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T

he nuclear lamina is a dense meshwork at the inner membrane of the
nuclear envelope of eukaryotic cells1
and is formed primarily by ∼10 nm wide
type-V intermediate ﬁlaments composed of
lamin proteins.1-4 The lamina contributes
largely to the structural integrity of the
nucleus, and therefore a key biological role
is to protect genetic material against extreme environmental conditions.5,6 The lamina is broken down during mitosis; this,
however, represents only a relatively short
period during the life of a cell.7,8 Emphasizing the importance of this meshwork is the
fact that there are at least 13 human diseases associated with mutations in lamin
proteins. For example, the permanent loss
of lamin proteins causes muscular dystrophy and cardiomyopathy, and overaccumulation of lamin mutants at the nuclear
membrane causes the rapid aging disorder
Hutchinson-Gilford progeria syndrome
(HGPS).9-11
What is remarkable is that all the various
types of nuclear lamina naturally feature
structural imperfections, defects, and heterogeneities including those induced by nuclear
pores.1,12-14 Defects in the lamina can also
be caused by localized forces from cytoskeletal structures or by atomic-scale defects
due to the imperfect assembly of the meshwork, leading to void formation in the
meshwork.1,12,13,15 Another source of imperfections is generated by the clustering of
lamin-associated nuclear pore complexes,
which can grow rather large and are naturally
present in virtually all cells.13,14,16 Other possible factors include ionizing radiation that
results in the breakage of covalent or noncovalent bonds within protein structures and
thus results in structural defects.17-19 It has
been shown that continuous radiation, as
experienced for example during space ﬂight,
causes cracks to occur around nuclear pores
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ABSTRACT The nuclear lamina, composed of intermediate ﬁlaments, is a structural protein

meshwork at the nuclear membrane that protects genetic material and regulates gene expression.
Here we uncover the physical basis of the material design of nuclear lamina that enables it to
withstand extreme mechanical deformation of >100% strain despite the presence of structural
defects. Through a simple in silico model we demonstrate that this is due to nanoscale mechanisms
including protein unfolding, alpha-to-beta transition, and sliding, resulting in a characteristic
nonlinear force-extension curve. At the larger microscale this leads to an extreme delocalization of
mechanical energy dissipation, preventing catastrophic crack propagation. Yet, when catastrophic
failure occurs under extreme loading, individual protein ﬁlaments are sacriﬁced rather than the
entire meshwork. This mechanism is theoretically explained by a characteristic change of the
tangent stress-strain hardening exponent under increasing strain. Our results elucidate the large
extensibility of the nuclear lamina within muscle or skin tissue and potentially many other protein
materials that are exposed to extreme mechanical conditions, and provide a new paradigm toward
the de novo design of protein materials by engineering the nonlinear stress-strain response to
facilitate ﬂaw-tolerant behavior.
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which leads to a complete fragmentation of
nuclear envelopes once a critical defect concentration is reached17 (see Figure S2 in the
Supporting Information).
While experimental data has provided
clear evidence that nuclei in healthy cells
can eﬀectively withstand extreme dilations
and deformation without rupture,15 conventional material models have failed to
explain their signiﬁcant capacity to expand
without failure. This is because in most
existing models locations of structural imperfections such as crack-like inclusions
present singularities for stresses, which typically causes a deterioration of material
properties. However, this is not observed
in nuclear lamina which provides an extremely robust mechanical framework to protect genetic material.20 Here we present
an answer to this intriguing question and
explain a general mechanism by which
the intermediate ﬁlament meshwork, and
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RESULTS AND DISCUSSION
Computational Modeling. We consider a meshwork
model resembling a Xenopus oocyte nuclear lamina1,12
because the structure and mechanical properties of
this meshwork are experimentally well characterized,
and it represents one of the few measured systems of a
pure nuclear lamina without mechanical contributions
of chromatin.13,15 It is noted that so far only amphibian
oocytes' nuclear lamina has been shown to form a
rather regular lattice,1,13,15 while the structure of nuclear lamina in other cells is likely more disordered and
more tightly associated with chromatin.13 Thus it is
important to note that the model we study here may
only represent a first approximation to the structure of
other nuclear laminas. Figure 1a illustrates the hierarchical structure of this nuclear lamina.1,3,12,21 We
consider the meshwork with a small crack-like defect
using uniaxial and biaxial tension (see Figure 1b, where
the meshwork geometry is given in Figure 1c, with a
characteristic defect size a) to mimic in situ loading
conditions. For instance, in vivo pressure differences
across the nuclear envelope can result in an exposure
of the nuclear lamina to significant biaxial tension.15 As
demonstrated by earlier experimental and computational molecular mechanics studies of the single intermediate filament level, the deformation mechanism
is characterized first by elastic elongation, R helix
unfolding,22 alpha-to-beta transition,23 and eventual
stick-slip-sliding24 (Figure 1d; for details see Materials
and Methods). This results in the characteristic nonlinear force-extension of a single fibril as shown in
Figure 1d, with a severe change in the tangent modulus as strain is increased. As a model we use the
mechanical response of vimentin intermediate filaments obtained in the earlier work21 for exploring
the mechanics of lamin meshwork. This is a reasonable
first approximation because all intermediate filament
proteins consist of tightly packed and aligned subunits,
where each subunit is primarily composed of an
extended coiled-coil structure which is crucial for the
molecular mechanical properties as described above.25
Indeed a direct comparison between lamin and vimentin molecular mechanics reveals that the mechanical
response of the lamin dimer is found to be similar as
the vimentin dimer (see Figure S4 in Supporting
QIN AND BUEHLER

