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Abstract: We investigate the transport properties of a single flexible polymer chain moving along a periodic ratchet
potential modulated by a spatially varying temperature. At steady state, the polymer exhibits rapid unidirectional motion,
with the efficiency of current rectification strongly influenced by its elasticity and size. Analytical and numerical analyses
demonstrate that the steady-state transport can be effectively regulated by modulating the elastic constant. Notably, the
stall force, at which the polymer current ceases, remains independent of both chain length and coupling strength. Beyond
the stall force, the polymer’s mobility exhibits a strong dependence on its flexibility and size. These results highlight a
tunable mechanism for controlling polymer transport, offering potential applications in directed polymer motion and the
sorting of multicomponent systems based on intrinsic material properties.
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1. Introduction
The transport dynamics of biological systems, such as polymers and membranes, have garnered significant interest

due to their intrinsic complexity and the influence of internal degrees of freedom on their motion [1–6]. These systems
often consist of multiple interacting components arranged in intricate architectures, leading to transport behaviors that
exhibit nontrivial dependencies on size, flexibility, and thermal background. Prior studies on polymer dynamics in bistable
potentials have demonstrated that escape rates are highly sensitive to molecular size and inter-monomer interactions [7–
18]. Similarly, the interplay between stochastic fluctuations and periodic forces in time-dependent potentials has been
shown to induce stochastic resonance, facilitating controlled polymer transport [19–21]. Notably, recent investigations
into linearly coupled polymers overcoming potential barriers have revealed that optimal resonance temperatures can lead to
enhanced directional transport, with implications for biomolecular applications, including Deoxyribonucleic Acid (DNA)
manipulation [7–12].

In this work, we systematically examine the rectified motion of a flexible polymer chain moving along a periodic
ratchet potential coupled with a spatially varying temperature. Unlike previous studies on polymer transport in rocking
or flashing ratchets [22–24], where directional transport can be modulated by tuning polymer flexibility, our approach
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incorporates an external load and considers a medium in thermal contact with alternating hot and cold reservoirs along
the spatial coordinate. Our numerical and analytical results reveal that the polymer exhibits a rapid unidirectional current,
with rectification strength governed not only by the external load and thermal gradient but also by the polymer’s coupling
strength and size.

A key finding of this study is the dependence of the polymer’s velocity on the coupling strength k. For finite k,
the chain’s mobility exhibits a peak, but as k increases further, velocity diminishes. Moreover, velocity is strictly load-
dependent, decreasing with increasing external force until reaching a stall force, beyond which the polymer reverses
direction and its velocity grows with load. Remarkably, our analysis demonstrates that the stall force at which the polymer
current vanishes is independent of both the chain length N and the coupling strength k. Additionally, velocity exhibits
an optimal value at a specific potential barrier height U0, and as the background temperature intensity rises, the polymer
undergoes accelerated unidirectional transport. These numerical findings are corroborated by exact analytical results in
the limits of k → 0 and k → ∞. As discussed before, at steady state, the chain exhibits directed transport, with efficiency
strongly influenced by its elasticity and size. This behavior reflects trends seen in the mechanical response of functionally
graded and graphene-reinforced composites with internal gradients [25–28]. Our results show that transport can be tuned
via stiffness modulation, while the stall force remains independent of chain length or coupling strength. These findings
suggest a mechanism for passive molecular sorting, aligned with current efforts in advanced composite design.

The paper is organized as follows: In Section 2, we present the model. Section 3 discusses the role of coupling
strength in polymer mobility. Section 4 examines the dependence of the globular chain’s velocity on model parameters.
Finally, Section 5 provides a summary and conclusion.

2. The model
We consider a flexible polymer chain of size N which undergoes a Brownian motion in a one dimensional piecewise

linear bistable potential with an external load U(x) =Us(x)+ f x where the ratchet potential Us(x) is described by

Us(x) =


U0

(
x

L0
+1
)
, if −L0 ≤ x ≤ 0;

U0

(
− x

L0
+1
)
, if 0 ≤ x ≤ L0.

