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Shock Compression of Semiflexible Polymers

Daniel A. Vega,a Pedro Lance,a Enzo Zorzi,a Richard A. Registerb, and Leopoldo R. Gómez,∗a

We employ molecular dynamics simulations to investigate the shock compression of linear semiflexible
polymers. While the propagation velocity of a shock primarily depends on density, both chain
rigidity and chain orientation significantly influence the shock width and the final temperature of
the system. In general, the shock wave triggers molecular buckling in chains oriented perpendicular
to the compression front. Following the passage of the front, the semiflexible chains buckle with
a wavelength that decreases with the compression speed as λm ∼ u−0.2

p , and subsequent relaxation
leads to a banana-like liquid crystal phase. In ordered systems with molecules oriented perpendicular
to the compression front, the shock width increases by a factor of up to 10 compared to a similar
isotropic system, resulting in enhanced shock energy absorption. These findings indicate that chain
stiffness plays a critical role in the impact absorption properties of polymeric materials.

1 Introduction.
Shocks and blast waves are extreme events which test the re-
sponse of materials towards their limit of structural integrity. In
general, the sudden increase of pressure due to the passage of a
shock induces a strong non-linear behavior, which can even pro-
duce failure or fracture of the material1–3. Given its fundamental
and technological relevance, there is a pressing interest in under-
standing the high-strain-rate response of different materials, such
as metals, amorphous solids, ceramics, and polymers.

Their intrinsic rate-dependent behavior, light weight, tunable
transparency, and self-healing ability, make polymers ideal ma-
terials for blast and impact absorption4. However, while the
dynamic properties of most polymeric materials are now well-
established at low deformation rates, much less is known about
the mechanisms of mechanical response and energy dissipation
at high deformation rates. A better understanding of the micro-
scopic processes involved in impact absorption is fundamental for
the design of novel polymeric systems with enhanced mechanical
properties5.

Indeed, some low-density polymeric materials show excep-
tional strength as compared with materials such as ceramics or
metal alloys6,7. For example, multiphase polymeric elastomers
like segmented poly(urethane urea)s have shown enormous ca-
pacity to absorb and dissipate energy while maintaining struc-
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tural integrity8,9. In these polymeric systems, it is believed that
their capacity for impact absorption comes from the combination
of randomly distributed nanoscopic domains of soft and hard seg-
ments7,10–12. In this case, the soft domains are thought to be the
main factor for impact dissipation, while the hard domains are
expected to be a source of shock wave dispersion6. Applications
include building and helmet coatings, reinforced structural com-
posites, artificial joints for orthopedic devices, body armor, and
coatings for satellite applications6.

In anisotropic polymeric systems, such as aligned crystalline or
stiff-chain polymers, deformation in the direction of the molecu-
lar axis requires a stretching or compression of chemical bonds.
Thus, for polymers such as polyethylene, the elastic constant
along the molecular axis can be up to 20 times higher than the
constants in the other directions13,14. It is expected, then, that
molecular orientation would play a key role in the non-linear re-
sponse of polymers during the propagation of shocks and blast
waves15.

In this work we identify the main mechanisms of energy dissi-
pation of shock waves in semiflexible polymer systems by means
of molecular dynamics (MD) simulations (Fig. 1).

This work is organized as follows: In Section 2, we provide a
concise review of the fundamental concepts and results of shock
wave propagation in condensed matter systems. In Section 3,
we outline the details of the coarse-grained molecular dynamics
simulations conducted to examine shock compression in both or-
dered and disordered semi-flexible polymers. Section 4 presents
the key findings of our study, including variations in velocity,
width, temperature, and chain conformations, with respect to
compression speed and chain stiffness, in both ordered and dis-
ordered systems. Finally, in Section 5, we summarize the main
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Fig. 1 Snapshots of the shock compression process for an ordered sys-
tem (above) and a disordered system (below) are presented. In these
examples, the compression and shock velocities are denoted as up and
us, respectively. For the disordered system, beads are color-coded based
on their respective velocities. For clarity, in the visual representations of
chain configurations, we have unwrapped the periodic boundary condi-
tions present in the directions orthogonal to up and us.

results obtained, and discuss the primary conclusions of our work.