Information). It has been shown in earlier works that this
force-extension result agrees with experimental measurements for the general class of intermediate filament protein family21 and we thus consider this in the
formulation of our mesoscopic model to mimic the
basic quasi-static deformation properties at vanishing
pulling rates as relevant for physiological and experimental deformation speeds. This is an idealized mechanics model, which, although being limited by
missing the diversity of intermediate filament types,
offers a powerful starting point for understanding the
fundamentals of the mechanical properties of intermediate filament meshworks. We emphasize that the
goal of our model is not to accurately reflect the
mechanical properties of one specific or all the different types of nuclear laminas. Rather it is formulated
deliberately as a simple model to study generic aspects
of the mechanical properties of protein meshwork
materials at the microscale relating to the underlying
molecular mechanics.
The Flaw Tolerance of Nuclear Lamina. On the basis of
the knowledge of the behavior of a single fibril we now
assess the mechanical response of an entire meshwork
to large deformation by applying increasing uniaxial
tension at the top and bottom layers. Figure 2a shows
snapshots of the meshwork model with increasing
deformation. We observe that no catastrophic failure
of the meshwork occurs below 161% strain. However,
we find that the crack geometry transforms drastically
from an initial sharp edge in the x-direction into an
elliptic shape, where the longest axis pointed in the ydirection, with a ratio between long axis and short axis
being ∼3 (Figure 2a). What is remarkable is that instead
of forming a rather small localized deformation zone at
the crack tip as seen in linear elastic materials such as
concrete, carbon fibers, or silica, virtually all filaments in
the meshwork (oriented in the y-direction) undergo
large deformation and unfold. This represents the
formation of a very large “yield” region in which the
elastic energy supplied by applied forces is dissipated.
A detailed analysis of the forces that act on those
filaments indeed confirms that the coiled-coil structure
within each molecular subunit has undergone secondary structure unfolding via the breaking of clusters of hydrogen bonds up to strains of 90%. As the
load is increased beyond 90% strain, a greater number
of filaments begin to stiffen due to the onset of an
alpha-beta transition at the molecular scale. For even
greater loads, and when deformation reaches 161%,
we observe that deformation starts to localize at the
crack tip, resulting in eventual catastrophic failure of
the meshwork. Under catastrophic failure the breakdown of the meshwork is mediated by highly localized breaking of individual filaments at the tip of
the crack, and at the molecular scale due to slip of
individual protein chains against each other (Figure 2a,
snapshot iv).
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potentially other protein materials, are capable of
forming an extremely robust ﬂaw-tolerant material.
We use a simple model developed based on a multiscale approach to assess the mechanisms of defect
initiation and propagation in the nuclear lamina under
extreme loading conditions, mimicking the conditions
a cell experiences during tissue stretching and contraction. The use of a multiscale approach to deal with
this problem allows us to simulate a system with tens of
micrometers dimension while retaining information
about molecular structures and mechanisms.
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Figure 1. Hierarchical structure of nuclear lamina as found in the inner layer of nuclear envelop of Xenopus oocytes, boundary
conditions in calculations, geometry of the meshwork model, and mechanical properties of a single intermediate ﬁlament.
(a) Schematic of the hierarchical structure of nuclear laminas that ranges from nanoscale to macroscale. The image shows
typical structural features of nuclear laminas, including hydrogen bonds, coiled-coil composed of alpha-helices, a lamin
A dimer composed of coiled-coil and linkers, bundles of dimers that fuse laterally to form full length ﬁlaments with a diameter
of ∼10 nm, which form an orthogonal structural meshwork attached to the inner layer of nuclear envelope with a lattice
constant of ∼50 nm1. The scale bar in the nuclear membrane image is 1 μm. (b) The orthogonal meshwork model, boundary
conditions, and the coordinate system used in our simulations. The initial crack is oriented in the x-direction and the
meshwork is loaded in one direction (typically the y-direction) or in both directions. The consideration of diﬀerent loading
conditions mimics the randomness of the deformation ﬁeld relative to crack directions in nuclear laminas. (c) The geometry
parameters of the meshwork model. The parameters b, l, and h are the thickness, length, and width of the meshwork model, d
is the lattice constant (∼50 nm) and 2a is the initial crack length. (d) Schematic of the coarse-graining method with which each
ﬁlament is modeled. A collection of mesoscopic beads are used to model the full length ﬁlament, where the equilibrated
nearest-neighbor bead-to-bead distance is X0, and a nonlinear interbead potential obtained from stretching tests of the
full atomic intermediate ﬁlament model. No molecular unfolding is observed for ε < 50%, R helix unfolding is observed as
ε g 50%, a alpha-to-beta transition is observed as ε g 90%, and beta-sheets slide against each other beyond ε g 180% and
ﬁlaments fail at ε g 260% strain. Inserted ﬁgures are snapshots of the atomic model of a segment of the 2B domain of the
intermediate ﬁlament dimer in stretching to visualize molecular mechanisms of deformation.

