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Nonlinear material behaviour of spider silk yields
robust webs
Steven W. Cranford1,2, Anna Tarakanova1,2,3, Nicola M. Pugno4 & Markus J. Buehler1,2,5

Natural materials are renowned for exquisite designs that optimize
function, as illustrated by the elasticity of blood vessels, the tough-
ness of bone and the protection offered by nacre1–5. Particularly
intriguing are spider silks, with studies having explored properties
ranging from their protein sequence6 to the geometry of a web7.
This material system8, highly adapted to meet a spider’s many
needs, has superior mechanical properties9–15. In spite of much
research into the molecular design underpinning the outstanding
performance of silk fibres1,6,10,13,16,17, and into the mechanical char-
acteristics of web-like structures18–21, it remains unknown how the
mechanical characteristics of spider silk contribute to the integrity
and performance of a spider web. Here we report web deformation
experiments and simulations that identify the nonlinear response
of silk threads to stress—involving softening at a yield point and
substantial stiffening at large strain until failure—as being crucial
to localize load-induced deformation and resulting in mechanic-
ally robust spider webs. Control simulations confirmed that a non-
linear stress response results in superior resistance to structural
defects in the web compared to linear elastic or elastic–plastic (soft-
ening) material behaviour. We also show that under distributed
loads, such as those exerted by wind, the stiff behaviour of silk
under small deformation, before the yield point, is essential in
maintaining the web’s structural integrity. The superior perform-
ance of silk in webs is therefore not due merely to its exceptional
ultimate strength and strain, but arises from the nonlinear res-
ponse of silk threads to strain and their geometrical arrangement
in a web.

Although spider silk is used by spiders for many purposes, from
wrapping prey to lining retreats22,23, here we focus on silk’s structural
role in aerial webs and on how silk’s material properties relate to web
function. The mechanical behaviour of silk, like that of other biological
materials, is determined by the nature of its constituent molecules and
their hierarchical assembly into fibres13,16,17,24–26 (Supplementary Fig. 1).
Spider webs themselves are characterized by a highly organized geo-
metry that optimizes their function7,8,18–20. To explore the contribution
of the material characteristics to web function, we developed a web
model with spiral and radial threads based on the geometry commonly
found in orb webs1. The silk material behaviour was parameterized
from atomistic simulations of dragline silk from the species Nephila
clavipes (model A)16,17 (Fig. 1a, b) and validated against experiments10

(Methods Summary). Properties of silk can vary across evolutionary
lineages by over 100% (refs 9, 27 and 28; Supplementary Information
section 1), so we avoided species-specific silk properties and instead
used a representative model to reflect the characteristic nonlinear
stress–strain (s –e) behaviour of silk found in a web. The mechanical
performance of individual silk threads has been previously investi-
gated10,12,13, and is in agreement with our model in terms of tensile
deformation behaviour.

It is rare to see a perfectly intact web—debris, attack or unstable
anchorage lead to loss of threads (see inset to Fig. 1c)—but the struc-
ture usually remains functional for a spider’s use. We assessed a web’s
ability to tolerate defects by removing web sections (silk threads) and
applying a local load (Fig. 1c). Removal of up to 10% of threads, at
different locations relative to the load, had little impact on the web’s
response; in fact, the ultimate load capacity increased by 3–10% with
the introduction of defects (Fig. 1c). We observed in all cases that
failure is limited to the thread to which the force is applied. Loading
of a spiral thread resulted in relatively isolated web distortion (Fig. 1e),
whereas loading of a radial thread (Fig. 1f) resulted in larger deforma-
tion (about 20% more deflection and about 190% increase in energy
dissipation; Fig. 1d). But in both cases, failure was localized (Fig. 1e, f).
A comparative study of loading radial versus spiral threads demon-
strated that the web’s structural performance is dominated by the
properties of the stiffer and stronger radial dragline silk (with the force
required to break radial threads within the web approximately 150%
higher), suggesting that the spiral threads play non-structural roles
(such as capturing prey).

In situ experiments on a garden spider (Araneus diadematus) web
(Fig. 1e, f) were in qualitative agreement with the simulations: they
confirmed the prediction that failure is localized when loading either a
spiral or a radial thread. Complementing these findings, we used our
atomistic silk model16,17 to connect the stress states in the web (Fig. 2a,
top row) with molecular deformation mechanisms in the threads
(Fig. 1a). Under loading and immediately before failure, most radial
threads in the structure exhibited deformation states equivalent to the
yield regime (regime II in Fig. 1a), where the presence of polymer-like
semi-amorphous regions permits entropic unfolding of the silk nano-
composite under relatively low stress16,17,29. Once unfolding is com-
plete, the system stiffens as stress is transferred to relatively rigid
b-sheet nanocrystals17 (regimes III–IV in Fig. 1a); it finally fails, at
the thread where force is applied, because the applied stress is sufficient
to rupture the nanocrystals.

Simulation and experiment both indicated that localized failure is a
universal characteristic of spider webs. It is unresolved whether this
behaviour is unique to silk-like materials or a result of the web’s archi-
tecture (that is, a property of the construction material or of the struc-
tural design). We therefore systematically compared the response of
webs constructed from three different types of fibres with distinct
mechanical behaviour (Fig. 2a, left panels): in addition to fibres with
the atomistically derived stress–strain behaviour of dragline silk
(model A), we used idealized engineered fibres that exhibited either
linear elastic behaviour (model A9) or elastic–perfectly plastic beha-
viour that involves severe softening (plastic yield) (model A99). In all
cases, we loaded one of the radial threads and assumed that the failure
stress (about 1,400 MPa) and strain (about 67%) of silk threads are
constant, so that any changes in deformation behaviour (Fig. 2a, right