2 Overview of Shock Wave Propagation in Con-
densed Matter

Shock waves are sudden disturbances that propagate through
gases, liquids, or solids, resulting in rapid changes in pressure,
density, and other material properties1–3. The study of shock
waves has applications in different fields6, such as aerospace,
astrophysics, medicine, geophysics, and many others. In ma-
terial science and polymers, shock waves can be used to study
the behavior of materials under extreme conditions, such as high
pressures and temperatures. This research can lead to the devel-
opment of stronger, more resilient materials for various applica-
tions1.

In a typical laboratory shock experiment, a medium is uni-
formly compressed at a high speed by a piston with velocity up.
This compression generates a uniform shock wave that travels
through the medium at an even higher velocity us. Under these
conditions, the shock wave induces a rapid transition in the ma-
terial’s state. Since the transition between the initial and shocked
states occurs quickly, the system lacks time for heat exchange, and
the shock wave can be considered an adiabatic transition from a
thermodynamic perspective.

Several key parameters describe the intensity of a shock wave
and the material’s response during the shock passage. Shock
strength is typically characterized by the differences in pressure,
density, and temperature between the initial and final states in
the system. The greater these differences, the stronger the shock
wave. Another common method to quantify shock strength is the
Mach number (M), which represents the ratio of the shock wave’s
speed us to the local speed of sound c0 in the undisturbed media.

A shock wave with M ≫ 1 is deemed a "strong" shock, while a
shock with M ≳ 1 is commonly referred to as a "weak" shock.

A crucial parameter concerning shock wave passage is shock
thickness (width), which provides a natural length scale and rep-
resents the spatial range over which physical properties (e.g.,
pressure, density, temperature) change. The shock wave width
is influenced by the medium’s properties and the shock strength,
playing a role in how the shock’s energy dissipates within the
material. As shock width increases, the rate of energy dissipation
generally increases due to molecular mechanisms and effects such
as viscosity, thermal conduction, and radiation. For example, in
the simplest case of shock waves traveling through monatomic
gases, the shock thickness is approximately four mean free paths,
meaning it takes about four molecular collisions to adjust the
equilibrium state from upstream to downstream of the shock3.
The molecular processes within the shock wave are not in equilib-
rium. Shock waves are wider in polyatomic gases because molec-
ular rotation and vibration necessitate more collisions for equilib-
rium to be reached. Thus, molecular complexity and microscopic
degrees of freedom can contribute to the enhancement of shock
absorption and dissipation.

The behavior of shock waves can be better understood through
the application of conservation laws, which dictate changes in
physical properties across the shock interface3. These conserva-
tion laws are derived from the fundamental principles of mass,
momentum, and energy conservation. For uniform shocks, the
system can be described by an initial and shocked state, with vari-
ables changing exclusively across the shock interface. Under these
circumstances, the conservation laws can be reformulated as the
Rankine-Hugoniot jump conditions:

ρ0 us = ρs (us −up)

Ps −P0 = ρ0 us up

Ps up = ρ0 us (1/2u2
p + es − e0)

(1)

Here, the indices 0 and s represent the values of density (ρ), pres-
sure (P), and internal energy (e) before and after the shock wave
passage, respectively. These relationships are established within
the reference frame of the shock front. In this frame, the shock
is in a steady state, and the net flow of mass, momentum, and
energy towards the shock must be zero3.

The shock adiabat, or Hugoniot curve, is a common tool for an-
alyzing the features of a compressed region resulting from shock
waves. It represents the locus of final shocked states and is an
adiabatic line in the pressure-volume (P-V) plane. The Hugoniot
curve is particularly valuable for constructing a material’s equa-
tion of state, as the shock compression process is adiabatic in na-
ture. Consequently, shock compression experiments have been
extensively employed for many years to investigate the equation
of state for various materials at high pressures1,3.

The shock Hugoniot can be derived either directly from sim-
ulations by examining the final shocked states or by employing
the Rankine-Hugoniot jump conditions. These conditions relate
the pressure and volume in the material with particle and front
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velocities as follows: {
V/V0 = 1−up/us

P−P0 = ρ0 us up
(2)

Thus, knowing the front velocity as a function of particle velocity,
us = us(up), these relations become an implicit expression for the
Hugoniot curve.

The shock impedance relationship is a widely observed associ-
ation in a multitude of materials. It presents a linear approxima-
tion between the shock speed (us) and particle velocity (up) as
demonstrated by the following equation:

us = c+Sup (3)

Within this formula, c symbolizes the bulk sound speed in the
undisturbed material, while S is a dimensionless constant re-
ferred to as the shock impedance or the slope of the Hugoniot
curve. This linear approximation is generally well-suited for weak
shocks. However, its accuracy can deviate for stronger shocks due
to nonlinear effects.