(1)

Here, U0 and 2L0 denote the barrier height and the width of the ratchet potential, respectively, and where f is the
load. The potential has a potential maximaU0 at x = 0 and potential minima at x =± L0. The piecewise linear potential is
widely used in ratchet models due to its analytical tractability and ability to yield exact expressions for transport quantities.
Despite its simplicity, it captures the essential features of the asymmetric energy landscapes responsible for directedmotion.
This form also reflects the sharp potential profiles found in microstructured or optically patterned environments, making
it both mathematically and physically relevant.

In this work, the chain contour length is taken to bemuch less than the characteristic dimension of the ratchet potential
2L0. The ratchet potential is also coupled with a spatially varying temperature

T (x) =


Th, if −L0 ≤ x ≤ 0;

Tc, if 0 ≤ x ≤ L0

(2)
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as shown in Figure 1. Us(x) and T (x) are assumed to have the same period such thatUs(x+2L0) =Us(x) and T (x+2L0) =

T (x). As a side remark, the use of periodic boundary conditions for both the potential and temperature is physically
justified, as it models an extended spatially periodic environment such as patterned substrates or microchannels with
repeating thermal and structural features. These conditions eliminate edge effects and enable the study of steady-state
transport through a representative unit cell.

Figure 1. (Color online) Schematic diagram for initially coiled polymer chain in a piecewise linear bistable potential in the absence of an external load.
The potential wells and the barrier top are located at x = ± L0 and x = 0, respectively. Due to the thermal background kicks, the polymer ultimately
attains a steady state velocity as long as there is a distinct temperature difference between the hot and cold reservoirs

Considering only nearest-neighbor interaction between the polymer segments (the bead spring model), the Langevin
equation that governs the dynamics of the N beads (n = 1, 2, 3, ..., N) in a highly viscous medium under the influence
of external potential U(x) is given by

γ
dxn

dt
=−k(2xn − xn−1 − xn+1)−

∂U(xn)

∂xn
+
√

2kBγT (xn)ξn(t) (3)

where the k is the spring (elastic) constant of the chain while γ denotes the friction coefficient. ξn(t) is assumed to be
Gaussian white noise and kB denotes the Boltzmann constant. Hereafter, we assume kB to be unity. At this point, we
want to stress that modeling the polymer as a bead-spring chain with nearest-neighbor interactions maintains the essential
elastic response and internal degrees of freedom while maintaining computational efficiency. This approach is well suited
for moderately sized flexible polymers, where long-range or bending interactions are negligible. For very long chains or
semiflexible polymers, higher-order effects such as bending stiffness or excluded volume may become significant, and
we acknowledge these as potential extensions beyond the current model framework.

To simplify model equations we introduce a dimensionless load f̄ = f L0/Tc, rescaled temperature T̄ (x) = T (x)/Tc,
rescaled barrier height Ū0 =U0/Tc and rescaled length x̄= x/L0. We also introduced a dimensionless coupling strength k̄ =
kL2

0/Tc, τ = Th/Tc and time t̄ = t/β where β = γL2
0/Tc denotes the relaxation time. From now on, β and γ are taken to be

unity and all the quantities are rescaled (dimensionless) so that the bars will be dropped. Experimentally, the dimensionless
temperature, barrier height, and load can be determined by measuring physical quantities such as absolute temperatures,
potential profiles (from optical traps), and applied forces (using optical tweezers or Atomic Force Microscopy (AFM)).
This mapping enables a direct comparison between theoretical predictions and experimental conditions in colloidal or
microfluidic systems.
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3. Flexible polymer chain
Previous studies have shown that a single monomer (a Brownian particle) attains a directional motion when it is

exposed to a ratchet potential coupled with a spatially variable temperature or an external load. For such a system, the
functional dependence for the steady state current J or the velocity V on the system parameters is well explored [29–31].
However, it is not known how these results apply to a chain with several monomers. Here, we will explore the dependence
of the unidirectional chain velocity as a function of key system parameters.

Next in order to understand how the velocity of the chain responds to the change to its conformational flexibility and
variability that arise due to its internal degree of freedoms, we simulate the Brownian dynamics given by Equation (3) and
compute the steady state current. This result is then averaged over 104 independent simulations. Note that in the Brownian
dynamics simulations, we numerically integrate the overdamped Langevin equation, using the Euler-Maruyama method
due to its efficiency and suitability for stochastic differential equations. The model is validated by comparing simulation
results to exact analytical expressions in the limiting cases of k → 0 and k → ∞, showing excellent agreement.