1Laboratory for Atomistic and Molecular Mechanics (LAMM), Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA. 2Center for Materials Science and Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA. 3Department of
Applied and Engineering Physics, Cornell University, Ithaca, New York 14853, USA. 4Laboratory of Bio-Inspired Nanomechanics ‘‘Giuseppe Maria Pugno’’, Department of Structural Engineering and
Geotechnics, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy. 5Center for Computational Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA.
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panels) and web damage (Fig. 2a, middle panels) would be a direct
result of differences in the stress–strain behaviour of the fibres. In the
case of a web comprised of natural dragline silk (top panels of Fig. 2a),
all radial threads contributed partially to the resistance to loading, but
the fact that the material suddenly softened at the yield point, which
immediately reduced the initial modulus (about 1,000 MPa) by around
80%, ensured that only the loaded radial thread entered regime III and
began to stiffen before it finally failed. With linear elastic material
behaviour (middle panels of Fig. 2a), the loaded radial thread was still
subjected to the bulk of the load; but adjacent radial threads bore a
higher fraction of the ultimate load, which resulted in a greater
delocalization of damage upon failure. With elastic–perfectly plastic
behaviour (bottom panels of Fig. 2a), the softening of radial threads
enhanced the load distribution even more throughout the web and
thereby greatly increased the damage zone once failure occurred. The
increased contribution of the auxiliary radial threads to load resistance
as we moved from the natural to linear elastic to elastic–perfectly
plastic behaviour resulted in 34% higher maximum strength, but
30% less displacement at failure (Fig. 2b).

The above simulations using atomistically derived silk properties
(model A) assume that the spiral threads and radial threads are made
of dragline silk and behave identically, except for differences arising
from their different thread diameters. But in real spider webs, spiral
threads are composed of more compliant and extensible viscid silk (for

example, a failure strain of around 270% for the species Araneus
diadematus1). To explore the effect of different silks making up the
spiral and radial threads, we introduced empirically parameterized
viscid spiral threads1 (model B) and found that the results were only
marginally affected (Fig. 2b). We also used a model in which we
parameterized both spiral and radial threads according to empirical
data1 (model C), subjected this model to the same loading conditions
and systematically compared its performance against that of models
with linear elastic (model C9) and elastic–perfectly plastic behaviours
(model C99). We found similar web responses and although the web
made from natural silk is weaker, it still localizes damage near the
loaded region (Supplementary Information section 5).

To explore global loading responses, we subjected the web models to
a homogeneously distributed wind load with effective wind speeds up
to 70 m s21 (a threshold at which all models fail). The system-level
deflection curves (Fig. 2c) reflect the mechanical behaviour of the
radial threads, which ultimately transferred load to the web’s anchor-
ing points. Although the spiral threads underwent increased deflection
and captured more of the wind load owing to their larger exposed
length, they were effectively pinned to the much stiffer dragline radial
threads that limit web deflection (Fig. 2c, Supplementary Information
section 8). For wind speeds less than 10 m s21 there was little difference
between the models (Fig. 2c, Supplementary Information section 8)
and deflections are ,12% of the total span of the web. We attributed
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Figure 1 | Material behaviour of dragline spider silk, web model, and
behaviour of webs under load. a, Derived stress–strain (s–e) behaviour of
dragline silk, parameterized from atomistic simulations and validated against
experiments16,17. There are four distinct regimes characteristic of silk16,17. I, stiff
initial response governed by homogeneous stretching; II, entropic unfolding of
semi-amorphous protein domains; III, stiffening regime as molecules align and
load is transferred to the b-sheet crystals; and IV, stick–slip deformation of
b-sheet crystals16 until failure. b, Schematic of web model, approximated by a
continuous spiral (defined by dR) supported by eight regular radial silk threads
(defined by dh), typical of orb webs7. c, Force–displacement curves for loading a

defective web (results for model A; loaded region shown in red). Case studies
include missing spiral segments (d1 to d3) and a missing radial thread (d4). The
inset to c shows the in situ orb web as discovered, containing many defects
(marked by green arrows). d, Force–displacement behaviour of web,
comparing the loading of a single radial thread and a single spiral thread (model
A). e, Loading of a spiral thread results in small web deformation. f, Loading
applied at radial threads results in an increase in web deformation. In both cases
(e and f) failure is isolated to the pulled thread in simulation and experiment,
restricting damage to a small section of the web (indicated by white rectangles).
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Steven W. Cranford1,2, Anna Tarakanova1,2,3, Nicola M. Pugno4 & Markus J. Buehler1,2,5

Natural materials are renowned for exquisite designs that optimize
function, as illustrated by the elasticity of blood vessels, the tough-
ness of bone and the protection offered by nacre1–5. Particularly
intriguing are spider silks, with studies having explored properties
ranging from their protein sequence6 to the geometry of a web7.
This material system8, highly adapted to meet a spider’s many
needs, has superior mechanical properties9–15. In spite of much
research into the molecular design underpinning the outstanding
performance of silk fibres1,6,10,13,16,17, and into the mechanical char-
acteristics of web-like structures18–21, it remains unknown how the
mechanical characteristics of spider silk contribute to the integrity
and performance of a spider web. Here we report web deformation
experiments and simulations that identify the nonlinear response
of silk threads to stress—involving softening at a yield point and
substantial stiffening at large strain until failure—as being crucial
to localize load-induced deformation and resulting in mechanic-
ally robust spider webs. Control simulations confirmed that a non-
linear stress response results in superior resistance to structural
defects in the web compared to linear elastic or elastic–plastic (soft-
ening) material behaviour. We also show that under distributed
loads, such as those exerted by wind, the stiff behaviour of silk
under small deformation, before the yield point, is essential in
maintaining the web’s structural integrity. The superior perform-
ance of silk in webs is therefore not due merely to its exceptional
ultimate strength and strain, but arises from the nonlinear res-
ponse of silk threads to strain and their geometrical arrangement
in a web.