There has been extensive research in recent years on the prop-
agation of shock waves through polymeric systems. This has in-
volved investigating the shock response of a wide variety of poly-
mer classes, including glassy amorphous, semicrystalline, rub-
bery, and associative polymers, through both laboratory experi-
ments and molecular dynamic simulations. A linear correlation
between compression and shock velocity, as illustrated in Eq 3,
was found to be applicable at low to moderate compression ve-
locities for various systems such as polyethylene, epoxy, poly-
carbonate, polyimide, polysulfone, poly(tetrafluoroethylene),
poly(methylmethacrylate), poly(vinylchloride), polybutadiene,
polypropylene, and others4,16–22. Generally, at higher compres-
sion speeds, a deviation from linearity is observed in most sys-
tems. This can be attributed, among other factors, to pressure-
induced breaking and re-formation of covalent bonds23. Us-
ing molecular dynamics simulations the shock response of sev-
eral systems were analyzed, including segmented polyureas and
polyurethanes11,24–26, crystalline polymers15,27,28, block copoly-
mers11,12, and amorphous systems29–33.

In the present study, we focus on the shock compression
of semiflexible chains, a topic that remains relatively under-
researched compared to other polymer systems. We demonstrate
that when semiflexible chains are aligned in the compression di-
rection, the system responds to shock compression through a col-
lective buckling of chains, where the dominant mode diminishes
when increasing the compression velocity.

3 Simulation methods
Given the time and length scales needed to simulate these highly
non-linear processes, coarse-grained molecular dynamics (CG-
MD) can probe the microscopic relaxational mechanisms involved
in these extreme stress-strain events. CG-MD has proven to be a
key technique in the study of shock wave propagation in different
solid materials34, including polymers25,35. Here, CG-MD simula-
tions were carried out with LAMMPS36 using the Kremer-Grest
(KG) standard polymer model37. The interaction between all

Fig. 2 Shock wave profiles as seen through the x-component of the
particle velocity (a), and density ρ (b). The profiles are normalized with
the piston compression velocity up, and initial density in the system ρ0,
respectively. The inset highlights that bending stiffness does not impact
the final density, illustrated with up = 9 in this particular case.

beads was given by a purely repulsive Weeks-Chandler-Andersen
(WCA) potential:

UWCA(r) = 4ε[(σ/r)12 − (σ/r)6]+ ε (4)

with ε = 1, σ = 1 and a cutoff of rc = 21/6σ . In order to avoid bond
crossing, chain breaking, and excessive bond stretching, bonded
beads were coupled through a finitely extensible nonlinear elastic
(FENE) potential:

UFENE(r) =−kF r2
0 ln[1− (r/r0)

2] (5)

for r < r0 = 1.5σ and kF = 30ε/σ2.

The standard Kremer-Grest model was augmented with a har-
monic bending potential:

U(θ) = kθ (θ −θ0)
2 (6)

with θ0 = π and kθ between 15ε and 300ε, allowing the descrip-
tion of semi-flexible to rod-like molecules.
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Fig. 3 Shock wave speed us versus piston speed up for disordered and
ordered (inset) systems having different bending potential constants kθ .

We simulate the propagation of shocks through semi-flexible
polymers using systems with a particle density of ρ = 0.84/σ3,
consisting of 5,000 chains with 20 beads each.

To construct the initial configurations, chains were assembled
using a random walk algorithm and subsequently placed ran-
domly in a simulation box with periodic boundary conditions.
The random walk chains were initially relaxed using dissipative
particle dynamics (DPD), in which a soft potential facilitates rapid
equilibration of the structure. The DPD potential was then re-
placed with a Lennard-Jones UWCA potential38. Further relax-
ation of the melt involved NPT simulations, where the tempera-
ture and pressure were set at T = kB/ε and P = 0.1σ3/ε, respec-
tively. Here, the intrinsic MD time unit is τMD =

√
mσ2/ε, with

m = 1 representing the mass of the monomers. This model results
in an effective bond length of lb ∼ 0.97σ . The system dimensions’
ratio after relaxation was 20 : 1 : 1, yielding a size of approximately
20 stretched chains along the compression x-axis. Here all phys-
ical quantities are expressed in MD units; for example, up and us

are in units of σ/τMD.
In ordered systems, alignment was induced in the initial con-

figuration by using hard-wall boundary conditions, which was
further relaxed through NPT simulations and periodic boundary
conditions, as the temperature was insufficient to melt the quasi-
crystalline order.