To summarize our observations, we ﬁnd a sequence
of events that involves delocalization of deformation at
applied strains below 161% strain, followed by localization of deformation at larger applied strains and
eventual catastrophic failure during which a small
number of ﬁlaments break. The ability of the material
to mitigate the eﬀect of the defect by dissipating
energy via unfolding of all ﬁlaments in the meshwork
is referred to as ﬂaw tolerance. This ﬂaw tolerance can
be theoretically explained by the characteristic nonlinear material behavior provided by the intermediate
ﬁlament meshwork. The stress-strain curves for the
bulk material (with and without defect) are depicted in
Figure 2b and the Young's modulus (E) vs strain (εy)
relation depicted in Figure 2c show that the meshwork
features a highly nonlinear deformation character, with
initial softening, followed by stiﬀening and eventual
softening at the failure point. The lowest tangent modulus E is obtained at 70% strain and features a 3-fold
decrease compared with the initial value at zero strain.
The tangent modulus E then signiﬁcantly increases with
QIN AND BUEHLER

strain, and at the failure point reaches a value that is 24fold as large compared to its initial value.
The Mechanism of Flaw Tolerance in the Nuclear Lamina.
The bulk strain-stress relation of a general nonlinear
(that is, hyperelastic) material can be given by a simple
power law as σ ∼ εN, where N is the so-called hardening
exponent that describes the stress-strain response of
a material. Thereby, N < 1 denotes softening behavior
(also referred to as “elastic-plastic”), and N > 1 represents a stiffening material. As seen directly in Figure 1d
the behavior of the protein meshwork is therefore
characterized by a change in the local hardening
exponent N as the loading is increased, where for
deformation up to 90%, N = 0, and for larger deformation of up to 176% strain, N .1.
Why is this important? It is known from continuum
fracture theory that crack-like defects such as voids
typically result in stress and strain concentrations,
which are mathematically described as singularities
of stresses at the tip of the crack. The stress and strain
singularity at the crack tip of a nonlinear material is
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Figure 2. Deformation of the nuclear lamina under uniaxial loading at diﬀerent levels of applied strain and mechanical
analysis of the stress-strain properties of a meshwork with diﬀerent crack sizes. (a) The snapshots i-iv show the deformation
ﬁeld for diﬀerent levels of applied strain: i, ε = 38%; ii, ε = 58%; iii, ε = 110%; and iv, ε = 161%. Each ﬁlament is colored according
to its structural character, with blue denoting the structure before the alpha-to-beta transition has occurred, and red denoting
the structure after the alpha-to-beta transition has occurred (at ﬁlament strains of around 90%). Tensile strains of ﬁlaments
in the x-direction starting from the crack tip are plotted for snapshots ii-iv, where snapshot iv shows the onset of
propagation of the crack. (b) Stress-strain relation for meshwork models with diﬀerent initial crack lengths. (c) Tangent
modulus-strain relation derived from panel b.