Although spider silk is used by spiders for many purposes, from
wrapping prey to lining retreats22,23, here we focus on silk’s structural
role in aerial webs and on how silk’s material properties relate to web
function. The mechanical behaviour of silk, like that of other biological
materials, is determined by the nature of its constituent molecules and
their hierarchical assembly into fibres13,16,17,24–26 (Supplementary Fig. 1).
Spider webs themselves are characterized by a highly organized geo-
metry that optimizes their function7,8,18–20. To explore the contribution
of the material characteristics to web function, we developed a web
model with spiral and radial threads based on the geometry commonly
found in orb webs1. The silk material behaviour was parameterized
from atomistic simulations of dragline silk from the species Nephila
clavipes (model A)16,17 (Fig. 1a, b) and validated against experiments10

(Methods Summary). Properties of silk can vary across evolutionary
lineages by over 100% (refs 9, 27 and 28; Supplementary Information
section 1), so we avoided species-specific silk properties and instead
used a representative model to reflect the characteristic nonlinear
stress–strain (s –e) behaviour of silk found in a web. The mechanical
performance of individual silk threads has been previously investi-
gated10,12,13, and is in agreement with our model in terms of tensile
deformation behaviour.

It is rare to see a perfectly intact web—debris, attack or unstable
anchorage lead to loss of threads (see inset to Fig. 1c)—but the struc-
ture usually remains functional for a spider’s use. We assessed a web’s
ability to tolerate defects by removing web sections (silk threads) and
applying a local load (Fig. 1c). Removal of up to 10% of threads, at
different locations relative to the load, had little impact on the web’s
response; in fact, the ultimate load capacity increased by 3–10% with
the introduction of defects (Fig. 1c). We observed in all cases that
failure is limited to the thread to which the force is applied. Loading
of a spiral thread resulted in relatively isolated web distortion (Fig. 1e),
whereas loading of a radial thread (Fig. 1f) resulted in larger deforma-
tion (about 20% more deflection and about 190% increase in energy
dissipation; Fig. 1d). But in both cases, failure was localized (Fig. 1e, f).
A comparative study of loading radial versus spiral threads demon-
strated that the web’s structural performance is dominated by the
properties of the stiffer and stronger radial dragline silk (with the force
required to break radial threads within the web approximately 150%
higher), suggesting that the spiral threads play non-structural roles
(such as capturing prey).

In situ experiments on a garden spider (Araneus diadematus) web
(Fig. 1e, f) were in qualitative agreement with the simulations: they
confirmed the prediction that failure is localized when loading either a
spiral or a radial thread. Complementing these findings, we used our
atomistic silk model16,17 to connect the stress states in the web (Fig. 2a,
top row) with molecular deformation mechanisms in the threads
(Fig. 1a). Under loading and immediately before failure, most radial
threads in the structure exhibited deformation states equivalent to the
yield regime (regime II in Fig. 1a), where the presence of polymer-like
semi-amorphous regions permits entropic unfolding of the silk nano-
composite under relatively low stress16,17,29. Once unfolding is com-
plete, the system stiffens as stress is transferred to relatively rigid
b-sheet nanocrystals17 (regimes III–IV in Fig. 1a); it finally fails, at
the thread where force is applied, because the applied stress is sufficient
to rupture the nanocrystals.

Simulation and experiment both indicated that localized failure is a
universal characteristic of spider webs. It is unresolved whether this
behaviour is unique to silk-like materials or a result of the web’s archi-
tecture (that is, a property of the construction material or of the struc-
tural design). We therefore systematically compared the response of
webs constructed from three different types of fibres with distinct
mechanical behaviour (Fig. 2a, left panels): in addition to fibres with
the atomistically derived stress–strain behaviour of dragline silk
(model A), we used idealized engineered fibres that exhibited either
linear elastic behaviour (model A9) or elastic–perfectly plastic beha-
viour that involves severe softening (plastic yield) (model A99). In all
cases, we loaded one of the radial threads and assumed that the failure
stress (about 1,400 MPa) and strain (about 67%) of silk threads are
constant, so that any changes in deformation behaviour (Fig. 2a, right

1Laboratory for Atomistic and Molecular Mechanics (LAMM), Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA. 2Center for Materials Science and Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA. 3Department of
Applied and Engineering Physics, Cornell University, Ithaca, New York 14853, USA. 4Laboratory of Bio-Inspired Nanomechanics ‘‘Giuseppe Maria Pugno’’, Department of Structural Engineering and
Geotechnics, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy. 5Center for Computational Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA.
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panels) and web damage (Fig. 2a, middle panels) would be a direct
result of differences in the stress–strain behaviour of the fibres. In the
case of a web comprised of natural dragline silk (top panels of Fig. 2a),
all radial threads contributed partially to the resistance to loading, but
the fact that the material suddenly softened at the yield point, which
immediately reduced the initial modulus (about 1,000 MPa) by around
80%, ensured that only the loaded radial thread entered regime III and
began to stiffen before it finally failed. With linear elastic material
behaviour (middle panels of Fig. 2a), the loaded radial thread was still
subjected to the bulk of the load; but adjacent radial threads bore a
higher fraction of the ultimate load, which resulted in a greater
delocalization of damage upon failure. With elastic–perfectly plastic
behaviour (bottom panels of Fig. 2a), the softening of radial threads
enhanced the load distribution even more throughout the web and
thereby greatly increased the damage zone once failure occurred. The
increased contribution of the auxiliary radial threads to load resistance
as we moved from the natural to linear elastic to elastic–perfectly
plastic behaviour resulted in 34% higher maximum strength, but
30% less displacement at failure (Fig. 2b).

The above simulations using atomistically derived silk properties
(model A) assume that the spiral threads and radial threads are made
of dragline silk and behave identically, except for differences arising
from their different thread diameters. But in real spider webs, spiral
threads are composed of more compliant and extensible viscid silk (for

example, a failure strain of around 270% for the species Araneus
diadematus1). To explore the effect of different silks making up the
spiral and radial threads, we introduced empirically parameterized
viscid spiral threads1 (model B) and found that the results were only
marginally affected (Fig. 2b). We also used a model in which we
parameterized both spiral and radial threads according to empirical
data1 (model C), subjected this model to the same loading conditions
and systematically compared its performance against that of models
with linear elastic (model C9) and elastic–perfectly plastic behaviours
(model C99). We found similar web responses and although the web
made from natural silk is weaker, it still localizes damage near the
loaded region (Supplementary Information section 5).