Upon obtaining the initial configuration, the periodic boundary
conditions along the compression axis were removed (and the
bonds of particles crossing those planes were eliminated). The
shock wave was generated using a piston compression simulation
in the NVE ensemble, where a wall compressed the box at a con-
stant velocity up via the open-source software LAMMPS39. This
process created a steep and narrow wavefront that traveled at a
higher velocity us (Fig. 1)40. Due to the high piston velocity, a

small time step of τ = 5 ·10−6 was employed. During compression,
the opposite face of the simulation box remained fixed.

4 Results
Figure 1 displays snapshots depicting polymer configurations dur-
ing the shock compression of ordered (top) and disordered (bot-
tom) semiflexible polymers. In the ordered system, all chains are
aligned perpendicular to the direction of compression, resulting
in a liquid-crystal-like structure. As noted in other systems1,2,
compression at a constant velocity (up) precipitates the forma-
tion of a shock front. Following an initial transient phase, this
front progresses steadily at a superior, constant velocity (us). In
this phase of steady propagation, the shock front traverses the
system without undergoing any shape distortion. This allows us
to pinpoint a well-defined shocked state where final particle ve-
locity (up), pressure (P), and density (ρ) remain unchanged over
time after the shock’s passage.

Figure 2 provides a visual representation of the shock profiles in
the compression direction (x) as seen through the x component of
particle velocity (Fig. 2a) and local density (Fig. 2b). These shock
profiles are derived by averaging the physical properties in the
direction perpendicular to shock propagation. Analogous profiles
can also be obtained using the local pressure or temperature of
the systems.

Figure 2a clearly illustrates that during shock compression, fol-
lowing an initial transient phase and reaching a steady state, par-
ticles consistently move at the same speed as the piston. This
behavior is observed irrespective of bond stiffness, compression
velocity, system ordering, or initial density. Figure 2b reveals that
the final density in the system after the shock wave passes de-
pends on compression velocity but remains unaffected by bending
stiffness (inset).

In general, shock propagation through condensed media can
be examined by monitoring the motion and characteristics of the
shock profiles. To better characterize the profiles of the shocks,
we fit the velocity profiles using the expression41:

Vx =
up

2
{1+ tanh

[
2
∆
(x f ront − x)

]
} (7)

Here from the fits to the simulation data we can obtain the shock
wave width ∆, and the position of the shock wave front x f ront . Fig-
ure 2a demonstrates that this phenomenological fitting function
(lines) accurately describes the velocity profiles.

By tracking the temporal evolution of the shock profile posi-
tion (x f ront), we can determine the shock propagation speed (us)
under various conditions. Figure 3 displays the shock speed as
a function of compression velocity for disordered systems with
different bending constants. It is important to note that while
the propagation velocity of strong shocks is similar across all sys-
tems, a higher bending constant increases the speed of sound
c0 in the system and the propagation velocity for weak shocks
(c0 = us[up → 0]). In ordered systems, the shock speed is less sen-
sitive to the bending constant (inset of Figure 3).
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Fig. 4 Variation of the shock width with the Mach number for ordered
and disordered systems of different bending constant kθ (color symbols),
and for a fully-flexible chain (black line), and a LJ fluid (black symnbols).

On the other hand, the bending constant significantly influ-
ences the shock’s profile and width (∆). As can be seen from Fig
2a, the propagation of shock waves along the chain axis of stiffer
molecules generates gentler (wider) shock fronts.

Figure 4 depicts the shock’s width ∆ in units of the chain’s ex-
tended end-to-end length (L0), as a function of the Mach number
M = us/c, where c is the speed of sound of the system. The speed
of sound c is determined from Eq. 3 through a linear fit of us based
on the data from Fig. 3, utilizing the four smallest compression
velocities. This figure demonstrates that higher compression ve-
locities produce shocks inducing faster transitions in the system
(smaller ∆), as expected. For comparison purposes, this figure
also includes the shock widths obtained for a purely repulsive
Lennard-Jones fluid (WCA potential) at the same density. It is im-
portant to note that simulations for fully-flexible chains (kθ = 0)
exhibited similar behavior to the purely-repulsive Lennard-Jones
liquid. Consequently, control over intramolecular interaction po-
tentials enables control over the energy density at the shock front.