given by26
σC
¼ FaN=(1þN)
σF

and

εC
¼ F 1=N a1=(1þN)
εF

ð1Þ

where σC and εC represent the critical structural transition or failure stress and strain of a single ﬁlament at
the crack tip, σF and εF are the applied stress and strain
to the meshwork to reach σC and εC at the crack tip, and
√
F = [K/( πσC)]-[2N/(1þN)] is a material constant (K is the
material's fracture toughness).27 The crack length, a,
relates to size of the imperfections in the structure (see
for example, in Figure 1c). Equation 1 shows that the
nature of the stress or strain concentration depends
strongly on the hardening exponent N.
We now use this simple model of how stresses and
strains are distributed near a crack to explain the
ﬁndings from our simulations. The ﬁrst important insight used here is that the stress-strain response of
the material in diﬀerent regimes of deformation can be
approximated by diﬀerent values of N, reﬂecting the
behavior seen in Figure 2b,c. Equation 1 predicts that a
change in N leads to a drastic change in the stress and
strain distribution near a crack tip. Speciﬁcally, N = 0
leads to a highly delocalized stress ﬁeld but a localized
strain ﬁeld, where N .1 leads to a highly localized
stress ﬁeld and a delocalized strain ﬁeld. We note that
here, “localized” means that a quantity is larger at the
crack tip than elsewhere, and “delocalized” means that
QIN AND BUEHLER

a quantity is of similar magnitude at the crack tip than
elsewhere in the system.
Indeed, in agreement with the notion that the
hardening exponent N changes as the meshwork is
deformed, we observe two distinct types of stress and
strain distributions around the crack tip. First, in the
softening regime of up to 90% strain, the strain of the
highly stretched individual ﬁlament at the crack tip
tends to reach the end of the softening stage of 90%
and leaves ﬁlaments further away from the crack tip
exposed to a much smaller (applied) strain of 58% (as
shown in Figure 2a(ii)), and thus εC/εF = 1.55. This
represents a localized distribution of strain, where all
ﬁlaments oriented in the y-direction feature strains
between those two bounds. However, because of the
plateau in the force-strain curve the tensile forces that
act on each ﬁlament for this range of strains are the
same as shown in Figure 1d, implying that the stress is
delocalized and σC/σF ≈ 1. This corresponds to the
situation when Nf0 (reﬂecting softening) in eq 1,
which agrees with the hypothesis that this case leads
to a delocalized stress distribution.
Second, in the stiﬀening stage from 90% up to
176% strain, we observe that the strain of ﬁlaments
at the crack tip is 120%, and ﬁlaments further away
from the crack tip are exposed to an applied strain of
110% (as shown in Figure 2a(iii)). While the strain
distribution is delocalized, quantiﬁed by εC/εF ≈ 1, it
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Figure 3. Deformation of the lamin ﬁlaments around the crack tip under uniaxial loading at certain strain level. (a) Snapshots
of the meshwork geometry near the crack tip at applied strains of (i) εy = 17%, (ii) 42%, (iii) 58%, (iv) 160%, (v) 161%. The crack
length is 2a/b = 6 and each ﬁlament is colored according to its structural character, as indicated in Figure 1d. (b) Visualization
of the molecular structure of the intermediate ﬁlament under stretching. The structural character of the ﬁlament ahead
of the crack tip (marked by a circle in panel a is shown at diﬀerent strains, corresponding to the strain levels shown in
snapshots i-v in panel a (the local strain at the ﬁlament considered here is ε = 40%, 50%, 90%, 190%, and 220% and thus
generally larger than the applied strain).

