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Abstract   The injection of a polymer chain into a small circular cavity under tangential self-propelled force is studied by using Langevin dynam-

ics simulation. Results indicate that the injection dynamics of the active polymer shows strong correlation with the polymer conformation inside

the cavity depending on the polymer rigidity (kb). The injection time τ varies nonmonotonously with increasing kb, and reaches its minimum at

kb
*. When kb is small (kb << kb

*), the polymer is nearly random coil in the cavity, and spends a long time at the final stage of the injection process

due to the large repulsion between monomers inside the cavity. When kb is moderate (kb ~ kb
*), the part of polymer inside the cavity forms spiral

configuration under the tangential active force, and the whole polymer moves synchronously with a constant velocity during the injection pro-

cess, leading to a small injection time. When kb is large (kb >> kb
*), the polymer is nearly straight at the initial stage of the injection process, and

takes a long time to bend itself, leading to a large injection time.
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INTRODUCTION

The  translocation  of  polymers  through  narrow  channels  from
the cis space to the trans space is related to many biological pro-
cesses and technological applications, such as transportation of
biomacromolecules  through  channels  in  biological
membranes,[1−4] DNA  packaging,[5−8] genome  mapping,[9−12]

nanochannel-based  method  for  DNA  sequencing  and  separa-
tion,[13−19] etc., which is a typical non-equilibrium dynamical pro-
cess and has attracted lots of attention from the physical, chem-
ical, and biological communities in the last two decades.

τ ∝ Nα.

1 − τ0/τ ∝ ϕβ/F

Experimentally,  the  size  of  the  channel  is  much  smaller
than  that  of  the  polymer  in  the cis space,  so  successful
translocation is often achieved by an external driving mecha-
nism.[18−25] The translocation process is complex, and is influ-
enced by many factors.  Theoretically,  the dependence of the
translocation time (τ) on the polymer length (N) has been ex-
tensively studied. For the case that both the cis space and the
trans space are half-infinite, τ as a function of N can be simply
expressed  as [26−28] For  the  case  the trans space  is  a
small  cavity,  the  volume  exclusive  interaction  between
monomers inside the cavity will produce an effective resistive
force on the polymer. It was found that the scaling exponent
α is  dependent  on  the  driving  force  (F)  and  the  monomer
density  (ϕ)  in  the  cavity  after  the  injection,  and  the  depen-
dence of the complete injection time (τ) on F and ϕ can be ex-
pressed as ,  where τ0 is  the injection time for

∞the extreme case R →  and the scaling exponent β has dif-
ferent  values  at  small  and  large ϕ.[29−31] The  confinement  of
the cavity not only influences the injection dynamics,  but al-
so  affects  the  configuration  of  the  polymer  inside  the
cavity.[32,33] For  the  flexible  polymer,  the  part  of  polymer  in
the  capsid  maintains  a  random  configuration.  While  for  the
semiflexible  polymer,  the  part  of  polymer  in  the  capsid  can
form regular structure.

In  recent  years,  the  static  and  dynamical  characters  of  ac-
tive  polymers  have  been  studied  extensively.  In  experiment,
the  protein  motors  can  exert  a  tangential  active  force  along
the  contour  of  the  microtubules  or  filaments,  leading  to  the
activity  of  microtubules  or  filaments.[34,35] It  was  found  that
polymers with tangential active force behave quite complex-
ly.[36−40] In two-dimensional (2D) space, the active polymer of-
ten  adopt  extended  configuration  and  move  along  its  own
contour  at  weak  active  force  and  large  bending  rigidity,  but
can spontaneously form stable spiral  and undergo rotational
motion  at  strong  active  force  and  small  bending  rigidity.[37]

When  the  active  polymer  is  bonded  to  a  passive  load,  the
polymer can even push or pull the load with different confor-
mational states and motion types.[38−40]