Interestingly, Fig. 4 also clearly shows that shocks in ordered
systems possess a significantly larger width (by a factor of 3-16),
when compared to shocks in disordered systems. This finding
suggests that the underlying molecular organization within a ma-
terial greatly influences its shock response. As commented in sec-
tion 2, the width of shocks is a critical parameter because it repre-
sents the material’s ability to relax under rapid compression and
is related to the mechanisms of energy dissipation. As the shock
width increases, the rate of energy dissipation by the medium
increases, meaning that the material is better suited for impact
absorption. Understanding these effects is crucial for the develop-
ment of advanced materials with tailored mechanical properties,

Fig. 5 A representative temperature profile, illustrating the effects of a
passing shock wave, obtained by compressing a disordered system with
kθ = 150 and at a velocity of up = 6. Inset: The final temperatures of com-
pressed systems are consistently higher in ordered systems as compared
to their disordered counterparts, regardless of the compression velocity
and chain bending constant.

such as shock absorption and energy dissipation.
The enhancement of thermal energy in both ordered and dis-

ordered systems stems directly from the continuous compression
of the system due to energy injection. This energy transfer leads
to alterations in the temperature profile of the systems. Figure
5 displays a representative temperature profile of a shock wave,
generated by compressing a disordered system with a bending
constant, kθ = 150, at a compression velocity, up = 6.

The temperature profile offers valuable information on the spa-
tial distribution of temperature within the system as the shock
wave moves through it. The inset of Fig. 5 highlights the ratio
between the maximum temperature of ordered T ORD

MAX and disor-
dered T DIS

MAX systems for various compression velocities and bend-
ing constants. This comparison facilitates a more comprehensive
understanding of the impact of the system’s structural organiza-
tion on the distribution and dissipation of thermal energy during
shock wave propagation.

Interestingly, these results show that ordered systems experi-
ence a more significant increase in thermal energy compared to
disordered systems. This observation is consistent with our ear-
lier analysis of shock wave width, implying that ordered systems
should dissipate shock waves more efficiently than disordered sys-
tems due to their inherent structural organization. As illustrated
in Fig. 5, ordered systems can also more effectively capture the
injected energy from the shock wave, resulting in a higher final
temperature. This increased energy capture can be ascribed to the
more regular arrangement of particles in ordered systems, which
fosters a more efficient transfer of energy throughout the system
during shock wave propagation.

To better understand the molecular mechanism leading to
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Fig. 6 Normalized radius of gyration profile along the x-axis for disordered (left) and ordered (right) systems with different bending constants. The
insets show the dynamics of buckling in different regions; here, up = 15.

wider shocks for oriented chains, we study the chains’ configu-
rations during shock compression through the gyration tensor42:

Si, j = 1/Nbeads ∑
n
[(ri,n − ri,cm)(r j,n − r j,cm)], (8)

where the squared radius of gyration of the chains can be ob-
tained from the eigenvalues βi as R2

g = Tr(S) = β1 +β2 +β3.

Figure 6 shows the temporal evolution of the mean radius of
gyration, normalized by the initial value, for ordered and dis-
ordered systems. When the shock front arrives, the molecules
rapidly contract, reducing their radius of gyration. While this
occurs for both ordered and disordered systems, the contraction
for ordered systems is larger. For the disordered systems, we
find that for molecules oriented parallel to the shock direction,
Rg suffers only minor changes while there is a clear reduction
in Rg for those chains that were oriented perpendicular to the
shock direction. This Figure also shows typical chain configura-
tions during the shock compression for ordered systems. In this
system, the initially ordered configuration (I) is distorted as the
shock front arrives since chains rapidly contract by a buckling
process (II). As time proceeds, the system relaxes and the buck-
led chains evolve towards a collective Euler-like buckled configu-
ration (III) where the molecules self-assemble in a buckled state
in order to relax the bending energy Uθ while satisfying packing
constraints. The shock-induced buckled conformation described
here has also been anticipated in stiff biopolymers under thermal
fluctuations43.

Upon visually inspecting the conformation of the chain subse-
quent to the shock passage, it was discerned that the chains can
potentially buckle in either direction orthogonal to the compres-
sion direction. This results in the formation of structures exhibit-
ing a certain degree of helicity, as graphically represented in Fig.
7a-b. Notably, analogous helical buckling phenomena were re-
cently observed in experiments involving single fibers subjected
to a significant compressional flow44.

