of the straight line in the stress–strain
curve remained almost constant even under UV-A* and UV-B*
irradiation throughout the remainder of the extended period investi-
gated (see Figures 3a, b and 4). At the same time, the value of ELS
remained almost twice that of the spider’s weight, corresponding to
the concept of maximum safety. Thus, spiders could trust the ES
during the long period of UV irradiation investigation, as they can
estimate the limit in the linear region of the mechanical function
exactly even under the restrict condition. The results of this experi-
ment strongly supported the argument that spiders could trust
mechanically the linear region but not the nonlinear region of the
stress–strain curve.

Trust in lifelines deeper than other silks
Draglines consist of two filaments, each capable of supporting the
spider’s weight. As the ELS of a dragline corresponds to twice the

spider’s weight as described above, the spider can safely climb its
dragline when carrying a captured insect the weight of which is less
than its own.19,20 However, a spider does not use its dragline for lifting
an insect, but winds swathing bands similar to the bundles of draglines
around an insect when lifting the insect heavier than its own
weight. This means that the spider absolutely does not forget using
draglines to keep its life, as the weight of a spider biting an insect
heavier than its own weight reaches the nonlinear curve of draglines.
This provides evidence that spiders trust neither the mechanical
function of swathing bands nor the nonlinear region of the stress–
strain curve of draglines.

The results of the mechanical properties of draglines will be
applicable to the radial threads constituting orb webs, as draglines
and radial threads are secreted from the same ampullate gland.23 It is

Figure 4 Time dependence of ultraviolet UV-A* irradiation on the breaking

stress (BS) and elastic limit stress (ES) of draglines (mean value±s.e.)

secreted from a female Leucauge blanda spider weighing 71mg. Closed

circles represent ES, and open circles represent BS. UV-A* rays were
prepared by excluding wavelengths shorter than 320 nm from a xenon-arc

lamp.

Figure 5 The reports presented by subordinates plotted against the orders

given by a superior. Trust can be established between the superior and

subordinate when the order–report relationship is linear. A higher slope

reflects a higher degree of trust. The rank of evaluation for routine work is in

the order of subordinates A, B and C. The superior is unable to trust

subordinate D, as the level of this subordinate’s report is random. Closed

circles represent subordinate A, open circles represent subordinate B, closed

squares represent subordinate C and open squares represent subordinate D.

Figure 6 The relationship between interest as a profit and deposit as an

investment. The interest is generally very low, even when a large amount of
money is deposited (solid line). If there are two or three points (open

circles), including an origin, a straight line can be drawn. If an investor

makes a large profit through high interest on at least two occasions, they

may trust in the linear relationship and estimate that continued investment

will produce more profits (broken line). However, the investor may be

deceived.
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essential that the webs of orb-weaving spiders can trap insect prey;
this ability is closely related to the mechanical functions of the
spider silk constituting the orb webs. If the mechanical function of
radial threads constituting orb webs in a similar way as in Figures 3
and 4 is decreased markedly by UV rays, diurnal N. clavata and
L. blanda spiders cannot capture insect prey in the daytime. Actually
N. clavata and L. blanda spiders have the special mechanism for
mechanically strengthening orb webs by using UV rays so that the
mechanical function of the orb webs should not decrease for capturing
insect prey.

The decrease in mechanical function of the spider’s lifeline by UV
rays gives the most urgent and important effects for risk directly
related to its death, whereas that of the orb webs by UV rays gives
effects for the ability to capture insect prey. A spider has to continue
using her lifeline during her action on an orb web as she can recognize
the importance of her life and differentiate it from other things. The
results suggest that spiders have special ability for evaluating the
degree of trust in the mechanical functions of silks and can trust
only in the linear region of draglines.

CONCLUSION

Evaluation of trust is very important in fields such as industrial
materials and in economic and psychological issues in social sciences.
As described above, however, dealing with trust quantitatively is a very
difficult problem. Here, the concept of trust was assessed using a
spider’s lifeline.

This concept of trust from a spider’s lifeline may be applicable to
specifications for various industrial materials such as fibers, textiles
and plastics and also to our future lives. Usually we have to evaluate
the quality of industrial materials by outdoor exposure to UV rays.
The quality of materials is generally determined from the mechanical
properties in the linear region of the materials. In fact, we trust the
mechanical properties in the linear region of materials.

Thus, the ELS and ES expressing the maximal limit of trust will be
added as specifications of mechanical properties for various industrial
materials.

On the other hand, this concept is applicable to the field of social
science. For example, most details of our lives are generally an
extension of our present lives as most of our lives do not change
greatly in the short term. Therefore, most elements will progress
linearly in the near future, and we can live at ease as we can
predict most of the near future. However, our lives often involve a
small number of factors with the potential to change markedly
and nonlinearly in the near future. Furthermore, it is extremely
difficult to accurately predict our lives in the long term because a
large part of our lives in the actual world changes markedly
and nonlinearly in the distant future. Although we can live in the
near future according to conventional thoughts and methods, we will
not be able to survive in the long term without new ideas and
approaches. Therefore, it is important that we learn and study cultures
other than our own to progress even in the nonlinear world of the
distant future.