Comparing  with  free  polymers,  active  polymers  under  re-
stricted  conditions  show  more  complex  behaviors.  For  the
head-fixed  active  polymer  in  2D  space,  the  polymer  shows
spiral  form  with  rotational  motion  or  wave  form  with  flap-
ping motion, depending on the fixed mode of the head.[41−44]

For  active  polymers  tethered  on  an  infinite  flat  surface,  the
polymer  is  buckled  into  a  quasi-helical  structure  with  rota-
tional motion at large active force and bending rigidity.[45] For
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active  polymers  adsorbed  on  the  surface  of  a  cylinder,  the
polymer  often  forms  several  typical  configurations  with  spe-
cific  motion  types.[46] For  active  polymers  in  a  transversal
asymmetric  channel,  the  polymer  transport  direction  can  be
rectified and even show current reversals due to the competi-
tion  of  the  polymer  chirality  and  the  channel  properties.[47]

For  active  polymers  in  crowded  environments,  it  was  found
that there is a robust conformational transition, and crowded
environments can facilitate polymer diffusion and even sepa-
rated polymers with different length and activity.[48−50]

Recently,  the  translocation  of  active  polymers  through  a
pore is studied by several groups. For the case the pore is nar-
row  and  short,  the  polymer  behaves  a  railway  motion  man-
ner,  resulting  that  the  translocation  time  is  independent  of
the polymer rigidity.[51] While for the case the pore is long, the
translocation  time  shows  a  nonmonotonic  change  with  in-
creasing pore width owing to the crucial  interplay of  activity
and spatial confinement.[52] Rezaie-Dereshgi et al. studied the
translocation  of  an  active  polymer  with  fixed  rigidity  into  a
circular  cavity,  and  found  that  the  polymer  configuration  at
the end of  the translocation for  small  cavity  and large active
force is more regular than that for large cavity or small active
force.[53] In  fact,  the  polymer  rigidity  is  also  a  main  factor  af-
fecting  the  configuration  of  the  active  polymer.[37,45] How-
ever,  the  dependence  of  the  polymer  configuration  in  the
cavity  and  the  translocation  time  on  the  polymer  rigidity  is
not  clear.  Motivated  by  this,  the  injection  of  a  self-propelled
polymer  chain  into  a  small  circular  cavity  is  studied  in  this
work, and the influence of the polymer rigidity on the config-
uration and the injection dynamics is mainly investigated. We
found that the dependence of the injection time on the poly-
mer rigidity is complex, and the injection dynamics shows re-
markable  correlation  with  the  polymer  configuration  in  the
cavity.

SIMULATION MODELS AND METHODS

Simulation  was  carried  out  in  the  two-dimensional  (2D)  space,
and the geometry of the model system is shown in Fig. 1. A half
infinite space (the cis side) and a circular cavity (the trans side) is
connected by a narrow pore. The geometrical boundary of the
model  system (the wall,  the pore and the cavity)  is  continuous
and impenetrable.

In  our  simulation,  the  polymer  is  modelled  by  a  bead-
spring  chain,  in  which  monomers  numbered  from  1  (the
head)  to N (the  end)  are  sequentially  connected  by  elastic
bonds.  The  elasticity  of  the  bond  is  described  by  the  finitely
extensible nonlinear elastic (FENE) potential:

UFENE (r) = −
k
2
R2

0ln [1 − ( r
R0

)2] (1)

where k is  the  spring  constant, r and R0 refer  the  bond  length
and the maximum bond length, respectively. The volume exclu-
sive interaction between any two monomers is described by the
purely repulsive Weeks-Chandler-Andersen (WCA) potential,

ULJ (r) = ⎧⎪⎪⎪⎨⎪⎪⎪⎩ 4ε0 [(σr )12
− (σr )6] + ε0, r ≤ rcutoff

0, r > rcutoff

(2)

where r is the distance between two monomers, ε0 is the inter-

action  strength, σ is  the  diameter  of  monomers,  and rcutoff =
21/6σ is the cut-off distance.