To analyze further how the polymer or in general any linearly coupled system responds to the nonhomogeneous
thermal noise while surmounting a double-well potential with load, the dependence of the velocity as a function of
the different system parameters is explored. The numerical and analytical analyses reveal that the polymer exhibits a
unidirectional current where the strength of the current rectification relies not only on the thermal background kicks and
load but it has also a nontrivial dependence on its coupling strength and size. It is found that in the absence load f = 0,
the chain maintains a positive current as long as a distinct temperature difference between the hot and cold reservoirs is
retained; i.e., Th > Tc, V > 0. For isothermal case, a one dimensional negative current can be achieved providing f ̸= 0.
In general when Th > Tc and f ̸= 0, the polymer exhibits intriguing transport features.

Figure 2. (Color online) The velocityV as a function of k for parameter choice N = 2 (red solid line) and N = 4.0 (black solid line). In the figure, other
parameters are fixed as N = 2.0, f = 0.0, U0 = 6.0 and τ = 2.0. The blue lines are from the exact analytic results (Equation (8)) both in the limit of
k → ∞ and k → 0

Figure 2 plots the velocity V as a function of k for parameter choice N = 2 (red solid line) and N = 4.0 (black solid
line). In the figure, other parameters are fixed asN = 2.0, f = 0.0,U0 = 6.0 and τ = 2.0. The numerical results exhibit that
the chain’s mobility decreases as k increases. The same figure also depicts that the velocity of the polymer decreases as N
increases. In the limit k → ∞, V goes to the velocity of a rigidly coupled polymer (blue line); when k → 0, V approaches
the velocity of a single Brownian particle (blue line).

The external load also dictates the direction of the monomers flow. For large load, current reversal may occur and
this indicates that the polymer flows from the cold to the hot reservoirs as shown in Figure 3. The figure depicts that
when k increases, V increases and at certain k, the velocity does manifest an optimal peak. As k further increased, the
velocity decreases and approach the velocity of compact polymer. On the other hand, the mobility of the chain decreases
as N increases. Please note that tuning the elastic constant k is feasible in experimental systems. Ligand binding, ionic
conditions, or chemical modifications can modulate stiffness in biopolymers like DNA and proteins.
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Figure 3. (Color online) The velocity V as a function of k for parameter choice N = 2 (red solid line) and N = 4 (black solid line). In the figure, other
parameters are fixed as N = 2.0, f = 4.0,U0 = 6.0 and τ = 2.0. The dashed blue lines are from the exact analytic results (Equation (8)) both in the limit
of k → ∞ and k → 0

Next via numerical simulations, we explore the dependence of the chain stall force f ′ on its internal degree of
freedoms. Surprisingly the numerical analysis reveals that for the flexible polymers with finite k, the stall force is still
independent of N which is in agreement to the exact analytical result for the globular chain (see Equation (9)).

Figure 4. (Color online) (a) The velocity V as a function of f for the parameter values of U0 = 6.0, N = 2 and τ = 2.0. The green solid lines stand the
plot for V in the limit of k → 0 (top) and k → ∞. The dotted lines are analyzed from the simulations for given values of k = 0, k = 8.0 and k = 25.0
(globular chain) from the top to bottom, respectively. (b) The velocity V as a function ofU0 for parameter choice k = 0, k = 5.0 and k = 25.0 (compact
chain), from top to bottom. We also fixed f = 0.3, N = 2 and τ = 2.0; dotted line stands for the simulation results while green solid lines are form
analytic prediction

At this point we want to stress that the external load dictates the direction of the particle flow. When f < f ′, the net
current is positive and while on the contrary for f > f ′, the current flows from the cold to the hot reservoirs. It worth
noting that a larger polymer moves sluggishly than a smaller chain as long as f ̸= f ′. At stall force f = f ′, the polymer
will have zero velocity regardless its size. In Figure 4a, we plot V as a function of f . In the figure, the green solid lines
stand the plot for V in the limit of k → 0 (top) and k → ∞. The dotted lines are analyzed from the simulations for given
values of k = 0, k = 8.0 and k = 25.0 (globular chain) from the top to bottom, respectively.