leads to a highly localized stress distribution of σC/σF ≈
2.2 (as shown in Figure 1d). We thus obtain N . 1
(reﬂecting stiﬀening) from eq 1, which agrees with the
hypothesis that this case leads to a localized stress
distribution. In the large-deformation regime of over
161% strain and when rupture occurs, single ﬁlaments
at the crack tip reach the maximum strength as shown
in Figure 2a(iv) and break. This localized failure of single
ﬁlaments at the crack tip results in eventual crack
propagation (mediated by sequential breaking of single ﬁlaments at the crack tip) without any crack
branching or other large-scale failure mechanisms that
involve many ﬁlaments.
Discussion of These Results. Specific molecular mechanisms that act at different levels of strain control
this change of the “local” value of N (in Figure 3a).
Lamin filaments initially feature their typical structure
as intact coiled-coils (Figure 3b), where clusters of
hydrogen bonds are arranged in series and grouped
in R-helical turns. This geometry facilitates the unfolding of R-helical loops after reaching the limit of elastic
deformation at 50%.21 The unfolding force until all
R-helical loops are unfolded is basically constant for long
coils, leading to a strong softening behavior (which can
be referred to as “ideal elastic-plastic”) and thus a
hardening exponent of Nf0. Further loading causes
polypeptide strands to be fully unfolded, squeezed
together driven by hydrophobic interactions and eventually undergoing a transition into beta-sheets. The
QIN AND BUEHLER

structure after this alpha-to-beta transition exhibits a
stronger ability to withstand forces because many
clusters of hydrogen bonds are loaded in parallel and
deform cooperatively,23 leading to a severe increase of
the force and stiffness as loading is further increased.
This results in severe stiffening and is captured in a
hardening exponent of N . 1. An increasing loading
causes first sliding and then rupture of the entire
filament, leading to a final softening behavior at very
large deformation. This analysis shows that the softening and stiffening behavior, described by changes in
the “local” hardening exponent N, is caused by secondary structure transitions at the molecular level at
the nanoscale.
Finally, in order to identify the ﬂaw-tolerance ability
of the material for varied defect sizes, we investigate
the failure strain εF of the meshwork as a function of the
crack length a as shown in Figure 4a. The results
depicted in Figure 4a show that the failure strain is
largely insensitive to the presence and size of cracks,
and that the failure strain approaches a constant value
even as the defect size grows. Considering eq 1 we
empirically ﬁt the εF-a relation by
  - 1=(1 þ N)
2a
(2)
εF ¼ εF0
d
where εF0 = 196% corresponds to the highest failure
strain at 2a = d (for the case where no crack is present,
or a perfect meshwork), and N = 7.6 is the hardening
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Figure 4. Failure strain εF of the meshwork as a function of initial crack length, here quantiﬁed in normalized form (crack
length normalized by the lattice constant d). (a) Failure strain of the meshwork for varied crack sizes. The results show that the
failure strain is largely insensitive to the presence and size of cracks, and that the failure strain approaches a constant value of
128% in the asymptotic limit for very large crack sizes. (b) The comparison of εF between results obtained in this study with a
characteristic defect size and the experiment of the axial extensibility of nuclear lamina gel.8 The data compares well and
provides validation for the results obtained from our computational model.