To explore global loading responses, we subjected the web models to
a homogeneously distributed wind load with effective wind speeds up
to 70 m s21 (a threshold at which all models fail). The system-level
deflection curves (Fig. 2c) reflect the mechanical behaviour of the
radial threads, which ultimately transferred load to the web’s anchor-
ing points. Although the spiral threads underwent increased deflection
and captured more of the wind load owing to their larger exposed
length, they were effectively pinned to the much stiffer dragline radial
threads that limit web deflection (Fig. 2c, Supplementary Information
section 8). For wind speeds less than 10 m s21 there was little difference
between the models (Fig. 2c, Supplementary Information section 8)
and deflections are ,12% of the total span of the web. We attributed
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Figure 1 | Material behaviour of dragline spider silk, web model, and
behaviour of webs under load. a, Derived stress–strain (s–e) behaviour of
dragline silk, parameterized from atomistic simulations and validated against
experiments16,17. There are four distinct regimes characteristic of silk16,17. I, stiff
initial response governed by homogeneous stretching; II, entropic unfolding of
semi-amorphous protein domains; III, stiffening regime as molecules align and
load is transferred to the b-sheet crystals; and IV, stick–slip deformation of
b-sheet crystals16 until failure. b, Schematic of web model, approximated by a
continuous spiral (defined by dR) supported by eight regular radial silk threads
(defined by dh), typical of orb webs7. c, Force–displacement curves for loading a

defective web (results for model A; loaded region shown in red). Case studies
include missing spiral segments (d1 to d3) and a missing radial thread (d4). The
inset to c shows the in situ orb web as discovered, containing many defects
(marked by green arrows). d, Force–displacement behaviour of web,
comparing the loading of a single radial thread and a single spiral thread (model
A). e, Loading of a spiral thread results in small web deformation. f, Loading
applied at radial threads results in an increase in web deformation. In both cases
(e and f) failure is isolated to the pulled thread in simulation and experiment,
restricting damage to a small section of the web (indicated by white rectangles).
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Svängningsrörelse 

0

y y

t
Jämviktsläge 

Återförande 
resultant* 

amplitud 
(största 
utslaget) 

utslag, elongation  
(avstånd från jämviktsläget) 

* vektorsumman av tyngdkraft och kraft från fjäder 
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(periodisk rörelse mellan två ytterlägen) 

Vikt i fjäder 



Svängningsrörelse 

0

y y

t
Jämviktsläge 

Återförande 
resultant* 

amplitud 
(största 
utslaget) 

utslag, elongation  
(avstånd från jämviktsläget) 

* vektorsumman av tyngdkraft och kraft från fjäder 
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(periodisk rörelse mellan två ytterlägen) 

Vikt i fjäder 



Svängningsrörelse 

0

y y

t
Jämviktsläge 

Återförande 
resultant* 

amplitud 
(största 
utslaget) 

utslag, elongation  
(avstånd från jämviktsläget) 

svängningstid, period T 
(tiden för en hel svängning) 

* vektorsumman av tyngdkraft och kraft från fjäder 
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(periodisk rörelse mellan två ytterlägen) 

Vikt i fjäder 



Svängningsrörelse 

f = 1
T

Frekvens 

0

y y

t
Jämviktsläge 

Återförande 
resultant* 

amplitud 
(största 
utslaget) 

utslag, elongation  
(avstånd från jämviktsläget) 

svängningstid, period T 
(tiden för en hel svängning) 

SI-enhet: 1 s-1 = 1 Hz 

(antal svängningar  
per sekund (tidsenhet)) 

* vektorsumman av tyngdkraft och kraft från fjäder 
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(periodisk rörelse mellan två ytterlägen) 

Vikt i fjäder 



Svängningsrörelse på riktigt 

0.30

0.28

0.26

0.24

0.22

0.20

h 
 (m

)

3.02.52.01.51.00.50.0

t  (s)
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Svängningsrörelse på riktigt 

0.30

0.28

0.26

0.24

0.22

0.20

h 
 (m

)

3.02.52.01.51.00.50.0

t  (s)

h = 0,251 + 0,0358sin(8,02t + 3,97)
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Matematisk beskrivning av harmonisk svängningsrörelse 



Resonans 

[5]  

Varje system (t.ex. vikt i fjäder, pendel, ben, bilmotor, Ullevi) har en 
eller flera egenfrekvenser (fegen) 

Tillförs energi med samma frekvens som fegen         stora svängningar (resonans). 

Ex: Matematisk pendel 

[4]  

[3]  [2]  

fegen =
1
2π

g
l

Ex: Svängande rätblock 

fegen =
1
π

3gR
4a2 +b2

l 

R 
a 

b 

mass- 
centrum 

vridnings- 
axel 

(små utslagsvinklar, 
mkt lätt snöre, 
mkt liten kula) 

(frekvensen systemet har 
vid fria svängningar) 

5 
 

Ex: Vikt i fjäder 

fegen =
1
2π

k
m

k 

m 



Vågor 

Puls: störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 

Våg: periodisk störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 
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Vågor 

Puls: störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 

Våg: periodisk störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 

http://www.acs.psu.edu/drussell/
Demos/waves/wavemotion.html  

Longitudinell puls/våg 

vågens utbredningsriktning 

partiklar svänger parallellt  
med utbredningsriktningen 
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Vågor 

Puls: störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 

Våg: periodisk störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 

http://www.acs.psu.edu/drussell/
Demos/waves/wavemotion.html 

Longitudinell puls/våg 

vågens utbredningsriktning vågens utbredningsriktning 

Transversell puls/våg 

partiklar svänger parallellt  
med utbredningsriktningen 

partiklar svänger 
vinkelrätt mot 
utbrednings- 
riktningen 
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Vågor 

Puls: störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 

Våg: periodisk störning som (via svängningsrörelser) utbreder sig i ett medium eller fält. 

http://www.acs.psu.edu/drussell/
Demos/waves/wavemotion.html 

En puls eller våg transporterar energi! (Ingen materietransport.) 