As depicted in Figure 4a, for polymer with finite k, current reversal occurs at f = 2.0 for parameter choiceU0 = 6.0
and τ = 2.0 regardless of the magnitude of k revealing that the coupling strength is not a relevant control parameter to alter
the direction of polymers current. On the other hand Figure 4b depicts the plot of V as a function of U0 for a parameter
choice f = 0.3 and τ = 2.0. As shown in the figure, the velocity for the polymer monotonously increases with U0 and
attains a maximum value at a particular optimum barrier height Uopt

0 . Further increasing in U0 leads to a smaller V . At
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Uopt
0 , the chain retains a maximum speed. The same figure shows that the velocity increases when k decreases. Uopt

0 also
strictly relies on k; when k decreases,Uopt

0 increases. Furthermore, our analysis exhibits that the transport property of the
chain also strictly relies on the temperature difference between the hot and cold baths. When the magnitude of the rescaled
temperature τ steps up, the tendency for the polymer in the hot bath to reach the top of the ratchet potential increases than
the chain in the cold reservoir. This leads to an increase in the current or velocity.

Figure 5. (Color online) (a) The velocityV as a function of N for parameter choice f = 0 and f = 2.0 from top to bottom. In the figure, other parameters
are fixed as k = 20,U0 = 4.0 and τ = 2.0. (b) The velocity V as a function of τ for fixed k = 40 (compact chain),U0 = 4.0 and f = 2.0. The top dotted
and the bottom red lines are plotted by taking N = 8and N = 16, receptively

The dependence of the velocity on chains length is also investigated for parameter choice f = 0 and f = 2.0 from
top to bottom. In the figure, other parameters are fixed as k = 20,U0 = 4.0 and τ = 2.0 (see Figure 5a). The figure depicts
that when the load is not strong enough, the polymer attains a positive current while for large load, the system exhibits a
current reversal. In both cases, the chain velocity monotonously decreases as the chain length decreases. One can note that
the peak in velocity versus k is physically intuitive. Moderate coupling allows monomers to move coherently, enhancing
directed transport. However, as k increases further, the polymer becomes increasingly rigid and loses flexibility. This
limits its ability to adapt to local thermal fluctuations, thereby reducing transport efficiency.

The parameter ranges used in this study are experimentally realistic. Potential barriers of the order of a few kBT can be
implemented using optical traps, structured surfaces, or microfabricated ratchet arrays. Similarly, moderate temperature
differences can be established using localized laser heating or thermophoretic gradients. These techniques are widely used
in experimental soft matter and microfluidic systems and this makes our model applicable to the practical implementation
of polymer transport and sorting.

At this point we want to stress that in this work we explore the behavior of the drift velocity as a function of k and N
and showed that the drift velocity is a nontrivial function of these parameters. On the other hand, exploring the transport
feature of the chain in terms of the chain length and radius of gyration is vital since these parameters are experimentally
relevant parameters. Also exploring themodel system in the largeN limit is crucial since a reasonable comparison between
simulation and experiment can be done only in the large N limit. Next let us investigate qualitatively how the velocity
depends on the chain length N and radius of gyration RG. As discussed in the work [32], the diffusion coefficient D ∝ N−r

where r is a constant. This clearly shows that the mobility (also velocity shown in Figure 5a) decreases as N decreases.
The fact that RG increases as temperature τ steps up indicates that D ∝ τ which in turn exhibits that the mobility (velocity)
increases as the temperature τ steps up (see Figure 5b). All the above results show that the ratio between the chain length
L0 and radius of gyration RG (RG/L0) plays a crucial role. Particularly, since L0 is fixed, RG dictates the transport features
of the chain.
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4. Globular polymer chain
In order gain a deeper insight into this finding, it is instructive to compute the velocity for globular polymer as well

as a single Brownian. Simplifying monomer interactions and assuming overdamped dynamics, next we solve the model
analytically. Hydrodynamic effects are also neglected and will be addressed in future studies.