exponent of nuclear lamina before failure. For the case
of biaxial loading with εx = εy, we obtain εF0 = 197% and
N = 6.8. It is noted that we conﬁrmed that as we change
the parameters h, l, and d we ﬁnd the parameters
(εF0, N) do not change with those variations. The voids
of nuclear lamina in experimental studies are observed
to be up to on the order of 1.4 μm (Supporting Information, Figure S3b), leading to εF = 128%. This analysis explains the phenomenon that the integrity of nuclear
lamina is not greatly aﬀected by a single or larger number
of clusters (for example, a conglomerate of several
nuclear pores), representing a ﬂaw-tolerant material.
Our results also explain recent experimental stretching tests of gels of nuclear lamina, where the
material has been found to exhibit a large axial strain
before failure in the range of 133%-200%.8 This agrees
with our ﬁnding that the failure strain of the nuclear
lamina is between two bounds of 128%-197%, as
shown in Figure 4b. Comparing with the failure strain
measured for the entire nuclear envelope (in the range
of 50%-60% strain15), the nuclear lamina is found to
be much more extensible, and much greater than the
deformation that can be generated by microtubules
(<50%20) that impinge on the nuclear envelope.16
Therefore, external forces applied outside the cell are
likely not suﬃcient to cause the rupture the nuclear
lamina by mechanical signal transduction through
microtubules. These results, together with the fact that
the integrity of the nuclear lamina only breaks down
during mitosis through breakdown processes, suggest
that even if there exists a structural ﬂaw, the nuclear
lamina is a reliable structure that eﬀectively protects
genetic material from extreme external force and
deformation applied on the cell, which will not result
in rupture of the nuclear lamina unless there is further
biochemical modiﬁcation or mutations that aﬀect its
mechanical property to lead to a loss of ﬂaw tolerance.
Although the accuracy of this result may be distorted
since the gel is composed of lamins in random
QIN AND BUEHLER

orientations, it is the only experimental result that
quantitatively provides an estimate of the deformation
capacity of nuclear laminas. We use this result to carry
out the comparison here but are cognizant that future
experimentation validations are required to fully understand all the mechanical properties of nuclear
laminas. We note that other nuclear lamina models
with diﬀerent geometries have been proposed in other
works.12,13,28 Since both the in situ and in vitro experiments of somatic nuclear lamina are either not feasible
or too diﬃcult to carry out,13 it is hard to tell which
model is more immediately related to human somatic
nuclear lamina. Since our model can in principle be
readily adopted to diﬀerent sets of geometries and
mechanical parameters it may be used as a tool to
determine which model is more realistic by comparing
against future in vivo mechanical test in experiments. It
is also noted that within our model we consider
imperfections, defects, and heterogeneities simply as
crack-like defects, which is a highly simpliﬁed representation since the biological model of defects can be
more complex. For example, diﬀerent models of the
eﬀect of the nuclear pore complex on the nuclear
lamina have been discussed, and those models either
consider a nuclear pore complex as a relatively weakly
associated deformable unit similar to a void or strongly
associated rigid complex similar to a rivet.28 Although
there is some experimental evidence that nuclear pore
complexes act like rivets,28 there is also evidence that
rupture and breakdown of nuclear envelopes tend to
occur around nuclear pore complexes.17 The improvement of defect modeling of nuclear pore complexes
requires more information of the interaction between
the complex and nuclear lamina and has yet to be
established.
CONCLUSION
Using a simple model we identiﬁed here the physical
basis of the material design of nuclear lamina that
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should it occur. Localized damage is critical for cells
to being able to repair defects rather than having to
deal with large-scale and widely distributed damage in
the nuclear lamina. This suggests that the paradigm of
dealing with failure, if it does occur, is that few protein
ﬁlaments are sacriﬁced rather than the entire meshwork. As an important barrier to protect genetic material crucial to life, the nuclear lamina must indeed be
an extremely reliable structure that can tolerate extreme mechanical conditions. The general mechanism
to create such ﬂaw-tolerant behavior revealed here,
established through a particular nonlinear stressstrain response of constituting protein ﬁlaments realized through a series of molecular mechanisms, may
also apply to other natural and synthetic materials, and
could enable us to fabricate novel biologically inspired materials with high extensibility, high strength,
robustness, and impact resistance.29 This opens the
possibility that by designing the molecular structure of the material the particular dependence of the
hardening exponent N as a function of strain can be
achieved. The multiscale approach used here could
also enable studies of the mechanism of disease (e.g.,
rapid aging disease progeria), which is caused by
point mutations at the protein level and that aﬀects
the mechanical properties of nuclear lamina by making it more brittle.