To conduct a systematic assessment of the helicity presented
by the buckled chains, the writhe (Wr) of the polymer chains was
computed following the shock passage. The writhe gives a quan-
titative metric to gauge the extent of a curve’s helicity within a
three-dimensional space, by enumerating the "signed" quantity of
self-crossings projected by the curve onto a planar surface. The
writhe of the polymer’s chain contour C can be acquired via the
Gauss double integral along C as given by45,46:

Wr =
1

4π

∫
C

∫
C

(dr1 ×dr2) · r12

|r12|3
, (9)

where r1 and r2 refer to points along the curve, and r12 = r2 − r1.

The final writhe of compressed chains, represented as a func-
tion of the compression velocity up, for systems with varied bend-
ing constants kθ , is showcased in Fig. 7c. A noteworthy obser-
vation is that the writhe distribution is symmetrically situated
around zero, implying that both negative and positive helical
configurations are equally probable. As the compression veloc-
ity escalates, and as the chain’s bending constant diminishes, the
writhe distribution tends to broaden, signaling that chain config-
urations become progressively more helical. This is clearly ob-
served in the inset of Fig. 7c, where the width of the distribu-
tion—when fitted with a Lorentzian distribution—is plotted as
a function of compression velocity, across differing bending con-
stants. It is vital to note that despite the change in distribution
width, the peak of the distributions remains at zero writhe. This
suggests that the configurations of compressed chains should be
characterized as weakly helical. Such a finding contrasts with
observations from DNA molecules47 or biopolymers48, where
highly helical molecular configurations are typically observed.

Fig. 8a shows a snapshot of the system configurations in the
shocked region. As explained above, the passage of the shock
induces buckling in the stiff chains. As the leading front moves
away, the chains start to relax collectively, evolving into a self-
organized undulated buckled state, whose wavelength exceeds
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Fig. 7 a)-b) Weakly helical configuration of a compressed chain, as seen
through the projection in the x− z and y− z planes. c) Writhe probability
distributions of a chain of bending constant kθ = 150, at different com-
pression velocities. Inset: Width of the writhe distribution of compressed
chains, as a function of compressing velocity, for different bending con-
stants.

the length (L0) of the individual chains.
To study the undulating buckled configurations, found as

weakly helical, we first obtain the center of mass of the molecules
along the compression direction (averaging in the y− z plane),
and then we Fourier transform its displacement to determine the
leading length scales. Figure 8b shows the time evolution of the
mode spectrum of buckled chain configurations induced by the
passage of the shock through an ordered system. Note the pres-
ence of a leading mode at early times, induced by the buckled
chains behind the shock front (see also Fig. 6). Interestingly,
as the shock travels through the system, the wavelength of the
leading mode remains nearly constant while the undulation am-
plitude increases over time due to the collective reorganization
of the chains. The inset of Fig. 8b shows the dependence of
the leading buckling wavelength λ0 on the compression velocity.
Larger compression velocities lead to stronger shocks and smaller
wavelengths λ that scale as: λ ∼ u−0.2

p .
To elucidate the relationship between the primary buckling

mode and the compression velocity, we employ the energy
method conceptualized by Timoshenko and Gee, used for exam-
ining the buckling phenomenon in bars49,50. Within this context,
the lateral deflection ν(x) of a buckled chain is characterized by
the following Fourier series:

ν(x) =
∞

∑
n=1

an sin(
nπx
λ

) (10)

The strain energy, arising from the bending of the chain, takes
this form:

∆U =
kθ

2

∫
λ

0

d2ν

dx2 ,dx =
π4kθ

4λ 3

∞

∑
n=1

n4a2
n (11)

The work done by the piston, during the process of compressing
the system, is represented as:

∆T =
Ps π2

4λ

∞

∑
n=1

n2a2
n (12)

Thus, conservation of energy yields the following equation:

π2kθ

λ 2

∞

∑
n=1

n4a2
n = Ps

∞

∑
n=1

n2a2
n (13)

It is important to emphasize that our system is undergoing
shock compression. Through the use of an approximate Rankine-
Hugoniot jump condition (Eq. 1) for the pressure Ps ∼ ρ0 us,up

(valid for Ps ≫ P0), and a linear Hugoniot relationship linking
compression and shock velocities us = c0 + Sup (Fig. 3), we can
estimate Ps ∼ ρ0Su2

p. After incorporating these into our energy
conservation equation (by only considering the leading mode),
we derive an approximate connection between the primary buck-
ling mode and the compression velocity:

λ ∼

√
π2kθ

ρ0S
u−1/4

p (14)

This estimation aligns reasonably well with the exponent ob-
served in the molecular dynamics simulations.