In order to rewrite the Langevin equation for compact polymer or rigid polymer (k → ∞) in terms of the center of
mass motion, let us add the N Langevin equations [29–31, 33–38] (Equation (3)) to get

d
dt

(
N

∑
i=1

xi

)
=−

N

∑
i=1

∂U(xi)

∂xi
+

N

∑
i=1

√
2γT (xi)ξi(t). (4)

When a compact polymer of size N hops on the ratchet potential, each monomer experiences the same force along
the reaction coordinate. Hence the effective Langevin equation for the center of mass motion xcm = (x1 + x2 + ... xN)/N
can be written as

N
dxcm

dt
=−N

∂U(xcm)

∂xcm
+
√

2γT (x)(ξ1(t)+ ... +ξN(t)). (5)

From fluctuation-dissipation relation

⟨(ξ1(t)+ ... +ξN(t))(ξ1(t)+ ... +ξN(t))⟩= N
⟨
ξ (t)2⟩ (6)

which implies that we can substitute (ξ1(t)+ ... +ξN(t)) by
√

Nξ (t). After some algebra Equation (5) converges to

dxcm

dt
=−∂U(xcm)

∂xcm
+
√

2γTcm(x)ξ (t)/
√

N. (7)

The corresponding steady state current J can be exactly evaluated using the same approach as the work [31]. After
some algebra, we find a closed form expression for the steady state current

J =− ς1

ς2ς3 + ς4ς1
(8)

where the expressions for ς1, ς2, ς3 and ς4 are given as ς1 = ea−b − 1, ς2 =
N
aτ

(1− e−a) +
N
b

e−a
(
eb −1

)
, ς3 =

1
a
(ea −1) +

1
b

ea
(
1− e−b

)
. The parameter ς4 is given by ς4 = ε1 + ε2 + ε3 where ε1 =

N
τ

(
1
a

)2

(a+ e−a −1), ε2 =

N
ab

(1− e−a)
(
eb −1

)
, ε3 = N

(
1
b

)2 (
eb −1−b

)
. Here a = N (U0 + f )/τ and b = N (U0 − f ). The corresponding

velocity is given by V = 2J. In the limit f ≫ U0 and large N we have a ≈ N f/τ , b ≈ −N f , ς1 ≈ exp[N f/τ +N f ],
ς2 ≈ 1/ f , ς3 ≈ exp[(N f/τ +N f )]/N f , ε1 ≈ 1/ f , ε2 ≈ 0 and ε3 ≈ 1/ f . Substituting these values, we get J ≈− f/2.

Moreover, the exact analytical result for the globular chain uncovers that the stall force
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f ′ =
U0(τ −1)
(τ +1)

(9)

at which the chain current vanishes, is independent of the chain length N. The stall force in our model is remarkably
independent of both the chain length and coupling strength. This contrasts with earlier studies where stall force typically
scaled with polymer size or stiffness. Our results highlight a unique symmetry in the center-of-mass dynamics under
thermal gradients. This offers a practical advantage for polymer sorting by allowing size-independent control using a
single external force.

In the absence of external load f = 0, the steady state current (Equation (8)) converges to

J =
NU2

0
2(1+ τ)

[
1

e
NU0

τ −1
− 1

eNU0 −1

]
. (10)

For smallU0, it is straight forward to show J ≈ U0

2

(
τ −1
τ +1

)
. On the other hand for largeU0 and τ , one approximates

Equation (10) as J ≈
NU2

0
2(1+ τ)

e
−NU0

τ . The current J and the velocity align with the established scaling laws in polymer

dynamics, where the diffusion coefficient scales as D ∼ N−ν , with ν ≈ 1 for one-dimensional Rouse-like behavior. In our
simulations, the drift velocity decreases monotonically with increasing chain length N, reflecting the reduced mobility for
longer polymers. The effective scaling exponent extracted from the velocity vs. N plots closely matches the theoretical
prediction for the 1 D Brownian motion of flexible chains. This agreement confirms that our model correctly captures the
key features of size-dependent transport in overdamped regimes.