MATERIALS AND METHODS

where

Multiscale Modeling Method. The mesoscopic model used here
is set up based on a combination of experimental and full
atomistic data.1,12,21,30 We use a simple mesoscopic model
describing each intermediate filament as a series of beads
interacting according to nonlinear interparticle multibody potentials. The model is designed by our desire to develop a
simple model to derive generic insight into the mechanical
properties and mechanisms. We note that even though such a
simple model formulation does not allow us to derive quantitative conclusions for phenomena pertaining to specific types
of nuclear laminas, it does enable us to understand universal,
generic relationships between underlying molecular mechanisms, resulting nonlinear properties of the material, and the
failure behavior of intermediate filament meshworks.
The total energy is given by
Ex ¼ ET þ EB

(3)

The total energy is given by the sum over all pair wise and threebody interactions:
X
X
ET ¼
jT (r) and EB ¼
jB (θ)
(4)
pairs

"

#-1


r - rb
exp
Ξ þ1
rb

8
>
< k1 (r - r0 )
R1 þ k2 (r - r1 )
2
3
1
2
3
>
: R2 þ k3 (r - r2 ) þ k3 (r - r2 ) þ k3 (r - r2 )
R3

FT (r) ¼ -

DjT (r)
Dr

(5)

r < r1
r < r2
r < r3
rgr3

(6)

In eq 6, ki and ri are spring constants that derived directly from
the force-extension curve of the tension test of full atomic
model (as shown in Supporting Information, Figure S1b, with
their physical meaning and value deﬁned in Supporting
Information). The Fermi-Dirac distribution function introduces
two additional parameters rb and Ξ.32 The parameter rb denotes
the critical separation distance for breaking of the ﬁlament
and the parameter Ξ describes the amount of smoothing
around the breaking point (the smaller Ξ, the smoother the
curve becomes). A similar strategy to model the interatomic
potential near rupture has been used in earlier work.
The bending energy (as illustrated in Supporting Information, Figure S1d) is given by

triplets

Here we approximate the nonlinear force-extension behavior
under tensile loading with a multipolynomial potential model
that has been used successfully in the earlier study of deformation of cytoplasm single ﬁlament.31 The tensile force between
two particles (beads as illustrated in Supporting Information,
Figure S1c) is described as
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DjT (r)
¼
Dr
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enables it to withstand extreme mechanical deformation of more than 100% strain, despite the presence of
structural defects. Our study shows that its integrity
and strength are not compromised by structural defects such as nuclear pores or other imperfections
embedded in nuclear envelopes and that this superior
robustness is caused by mechanisms that act at multiple scales. This is facilitated by a combination of softening-stiﬀening-softening of ﬁlament mechanics,
which is generated by protein unfolding, an alpha-tobeta transition, and intermolecular sliding under mechanical loading. The robust failure behavior of nuclear
lamina is explained theoretically by a change of the
stress-strain hardening exponent N as deformation is
increased. We derived a general theoretical model that
suggests that the critical feature of the dependence of
N(ε) is that Nf0 (here, for strains up to 90%), and N .1
for larger strains (here, between 90% and 176%). This
particular sequence of nonlinear stress-strain law of
ﬁlaments facilitates an extremely delocalized deformation at strains of up to 176% and a highly localized
failure once catastrophic breakdown of the material
occurs at strains in excess of 176% strains. The delocalized deformation in the regime up to 176% vastly
increases the energy absorbing capacity, while the
localized failure during crack extension provides an
important mechanism to ensure localized damage,

jB (θ) ¼

1
kB (θ - θ0 )2
2

(7)

with kB relating to the bending stiﬀness of the intermediate
ﬁlament EI through kB = 3EI/r0. The parameter EI relates to
the intermediate ﬁlament persistence length Lp through EI =
LpKBT, where KB is the Boltzmann constant and T is the
temperature.
The geometry of the meshwork is obtained from experimental observations of the nuclear lamina of Xenopus oocytes.1
The meshwork is composed of two sets of near-orthogonal
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fdrag ¼ - 6πμRv

(8)

-4

where μ = 8.6  10 Pa 3 s is the fluid viscosity constant of water at
room temperature, and R is the equivalent spherical radius of the
mesoscopic bead, which equals the radius of a sphere of equivalent volume given by35

1=3
3 2
b r0
R ¼
(9)
16
with geometry parameters of the mesoscopic bead given as
R = 4.5 nm. The parameter v denotes the relative velocity of
particle motion in a continuous viscous fluid.
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