Longitudinell puls/våg 

vågens utbredningsriktning vågens utbredningsriktning 

Transversell puls/våg 

partiklar svänger parallellt  
med utbredningsriktningen 

partiklar svänger 
vinkelrätt mot 
utbrednings- 
riktningen 

[6]  
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Transversell vågrörelse (1D) 

http://phet.colorado.edu/en/simulation/wave-on-a-string  
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Transversell vågrörelse (1D) 

vågens utbredningsriktning 
partiklarnas sväng- 
ningsriktning 

http://phet.colorado.edu/en/simulation/wave-on-a-string  
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Transversell vågrörelse (1D) 

vågdal 

vågberg 
vågens utbredningsriktning 

partiklarnas sväng- 
ningsriktning 

våglängd λ

(avståndet mellan två 
partiklar som svänger i fas) 

http://phet.colorado.edu/en/simulation/wave-on-a-string  
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Transversell vågrörelse (1D) 

vågdal 

vågberg 
vågens utbredningsriktning 

partiklarnas sväng- 
ningsriktning 

y

t

En partikels elongation: 

våglängd λ

(avståndet mellan två 
partiklar som svänger i fas) 

http://phet.colorado.edu/en/simulation/wave-on-a-string  
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Transversell vågrörelse (1D) 

vågdal 

vågberg 
vågens utbredningsriktning 

partiklarnas sväng- 
ningsriktning 

y

t

En partikels elongation: 

våglängd λ

(avståndet mellan två 
partiklar som svänger i fas) 

http://phet.colorado.edu/en/simulation/wave-on-a-string  

v = λ
T
= λ f

Vågens utbredningsfart 

Härledning: 
På tiden T förflyttar sig vågen λ.

(Observera att perioden T alltså är både tiden för en hel svängning för en 

partikel och tiden det tar mellan det att två vågberg/förtätningar passerar.)  
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Transversell vågrörelse (1D) 

vågdal 

vågberg 
vågens utbredningsriktning 

partiklarnas sväng- 
ningsriktning 

y

t

En partikels elongation: 

våglängd λ

(avståndet mellan två 
partiklar som svänger i fas) 

http://phet.colorado.edu/en/simulation/wave-on-a-string 

v = λ
T
= λ f

Vågens utbredningsfart 

Härledning: 
På tiden T förflyttar sig vågen λ.

(Observera att perioden T alltså är både tiden för en hel svängning för en 

partikel och tiden det tar mellan det att två vågberg/förtätningar passerar.)  

f (eller T) bestäms 
av vågkällan. 
v (och därmed λ) 

bestäms av mediet.  
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Longitudinell vågrörelse (1D) 

förtunning 

förtätning 

vågens utbredningsriktning 
partiklarnas sväng- 
ningsriktning 

En partikels elongation: 

våglängd λ

(avståndet mellan två 
partiklar som svänger i fas) 

http://mattcraig.org/sims     [Mechanical waves] 

v = λ
T
= λ f

Vågens utbredningsfart 

Härledning: 
På tiden T förflyttar sig vågen λ.

(Observera att perioden T alltså är både tiden för en hel svängning för en 

partikel och tiden det tar mellan det att två vågberg/förtätningar passerar.)  

f (eller T) bestäms 
av vågkällan. 
v (och därmed λ) 

bestäms av mediet.  
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Andra vågrörelser (2D) 

Vattenvågor 

Kan antas vara transversell 
(även om rörelsen i själva 
verket är mer komplicerad). 
Vågberg och vågdalar. 
 

Ljudvågor 

Longitudinell 
 
 
Förtätningar och förtunningar. 
 v = λ

T
= λ f

ht
tp

:/
/p

he
t.

co
lo

ra
do

.e
du

/e
n/

si
m

ul
at

io
n/

w
av

e-
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Exempel på olika vågrörelser 

Vågfenomen Transversell/ 
longitudinell? 

Vad svänger? Utbredningsfart 

Klassrumsvågen Transv. / Long. Elever ca 3 m/s 

Tryckvåg i Slinky Long. Fjädervarv Beror på spännkraft och massa 
per längdenhet [?] 

Våg på sträng eller 
snöre eller fjäder 

Transv. Små sträng- eller snör-
segment eller 
fjädervarv 

Beror på spännkraft och massa 
per längdenhet  

Ullevivågen Transv. Fotbollssupportrar ca 10 m/s 

Ljudvågor (i luft) Long. Små luftvolymer 
(eg. molekyler) 

340 m/s (vid rumstemperatur) 

Ljudvågor (i stål) Long. Små materialvolymer 
(eg. atomer) 

5180 m/s 

Vattenvågor Varken eller Små vattenvolymer [?, får återkomma om detta] 

Ljus (i vakuum) 
 

Transv. Elektriska och 
magnetiska fält 

299 792 458 m/s 

[7]  

10 
 FSS 
 



Gravitationsvågor 

[7]  

X 
 

[7b]  [7a]  



Att rita vågor i 2D 

Vågberg 

Förtätningar 
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Att rita vågor i 2D 

Vågberg 

Förtätningar 
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Att rita vågor i 2D 

Vågberg 

Förtätningar 
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Att rita vågor i 2D 

Plan våg 

λ 

Cirkulär våg 

Vågberg 

Förtätningar 

11 
 

Vågberg / förtätning * 

Utbrednings- 
riktning 

* egentligen vågfront 

Två typfall: 



Vågor i 3D 

Cylindrisk våg 

λ 

Sfärisk våg 

X 
 

Vågberg / förtätning * 

Utbrednings- 
riktning 

* egentligen vågfront 

Tre typfall: 

Plan våg 

FIGURER BEHÖVS! (blåa?) 