Moreover,  to  model  the  rigidity  of  the  polymer  chain,  the
bending energy between two adjacent bonds are also consid-
ered, which is described by

Ubend = kbθ
2

(3)

where θ is the angle between two neighboring bond vectors, kb

is  the  bending  rigidity.  The  polymer  becomes  more  rigid  with
increasing kb.

To model the activity of the polymer chain, we assume that
the ith monomer  is  subjected  to  a  self-propelled  tangential
force,[45,51]

F(i)a =
⎧⎪⎪⎪⎨⎪⎪⎪⎩ fa

ri−1,i+1∣ri−1,i+1∣ , (1 < i < N)
0, (i = 1 and N) (4)

where fa≥0  represents  the  strength  of  the  active  force,  and
ri−1,i+1 = ri−1 – ri+1 is  the  vector  between  the  position  of  the
monomers i−1  and i+1.  The  polymer  is  more  active  with  in-
creasing fa.  Under  the  driving  of  the  active  force,  the  polymer
chain  can  inject  into  the  circular  cavity  through  the  pore  from
the cis side.

The  interactions  between  the  monomer  and  the  wall,  the
pore and the circular cavity are also described by the WCA po-
tential  (Eq.  1)  with r the  nearest  distance  between  the
monomer and the boundary of the model system.

The motion of each monomer is described by the Langevin
equation:

m
dv
dt

= −∇ (UFENE + ULJ + Ubend) + Fa − ηv + FT
(5)

where m is  the  mass  of  the  monomer, η is  the  friction  coeffi-
cient,  and FT is  the  random  force  with  <FT(t)>=0  and  <FT(t)·
FT(t’)> = 4ηkBTδ(t – t’), where kB is the Boltzmann constant and T
is the temperature. For the numerical integration of Eq. (5), the
velocity Verlet algorithm is adopted with a time step Δt=0.005.
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Fig. 1    A sketch of the simulation model system. The cis side (a half
infinite space) and the trans side (a circular cavity with radius R) are
connected by a narrow pore with width wp and length L. The active
polymer is composed of N identical beads (monomers), and the ith
monomer (1 < i < N)  is  subjected to a tangential  force fa along the
vector ri−1,i+1 between the position of the monomers i−1 and i+1.
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At the beginning of the simulation, the polymer is generat-
ed in  the cis side  with  the head monomer  (i=1)  being at  the
middle of the pore. We at first fix the head monomer, and let
the  simulation  run  a  long  time ts (>107)  to  reach  the  final
steady-state. We then release the head monomer and set this
moment as  time t=0.  Under the driving of  the tangential  ac-
tive  force,  the  polymer  tries  to  enter  into  the  cavity.  Due  to
the  random  thermal  fluctuation,  the  whole  polymer  may  go
back  to  the cis side  from  the  pore.  In  that  case,  we  stop  the
simulation and begin  a  new run until  the  whole  polymer  in-
jects  into  the  cavity  successfully.  For  the  successful  injection
case,  the  time  interval  from  the  last  enter  of  the  head
monomer  into  the  cavity  to  the  first  enter  of  the  last  (Nth)
monomer into the cavity is defined as the injection time τ.  In
our work, the results of injection time are averaged over more
than 2000 independent samples for each group of the param-
eters, and the standard deviation is very small.

In  this  work, σ, m,  and kBT are  set  as  the  units  of  length,
mass,  and  energy,  respectively.  So,  the  time  scale  and  the
force scale are defined by tLJ = (mσ2/kBT)1/2 and f0 = kBT/σ, re-
spectively. In the simulation, we fix the WCA potential interac-
tion  strength ε0=1,  the  FENE  potential  spring  constant k=15,
the maximum bond length R0=2, the friction coefficient η=10,
and the pore  length L=2.  Moreover,  to  ensure  the monomer
inject  into  the  cavity  one  by  one,  we  choose  a  narrow  pore
with width wp=2.4. We mainly study the influence of fa and kb

on the injection time,  and uncover  the dynamical  characters
of the injection process.