The buckling behavior of fibers or polymer chains under static
compression has been a topic of rigorous study for years43,50–54.
In static conditions, buckled states are determined by external
load, chain size, bending constant, and temperature. Conversely,
in our investigation of dynamic shock compression, we find that
the buckling length is largely determined by compression veloc-
ity. Interestingly, similar power-law correlations between buckled
length and compression rate have been identified in both exper-
imental and theoretical studies, examining the conformations of
individual fibers in a compression flow44,55.

In addition to the leading mode, there is a longer-wavelength
mode near λ/L0 ∼ 7 that increases over time, driven by the re-
laxation of the bending energy stored in the individual chains.
Figure 8c shows the distribution of bending energy Uθ and the
second Legendre polynomial P2 along the shock direction. Here
P2 = (3cosΘ−1)/2, where Θ is the angle between a polymer bond
and the director (direction of compression). A value of P2 = 1
indicates parallel alignment, whereas a value of P2 = −1/2 cor-
responds to a perpendicular orientation. For P2 = 0, the bonds
are oriented isotropically with respect to the director. Observe
that Uθ shows a clear transition at the shock front, indicating the
existence of buckled chains induced by the shock passage. In ad-
dition, P2 reveals bond rotation in the shocked region, although a
preferential direction still characterizes this zone.

At first sight this behavior is intriguing. Thermodynamically, a
shock wave can be described as an adiabatic (irreversible) transi-
tion between two equilibrium states (initial and shocked)1,2. As
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Fig. 8 a) Snapshot of the shock compression of an ordered system. Observe the collective organization of the buckled molecules. b) Temporal
evolution of the spectrum of an ordered system with kθ = 300. Symbols denote different simulation times in units of τMD. Observe here a snapshot of
chain conformation for the mode near λ/L0 ∼ 7. The inset shows that the leading wavelength decays with a power law with the compression velocity:
λ ∗

m ∼ u−0.2
p . c) This panel shows chain configuration (top), bending energy (middle), and P2 (bottom) at an early stage of the buckling process.

pointed out above, here the Rankine-Hugoniot relations1,2 con-
necting the states on both sides of a shock wave are satisfied.
However, while the system studied here shows the typical features
of a shocked state, in the sense that the particles have a clearly
distinct density, velocity, and pressure profile along the shock, we
found that this state is not well-defined in the classical sense, as
here there is a slow relaxation in the shocked regions towards a
banana-like liquid-crystal phase56.

5 Conclusions
We have investigated the characteristics of shock compression in
semiflexible polymers and demonstrated that the energy density
distribution is influenced by both chain stiffness and orientation.
During shock compression, chains generally reduce their radius
of gyration along the compression direction. Chains oriented per-
pendicular to the shock front undergo a buckling process. This
mechanism broadens the shock’s width and is anticipated to be
the primary dissipation process for shocks traversing systems with
highly oriented molecules or fibers.

We observed a significant difference in the shock response of
ordered and disordered systems. In ordered systems, chains
are arranged in a regular pattern, facilitating a more synchro-
nized response when subjected to stress. The buckling of mul-
tiple chains requires cooperative motion among several chains,
with a single chain’s ability to buckle and respond to stress de-

pending on neighboring chains buckling in a similar manner. As
a result, when chains in an ordered system experience stress,
they are more likely to buckle collectively, allowing for a coor-
dinated response. Conversely, isotropic systems exhibit a ran-
dom arrangement of chains, which disrupts cooperative motion
among chains and prevents them from buckling collectively. Con-
sequently, chains in disordered systems cannot effectively respond
to stress due to the lack of synchronized buckling in neighboring
chains.

The collective buckling of chains in ordered systems leads to
a larger distortion of the media, resulting in an increased shock
width and temperature increase, which contributes to enhanced
absorption of energy from the shock wave. This energy absorp-
tion reduces the shock’s intensity as it propagates through the ma-
terial, resulting in more effective shock attenuation. In contrast,
the absence of collective buckling in disordered systems hinders
their ability to absorb energy from the shock wave, leading to less
effective shock attenuation.
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