Med Royal Mail i Skottland 



Med Royal Mail i Skottland 



Huygens princip – en modell för vågutbredning 

[9]  

Christian 
Huygens 

12 
 

Varje punkt på en vågfront  
tänkes fungera som en källa  
för cirkulära sekundärvågor.  
Enveloppen till sekundärvågorna  
(kurvan som tangerar samtliga sekundärvågor)  
ger den nya vågfronten vid någon senare tidpunkt. 

FSS 
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Varje punkt på en vågfront  
tänkes fungera som en källa  
för cirkulära sekundärvågor.  
Enveloppen till sekundärvågorna  
(kurvan som tangerar samtliga sekundärvågor)  
ger den nya vågfronten vid någon senare tidpunkt. 
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[9]  

[9]  



Huygens princip – en modell för vågutbredning 

Christian 
Huygens 

12 
 

Varje punkt på en vågfront  
tänkes fungera som en källa  
för cirkulära sekundärvågor.  
Enveloppen till sekundärvågorna  
(kurvan som tangerar samtliga sekundärvågor)  
ger vågfrontens utseende vid någon senare tidpunkt. 
 
Ofta ritar man hur sekundärvågorna ser ut efter 
en period (T). Då ser det ut som ovan! 
 
 

FSS 
 

[9]  

[9]  



Reflektion och brytning 

Samma frekvens!  
f beror på vågkällan 
v (och därmed λ) beror på medium 

Gränsyta 

V1 

λ1 

 
V2  (< V1) 

λ2 

Medium 1 

Medium 2 
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Reflektion och brytning 
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Reflektion och brytning 

Gränsyta 

V1 

λ1 

 
V2  (< V1) 

λ2 
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Medium 2 
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Reflektion Inkommande våg

Reflekterad våg

Gränsyta
i r

i = r

Samma frekvens!  
f beror på vågkällan 
v (och därmed λ) beror på medium 
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Reflektion Inkommande våg

Reflekterad våg

Gränsyta
i r

i = r

Inkommande våg

Gränsyta

Utbredningsfart v2 (< v1)

Utbredningsfart v1

Brytning (refraktion)

Bruten våg b

i

sin i
sin b

v1
v2

=

Samma frekvens!  
f beror på vågkällan 
v (och därmed λ) beror på medium 



Inkommande våg

Gränsyta

Utbredningsfart v2 (< v1)

Utbredningsfart v1

Brytning (refraktion)

Bruten våg b

i

sin i
sin b

v1
v2

=

Reflektion och brytning 

Gränsyta 

V1 

λ1 

 
V2  (< V1) 

λ2 

Medium 1 

Medium 2 
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Reflektion Inkommande våg

Reflekterad våg

Gränsyta
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i = r

Samma frekvens!  
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v (och därmed λ) beror på medium 
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Reflektion Inkommande våg

Reflekterad våg

Gränsyta
i r

i = r

Samma frekvens!  
f beror på vågkällan 
v (och därmed λ) beror på medium 







Böjning (diffraktion) 

λ 

d 

[10]  

14 
 

Avböjning åt sidorna! 
               (runt kanter) 



Böjning (diffraktion) 

Enkelt observerbart 
om d ~ λ 

λ λ 

d 

d 

Avböjning åt sidorna! 
               (runt kanter) 
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Böjning (diffraktion) 

Enkelt observerbart 
om d ~ λ 

λ λ 

d 

d 

[11]  

Poissons fläck 

14 
 

Laser 

Stålkula Ljus fläck i mitten 

av skuggan! 

Skärm 

Avböjning åt sidorna! 
               (runt kanter) 

FSS 
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Böjning (diffraktion) 

Enkelt observerbart 
om d ~ λ 

λ λ 

d 

d 

[11]  

Poissons fläck 

14 
 

Laser 

Stålkula Ljus fläck i mitten 

av skuggan! 

Skärm 

Avböjning åt sidorna! 
               (runt kanter) 

FSS 
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Böjning (diffraktion) 
X 
 





Superposition 

Då två pulser överlagras (möts) adderas utslagen. 

ytot = y1 + y2

(överlagring) 

[12]  

15 
 

[12b]  

(superpositionsprincipen) 

3 10 13 

http://www.animations.physics.unsw.edu.au/jw/waves_superposition_reflection.htm  
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Då två pulser överlagras (möts) adderas utslagen. 

ytot = y1 + y2

(överlagring) 

[12]  
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[12b]  

(superpositionsprincipen) 

6 6 12 

http://www.animations.physics.unsw.edu.au/jw/waves_superposition_reflection.htm  



Superposition 

Då två pulser överlagras (möts) adderas utslagen. 

ytot = y1 + y2

(överlagring) 

[12]  

http://www.animations.physics.unsw.edu.au/jw/waves_superposition_reflection.htm  
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[12b]  

(superpositionsprincipen) 

3 10 13 



Superposition 

Då två pulser överlagras (möts) adderas utslagen. 

ytot = y1 + y2

(överlagring) 

[12]  

http://www.animations.physics.unsw.edu.au/jw/waves_superposition_reflection.htm  

15 
 

[12b]  

(superpositionsprincipen) 

Gäller även för vågor! 

http://www.phy.ntnu.edu.tw/ntnujava/index.php?topic=19.0  

3 10 13 





Interferens (1D) 

[OBS 

Stillbild! 

Ljud egentligen long. vågrörelse! 

Amplituden avtar eg. med avståndet!] 
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Jag hör en ton! 



Interferens (1D) 

[OBS 

Stillbilder! 

Ljud egentligen long. vågrörelse! 

Amplituden avtar eg. med avståndet!] 

vägskillnad (skillnad i avstånd från örat till de två högtalarna) 
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Interferens (1D) 

[OBS 

Stillbilder! 

Ljud egentligen long. vågrörelse! 

Amplituden avtar eg. med avståndet!] 

1,5λ 
vägskillnad (skillnad i avstånd från örat till de två högtalarna) 

Jag hör inget! 

Destruktiv interferens 
(utsläckning) 
(om vägskillnaden är 

0,5λ, 1,5λ, 2,5λ, …) 
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Interferens (1D) 

[OBS 

Stillbilder! 