Figure 6. The ratio V (k → 0)/V (k → ∞) as a function of N for parameter choice f = 0.0 (black solid line), f = 0.5 (red solid line), f = 1.0 (blue solid
line). Other parameters are fixed as U0 = 2.0 and τ = 8.0

Closer look at the Figure 2 once again reveals that the chain retains a higher velocity V (0) at k = 0 than the velocity
V (∞) of a globular chain (k →∞). Particularly, as the size of the chain increases, the gap betweenV (0) andV (∞) increases.
To analyze the chain size dependence further, we have computed the ratio for the velocity of a single particle to globular
polymer utilizing Equation (8). As exhibited in Figure 6, V is a nontrivial function of N; the polymer with small k retains
considerably higher velocity than a rigid dimer. This signifies that attenuating the strength of the elastic constant results
in a polymer that can be transported fast. The ratio V (k → 0)/V (k → ∞) quantifies the enhancement in transport due to
polymer flexibility. A higher ratio indicates that a flexible chain moves significantly faster than a rigid one under the same
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external conditions. This metric provides a practical means of assessing how elastic properties affect mobility, which can
inform the design of polymer-based transport systems or sorting devices. However, it also has limitations since it does
not account for other realistic factors such as hydrodynamic interactions, crowding effects, or non-linear stiffness in long
chains. This can be notably appreciated by taking the velocity ratio between a single and globular polymer in high barrier
limit which is given as

V (0)
V (∞)

=
e
(−1+N)( f L0+U0)

τ

N
(11)

where in the limit f → 0,
V (0)
V (∞)

=
exp

(−1+N)(U0)
τ

N
. This can be retrieved using our previous calculations since for largeU0,

J ≈
NU2

0
2(1+ τ)

e
−NU0

τ .

The central results of this paper also indicates the occurrence a direct relationship between the flexibility of a
macromolecule and its transport properties. Hence, we expect that in general this relationship can be applied to control
the transport of molecules by modulating their flexibility. Modifying the flexibility of a macromolecule can be achieved
in a variety of ways. Experimentally, the flexibility of the chain can be manipulated in a variety of ways. For instance, the
flexibility of proteins can be altered by ligand binding [39]. The elasticity of the DNA molecule can be also strengthen
by introducing external charges [40]. Thermal and chemical denaturation also alter the flexibility of biological molecules
since hydrogen bond breaking leads to an increase in the rotational degrees of freedom of atoms and thereby increases the
macroscopic flexibility of the molecule [41, 42].

5. Summary and conclusion
In this study, we have systematically examined the transport and response properties of a single flexible polymer

moving in a ratchet potential under the influence of an external load. The surrounding viscous medium is alternately in
contact with spatially varying thermal reservoirs along the reaction coordinate, driving the system far from equilibrium.
Our findings reveal that each monomer of the chain exhibits a fast unidirectional current, with the strength of current
rectification depending not only on thermal fluctuations and external loading but also on the chain’s coupling strength and
size in a nontrivial manner.

Our numerical and exact analytical results demonstrate that the stall force, at which the net current of the polymer
vanishes, is independent of both the chain length N and the coupling strength k. Additionally, we show that a more flexible
polymer attains a higher velocity compared to a stiffer chain, indicating that transport properties can be effectively tuned
by modulating the elastic coupling strength. This result suggests a novel mechanism for designing polymers with targeted
transport speeds by attenuating the elastic constant, which can be achieved experimentally through ligand binding [39],
the introduction of external charges [40], or chemical denaturation [41, 42].

Beyond providing insight into the fundamental transport mechanisms of polymers in ratchet potentials, our findings
have potential applications in nanoscale transport and biomolecular sorting. The ability to control polymer mobility by
tuning system parameters opens avenues for optimizing directed transport in synthetic and biological systems. Future
work may explore the impact of additional interactions, such as hydrodynamic effects or external field modulations, on
the rectified motion of flexible polymers, further expanding the applicability of these findings to engineered nanoscale
devices.

In conclusion, in this work, we present a pragmatic model system which not only serves as a basic guide on how to
transport the polymer fast to specific region but also has novel applications for binding kinetics, DNA amplifications and
sorting of multicomponent systems based on their dominant parameters.
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