RESULTS AND DISCUSSION

The Size of the Active Polymer Chain in Free Space
The active force can not only play a role of driving force, but al-
so change the structure of the polymer chain. It was found that
the structure of the polymer chain in free space is dependent on
the strength of the active force.[37] When fa is small, the polymer
chain  often  adopts  loose  random  coil  conformation.  While
when fa is large, the active force can drive the polymer chain to
form compacted spiral structure.

To  check  our  model,  we  have  studied  the  radius  of  gyra-
tion Rg of the active polymer chain in free space. Fig. 2 shows
the dependence of Rg on fa for several different kb. We can see
that Rg for  each kb decreases  gradually  with  increasing fa,
meaning that the active force can decrease the structural size
of  the  polymer  chain,  which  is  in  agreement  with  the  previ-
ous  simulation results.[37] Specially,  when fa is  large and kb is
small,  the  polymer  chain  forms  compacted  spiral,  resulting
that Rg for different kb tends to be a same saturated value at
large fa, as shown in Fig. 2 for kb=0, 2, and 10 for examples.

The Injection of a Flexible Polymer (kb=0)
We  studied  the  injection  of  a  flexible  polymer  under  the  tan-
gential self-propelled force. Fig. 3 shows the dependence of the
injection time τ on the radius of the circular cavity R for different
polymer  lengths N,  where  the  self-propelled  force fa=0.2,  and
the bending rigidity kb=0. When R is small, τ is very large, mean-
ing that  the confinement effect  of  the cavity  is  strong and it  is
difficult for the polymer to inject into a small cavity. With the in-
crease of R, τ decreases rapidly, indicating that the confinement
effect  is  weaken remarkably.  When R is  large,  the confinement

effect  is  negligible,  resulting  that τ is  nearly  independent  of R
and tends to be an invariable value τ0.  Specially,  we calculated
the value of τ0 for different N and fa at a very large R=1000, and
found that the dependence of τ0 on N and fa can be described
by a simple scaling relation, τ0 ∝ N/fa,  as shown in the inset of
Fig.  3,  which is  the same as  the result  of  the translocation of  a
self-propelled polymer into a half infinite space.[51]

Qualitatively,  during  the  injection  process,  the  entropy  of
the polymer  decreases  and meanwhile  the volume exclusive
interaction between monomers in the cavity increases gradu-
ally,  which  will  produce  an  effective  repulsion  to  hinder  the
injection of the polymer. For the injection of a flexible passive
polymer  under  an  external  driving  force F,  it  was  found  that
the injection time τ can be written by[29,31]

τ =
τ0

1 − f(ϕ)/F or 1 −
τ0

τ = f(ϕ)/F (6)

∞where τ0 is the injection time for the extreme case R → , and
f(ϕ)  represents the average resisting force during the whole in-
jection process,  which is  a function of the monomer density in
the cavity (ϕ) after the injection. For both spherical and circular
cavities,  it  was  found  that f(ϕ)  can  be  expressed  as f(ϕ)  ∝ ϕβ,
where  the  exponent β has  different  values  at  different ϕ
regions.[29,31] Inspired by  this,  we have studied whether  the  in-
jection time of a flexible active polymer can also be described by
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Fig. 2    The dependence of the radius of gyration of polymer in free
space Rg on the fa for five different kb, where N=120.