Ljud egentligen long. vågrörelse! 

Amplituden avtar eg. med avståndet!] 

2,5λ 
vägskillnad (skillnad i avstånd från örat till de två högtalarna) 

Inte nu heller! 

Destruktiv interferens 
(utsläckning) 
(om vägskillnaden är 

0,5λ, 1,5λ, 2,5λ, …) 

17 
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Interferens (1D) 

[OBS 

Stillbilder! 

Ljud egentligen long. vågrörelse! 

Amplituden avtar eg. med avståndet!] 

0,5λ 
vägskillnad (skillnad i avstånd från örat till de två högtalarna) 

Tyst här också! 

Destruktiv interferens 
(utsläckning) 
(om vägskillnaden är 

0,5λ, 1,5λ, 2,5λ, …) 

17 
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Jag hör inget! 

Interferens (1D) 

Destruktiv interferens 
(utsläckning) 
(om vägskillnaden är 

0,5λ, 1,5λ, 2,5λ, …) 

[OBS 

Stillbilder! 

Ljud egentligen long. vågrörelse! 

Amplituden avtar eg. med avståndet!] 

Konstruktiv interferens 
(förstärkning) 
(om vägskillnaden är 

λ, 2λ, 3λ, …) 

 

1,5λ 

λ 

http://www.phy.ntnu.edu.tw/ntnujava/index.php?topic=19.0  

vägskillnad (skillnad i avstånd från örat till de två högtalarna) 

Aj, aj, mitt öra! 
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Jag hör inget! 

Interferens (1D) 

Destruktiv interferens 
(utsläckning) 
(om vägskillnaden är 

0,5λ, 1,5λ, 2,5λ, …) 

[OBS 

Stillbilder! 

Ljud egentligen long. vågrörelse! 

Amplituden avtar eg. med avståndet!] 

Konstruktiv interferens 
(förstärkning) 
(om vägskillnaden är 

λ, 2λ, 3λ, …) 

 

1,5λ 

2λ 

http://www.phy.ntnu.edu.tw/ntnujava/index.php?topic=19.0  

vägskillnad (skillnad i avstånd från örat till de två högtalarna) 

 Oush, stäng av! 
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Interferens (2D) 
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Interferens (2D) 

Vad händer i P? 

S1 och S2 är två vågkällor (samma 
frekvens, samma amplitud, svänger i fas) 
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S1 S2 

P (godtycklig punkt) 



Interferens (2D) 

Vad händer i P? 

1) PS2 – PS1 

S1 och S2 är två vågkällor (samma 
frekvens, samma amplitud, svänger i fas) 
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vägskillnad (skillnad i avstånd från P till resp. vågkälla) 

S1 S2 

P (godtycklig punkt) 



Interferens (2D) 

Vad händer i P? 

1) PS2 – PS1 = helt antal våglängder: Konstruktiv interferens 
(svängningar med maximal 

 amplitud) 
0   λ   2λ   3λ   …     

S1 S2 

S1 och S2 är två vågkällor (samma 
frekvens, samma amplitud, svänger i fas) 
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P (godtycklig punkt) 

vägskillnad (skillnad i avstånd från P till resp. vågkälla) 



S1 S2 

P (godtycklig punkt) 

Interferens (2D) 

Vad händer i P? 

1) PS2 – PS1 = helt antal våglängder: Konstruktiv interferens 
(svängningar med maximal 

 amplitud) 

2) PS2 – PS1 = udda antal halva vågl: 

0,5λ   1,5λ   2,5λ   3,5λ   …     

0   λ   2λ   3λ   …     

Destruktiv interferens 
(utsläckning) 

S1 och S2 är två vågkällor (samma 
frekvens, samma amplitud, svänger i fas) 
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vägskillnad (skillnad i avstånd från P till resp. vågkälla) 

* 
 



S1 S2 

Interferens (2D) 

Vad händer i P? 

1) PS2 – PS1 = helt antal våglängder: Konstruktiv interferens 
(svängningar med maximal 

 amplitud) 

2) PS2 – PS1 = udda antal halva vågl: 

0,5λ   1,5λ   2,5λ   3,5λ   …     

0   λ   2λ   3λ   …     

Destruktiv interferens 
(utsläckning) 

3) PS2 – PS1 = nåt annat: Svängningar med 
amplitud < maximala 
(men > 0) 

S1 och S2 är två vågkällor (samma 
frekvens, samma amplitud, svänger i fas) 
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vägskillnad (skillnad i avstånd från P till resp. vågkälla) 

* 
 

P (godtycklig punkt) 



S1 S2 

P (godtycklig punkt) 

Interferens (2D) 

Vad händer i P? 

1) PS2 – PS1 = helt antal våglängder: Konstruktiv interferens 
(svängningar med maximal 

 amplitud) 

2) PS2 – PS1 = udda antal halva vågl: 

0,5λ   1,5λ   2,5λ   3,5λ   …     

0   λ   2λ   3λ   …     

Destruktiv interferens 
(utsläckning) 

3) PS2 – PS1 = nåt annat: Svängningar med 
amplitud < maximala 
(men > 0) 

S1 och S2 är två vågkällor (samma 
frekvens, samma amplitud, svänger i fas) 
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vägskillnad (skillnad i avstånd från P till resp. vågkälla) 



S1 S2 

P (godtycklig punkt) 

Interferens (2D) 

...inte har samma frekvens: Inget ihållande 
interferensmönster 

S1 och S2 är två vågkällor (samma 
frekvens, samma amplitud, svänger i fas) 
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Vad händer om förutsättningarna nedan ej är uppfyllda? 

…inte har samma amplitud: Inte total 
utsläckning på nodlinjerna. 

… inte svänger i fas: F- och N-linjer hamnar 
på andra ställen 

Om vågkällorna… EJ KLART! 



Interferens (2D) 

Konstruktiv interferens i P om 

Δs = PS2 − PS1 = ±nλ,   n = 0,1,2,...

Δs = PS2 − PS1 = ±(2n−1) λ
2

,   n =1,2,3,...