In conclusion, the stress–strain curves of draglines and the effects of
UV rays on its mechanical properties gave an origin for evaluating the
degree of trust in various environments. The degree of trust was
assessed visually by determining whether the relationship between the
stimulus and response was linear or nonlinear. The environment could
be trusted if a linear relationship could be established, but could not
be trusted if the relationship was nonlinear. This concept of trust could

be extended to specifications for mechanical properties of industrial
materials such as rope, string and films, which are used repeatedly, and
also to various social phenomena such as relationships between a
superior’s orders and a subordinate’s reports (see Appendix described
below), between an investment and profit, and between a deposit and
the interest relating to rules for deceit (see Appendix described below),
politics, baseball games and so on. However, evaluating the degree of
trust numerically remains an important problem to be resolved.
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APPENDIX

RELATIONSHIP BETWEEN STIMULUS AND RESPONSE

In this model system, subordinates present their reports as the
response, and the superior gives different types of orders with different
grades to the subordinates as the stimulus. The reports presented by
subordinates are plotted against the orders given by a superior. The
superior is required to estimate the relative difficulty of routine tasks
and rank the orders. The rank is usually estimated numerically from
the number of routine tasks. Of course, the superior also has to
provide a rank by assessing the level of quality of the tasks as accurate
as possible even though numerical estimation is very difficult. This
assessment is usually carried out in companies. The superior checks
whether the relationship between the order and the report is linear,
and evaluates the degree of trust in the subordinates from the slope
and length of the straight line in the graph.

Relationship between superior and subordinate
The concept of trust developed through the study of the mechanical
behavior of draglines may be applicable to various kinds of social
phenomena. Here, a case in which a superior orders several subordi-
nates to perform tasks at different levels of difficulty is considered.
Even though the subordinates try to complete the work, they may not
be able to achieve the level required by the superior. Generally, the
superior cannot trust in the subordinate until the subordinate presents
the reports expected. Therefore, a linear relationship will be estab-
lished, within error, between the order and the report if there are
several incidents in which the level of the report approximates the level
of the superior’s order. Generally, it is relatively easy to estimate
numerically the degree of level, not for research, but for routine work.
If linear behavior in the order–report relationship is established for
routine work, as shown in cases A, B and C of Figure 5, the superior
will trust the subordinate. The longer the straight line, the more
widely the subordinate will be trusted by the superior, and the greater
the slope of the line the higher the degree of trust. A greater slope
means that the subordinate always presents effective results from the
superior’s order.

Nonlinearity will be established between the superior’s order and
the subordinate’s report for routine tasks if the level of the report is
smaller than the level of expectation; as a result, the superior will not
trust the subordinate. It is likely that nonlinearity will be established

for difficult or unfamiliar tasks, which usually include surplus work-
load and research. Generally, a nonlinear relationship will be estab-
lished in the region where the stimulus is very large and the position of
the coordinate is very far from the origin.

The rank of evaluation for routine work in Figure 5 is in the order
of subordinates A, B and C. However, the length of the linear region
and the magnitude of the slope will change depending on the identity
of the superior.

The case of D, in which the level of the subordinate’s report is
random with respect to order, corresponds to the example in which
the subordinate does not have the ability to accomplish routine work
or does not make appropriate efforts.

Sometimes, subordinates may have a special ability for accomplish-
ing difficult work with a high level in the nonlinear region of the
graph, as shown in cases A, B and C in Figure 5. However, most people
do not have this ability. As a result, the rank of evaluation made by
the superior may reverse for difficult or non-routine work such as
research. Most people are unable to easily establish a linear relation-
ship between a superior’s order and subordinate’s report for difficult
research.

This notion of trust is also applicable to cases of learning and deceit,
from the viewpoint of investment and profit. It can be assumed that
investing money in schooling usually leads to profit through achieve-
ment. If profit increases linearly with increasing investment, many
people will study hard. If the stream of future society is easily
estimated in a similar way, people will also work hard. However, if
the future is uncertain and cannot be perfectly estimated, linearity will
not be established between effort and profit. As a result, people will
make no effort to learn or to work hard.

RULES FOR DECEIT

In the second example, if the annual interest at a bank is usually
very low, people will not expect to earn large sums when depositing
small amounts of money (see Figure 6). However, one or two
experiences of earning high profits from a small deposit, as a
result of high interest, may alter their expectations. If there are two
or three points, including an origin, a straight line can be drawn
between the deposit and the interest. In such a case, people may
believe that a linear relationship has been established, even far
from the origin, and continue to invest, and, as a result, be easily
deceived.

Spiders mechanical lifeline provides a key for trust
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