 

5 10 15 20
0

10000

τ

20000

30000

10
1

10
2

10
3

fa=0.2

kb=0

kb=0

N=80

N=100

N=120

R

Slope=1

 fa=0.2

 fa=0.4

 fa=0.6

 fa=0.8

 fa=1.0

f a
τ

0

N

τ0

 
Fig. 3    The dependence of the injection time τ on the radius of the
circular  cavity R for  different  polymer  length N=80,  100  and  120,
where the self-propelled force fa=0.2, and the bending rigidity kb=0.
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Eq. (6).
1 − τ0/τ

rcutoff = 21/6σ

R − rcutoff/2 ≈ R − 0.56
Re ≈ R − 0.56

ϕ = N(πσ2/4)/(πR2
e) = Nσ2/(4R2

e)
1 − τ0/τ

1 − τ0/τ = cϕδ

Fig. 4 shows the dependence of  on ϕ for different
N at fa=0.2.  In  our  model,  the  repulsive  interaction  between
polymer  and  the  wall  of  the  cavity  is  WCA  potential  (Eq.  2)
with , and then the distribution of monomers in
the cavity with radius R is roughly confined in a circular space
with  radius , i.e.,  the  effective  radius  of
the  circular  is .  Therefore, ϕ is  defined  as

. We  can  see  that  the  results
for  different N nearly  collapse  on  a  main  curve,  and 
as a function of ϕ can be expressed as  which is
nearly  independent  of N.  Both c and δ are  dependent  on fa.
Specifically, with fa increasing, δ increases and saturates grad-
ually, while c decreases monotonously, as shown in the inset
of Fig.  4.  Specially, c as  a  function  of fa can  be  roughly  de-
scribed  by c ∝ fa

−0.7.  So,  for  the  injection  of  a  flexible  active
polymer, we can get

1 −
τ0

τ ∝ ϕδ/f0.7a (7)

From Eqs.  (6)  and (7),  we can roughly obtain the the aver-
age  resisting  force  on  the  polymer, f ∝ fa

0.3ϕδ, i.e.,  the  aver-
age  resisting  force  depends  not  only  on ϕ but  also  on fa,
which is different from that of the injection of flexible passive
polymers.[29] With fa increasing,  the  activity  of  monomers  is
strengthened,  the  collision  frequency  between  monomers
and the wall  of the circular increases, leading to the increase
of the repulsion on the injection process.

The Injection of a Semi-flexible Polymer (kb>0)
We next studied the injection of a semi-flexible polymer. To en-
ter  into  the  cavity,  the  polymer  has  to  bend  itself,  which  will
cause the increase of  the bending energy.  Intuitively,  it  will  be
more difficult for the polymer to inject into the cavity with kb in-
creasing. Fig. 5(a) shows the dependence of the injection time τ
on  the  circular  radius R for  different kb.  For  different kb, τ de-
creases monotonously with R increasing and tends to be a same
saturated value when R is large. At the small R region, it seems
that τ for big kb (=20 and 40) is much smaller than that for small
kb (=2 and 4). Fig. 5(b) shows the dependence of τ on kb for four
small R. For any given small R, τ varies nonmonotonously with kb

increasing, and there is a pronounced valley with minimum in-

jection time τmin at kb = kb
* (about 16). This means that a semi-

flexible  polymer  with  bending  rigidity  near kb
* can  inject  into

small cavities easily. τmin decreases slowly with increasing R, but
kb

* is nearly independent of R.  Both τmin and kb
* are dependent

on the active force fa. Fig. 6 shows the dependence of τ on kb for
different fa. We can see that the valley is shallower and shallow-
er  with fa increasing,  and nearly  vanishes  when fa>1.  In  the  re-
gion fa<1, τmin decreases but kb

* increases monotonously with fa

increasing, as shown in Fig. 6. Based on kb
*, we can define small

kb (<< kb
*), moderate kb (~ kb

*), and large kb (>>kb
*).

To  understand  the  dependence  of τ on kb at  small R and
small fa,  we have studied the details of the injection process.
Fig.  7 shows a  series  of  snapshots  of  a  semi-flexible  polymer
with kb=2 (a) and 20 (b) at different time of an injection sam-
ple, where N=120, fa=0.2, and R=7.4. We can see that the con-
figuration of the part of polymer in the cavity is very different
for  the  two kbs.  For kb=2  (small kb),  it  adopts  a  random  coil
configuration. While for kb=20 (big kb), it forms a spiral config-
uration.