Destruktiv interferens i P om 
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(om vågkällorna svänger i fas) 



F0|Δs| = 0
N1|Δs| = 0,5λ

N1|Δs| = 0,5λ
N2|Δs| = 1,5λ

N2|Δs| = 1,5λ

N
3

|Δs| = 2,5λ

N 3
|Δs

| =
 2

,5λ

F1|Δs| = λ
F1|Δs| = λ

F2
|Δs| = 2λ

F 2
|Δs

| =
 2
λ

A B

Interferens (2D) 

Konstruktiv interferens i P om 

Δs = PS2 − PS1 = ±nλ,   n = 0,1,2,...

Δs = PS2 − PS1 = ±(2n−1) λ
2

,   n =1,2,3,...

Destruktiv interferens i P om 

Nodlinjer 
(punkter där villkoret för destruktiv 

interferens är uppfyllt) 

Förstärkningslinjer 
(punkter där villkoret för konstruktiv 

interferens är uppfyllt) 
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(om vågkällorna svänger i fas) 
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N1|Δs| = 0,5λ
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Reflektion av pulser/vågor (1D) 

Reflektion mot fast punkt: Pulsen vänds 

http://phet.colorado.edu/en/simulation/wave-on-a-string  

[15]  

20 
 





Reflektion av pulser/vågor (1D) 

Reflektion mot fast punkt: Pulsen vänds 

Reflektion mot fri ände: Pulsen vänds ej 

http://phet.colorado.edu/en/simulation/wave-on-a-string 

[15]  
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Reflektion av pulser/vågor (1D) 

Reflektion mot fast punkt: Pulsen vänds 

Reflektion mot fri ände: Pulsen vänds ej 

Puls/våg når gränsskikt mellan två medier: Reflektion och transmission 

http://www.acs.psu.edu/drussell/Demos/reflect/reflect.html  

http://phet.colorado.edu/en/simulation/wave-on-a-string  

[15]  

20 
 



Stående vågor (1D) 

Två vågor med samma frekvens som rör sig i motsatta riktningar       stående våg  

Ingen energitransport! 

[13]  

21 
 

[15b]  

[14]  



Stående vågor (1D) 

Två vågor med samma frekvens som rör sig i motsatta riktningar       stående våg  

Ingen energitransport! 

[13]  
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[15b]  [16]  

[14]  



Stående vågor (1D) 

Två vågor med samma frekvens som rör sig i motsatta riktningar       stående våg  

Ingen energitransport! 

[13]  

I praktiken: T.ex. spänd sträng 

Stående våg i sträng/rör bara för vissa frekvenser! 

bukar

λ/2 

noder

urspr. refl. 

2 ggr refl. 
Måste vara i fas! 

(λ är delvågornas våglängd) 
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Stående vågor (1D) 

Två vågor med samma frekvens som rör sig i motsatta riktningar       stående våg  

Ingen energitransport! 

[13]  

I praktiken: T.ex. spänd sträng 

Stående våg i sträng/rör bara för vissa frekvenser! 

bukar

λ/2 

noder

urspr. refl. 

2 ggr refl. 
Måste vara i fas! 

(λ är delvågornas våglängd) 

Demoblad 

Interferens mellan vågor från två punktkällor (2D)

F0
6s = 0

N1
6s = 0,5h

N1
6s = 0,5h

N2
6s = 1,5h

N2
6s = 1,5h

N
3

6s = 2,5
h

N 3
6
s =

 2
,5h

F1
6s = h

F1
6s = h

F2
6s = 2

h

F 2
6
s =

 2
h

Två punktkällor svänger i fas och sänder ut cirkulära vågor. Nedan visas några av vågbergen 
från vardera vågkälla vid en viss tidpunkt t = 0. 

A B
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Stående våg i fjäder 
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Källor 

[1] Formelsamling för Teknologi och Konstruktion M av S. Lönnlid och R. Norberg (Stockholm, 1986), s. 12 
[1b] https://en.wikipedia.org/wiki/Tensile_testing 
[1c] https://www.youtube.com/watch?v=W9utiQ5iodk  
[1d] https://en.wikipedia.org/wiki/Nephila_clavipes  
[2] http://en.wikipedia.org/wiki/Swing_(seat)  
[3] http://en.wikipedia.org/wiki/Dachshund  
[4] http://sv.wikipedia.org/wiki/Ullevi   https://www.expressen.se/gt/noje/springsteens-tidigare-spelningar-i-goteborg/  
[5] http://www.hakanpettersson.se/blogg.php?id=2260  
[6] http://en.wikipedia.org/wiki/Wind_wave  
[7] http://en.wikipedia.org/wiki/Electromagnetic_wave  
[7a] https://www.youtube.com/watch?v=zLAmF0H-FTM  
[7b] Allt LIGO-material är taget från https://www.ligo.caltech.edu/gallery  
[8] http://en.wikipedia.org/wiki/Thurso  
[9] http://en.wikipedia.org/wiki/Christiaan_Huygens  
[10] http://en.wikipedia.org/wiki/Breakwater_(structure)  
[11] http://academics.wellesley.edu/Physics/Tbauer/Poisson/  
[12] http://de.wikipedia.org/wiki/Interferenz_(Physik)     
[13] http://en.wikipedia.org/wiki/Mark_knopfler  
[14] http://researcher.ibm.com/researcher/view_project_subpage.php?id=4252  
Fe-atomer på Cu(111). 

[15] http://de.wikipedia.org/wiki/Liste_der_Berliner_Fußgängertunnel  
[15b] http://www.phy.ntnu.edu.tw/ntnujava/index.php?topic=19.0  
[16] http://www.walter-fendt.de/html5/phen/standingwavereflection_en.htm  
[17] https://phet.colorado.edu/en/simulation/legacy/wave-on-a-string  
[18] https://en.wikipedia.org/wiki/Standing_wave#/media/File:Standing_wave_2.gif 
[19] https://www.youtube.com/watch?v=CR_XL192wXw    