To  show  further  the  conformational  property  of  the  poly-
mer  in  the  cavity,  we  have  calculated  the  tangent-tangent
correlation  function C(i)  of  the  polymer  chain  at  the  end  of
the injection process, which is defined as[45]

C(i) = r1,3∣r1,3∣ ⋅ ri−1,i+1∣ri−1,i+1∣ (1 < i < N) (8)

 

0 0.2 0.4
ϕ

0.6 0.8 1.0

0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 62

3

4

5

6

7

0.0

0.5

1.0

1.5

N=80
N=100
N=120

 fa=0.21 
− 

τ 0/
τ

1 – τ0/τ = cϕδ

c = 0.34fa
−0.7 c

fa

δ

 
1 − τ0/τ

1 − τ0/τ
1 − τ0/τ = cϕδ

Fig.  4    The  dependence  of  on ϕ for N=80,  100,  and  120,
where fa=0.2.  as  a  function  of ϕ can  be  expressed  as

. The inset shows the dependence of c and δ on fa.

 

6 8 10 12 14 16

5000

10000

15000

20000

N=120

fa=0.2

N=120

fa=0.2

kb=2

kb=4

kb=20

kb=40

R

a

0 20 40 60 80 100

6000

8000

10000

12000

kb*

R=7.2

R=7.4

R=7.6

R=7.8

b

kb

τ τ

 
Fig. 5    The dependence of the injection time τ on R for different kb

(a) and on kb for different R (b). Here, N=120 and fa=0.2.

 

10
0

10
1

10
2

10
3

10
4

10
3

10
4

τ

R=7.4

N=120

fa=0.2

fa=0.4

fa=0.6

fa=0.8

fa=1.0

fa=1.5

fa=2.0

kb 
Fig. 6    The dependence of the injection time τ on kb for different fa,
where R=7.4 and N=120.

  Wang, C. et al. / Chinese J. Polym. Sci. 2024, 42, 886–894 889

 
https://doi.org/10.1007/s10118-024-3103-y

 

https://doi.org/10.1007/s10118-024-3103-y
https://doi.org/10.1007/s10118-024-3103-y
https://doi.org/10.1007/s10118-024-3103-y
https://doi.org/10.1007/s10118-024-3103-y
https://doi.org/10.1007/s10118-024-3103-y
https://doi.org/10.1007/s10118-024-3103-y
https://doi.org/10.1007/s10118-024-3103-y


r1,3∣r1,3∣ ri−1,i+1∣ri−1,i+1∣where  and  represent the unit tangent vectors at

monomers 2 and i, respectively. Fig. 8 presents the dependence
of C(i)  on i for kb at N=120, fa=0.2,  and R=7.4.  For small kb (e.g.,
kb=2 and 4 in Fig.  8),  the configuration of the polymer chain is
random coil, and then the correlation between tangent vectors
is weak and short-range, i.e., C(i) shows remarkable damping os-
cillation.  While  for  big kb (e.g., kb=20,  30  and  40  in Fig.  8),  the
configuration of the polymer chain is spiral, and then the corre-
lation between tangent vectors is strong and long-range, i.e., C(i)
shows periodical oscillation with nearly constant amplitude.

The nonmonotonous dependence of τ on kb at small R and
small fa can be qualitatively understood based on the config-
uration properties of the part of the polymer in the cavity. In
the  present  system,  the  configuration  of  the  polymer  in  the
cavity  depends  on  the  competition  between  the  conforma-
tional entropy and the bending energy. Qualitatively, when kb

is small, the conformational entropy dominates, and then the
polymer adopts random coil configuration to increase the en-
tropy. In this case,  the volume exclusive interaction between
monomers  inside  the  cavity  will  be  very  strong  at  the  final
stage of the injection process, resulting that the polymer has

to spend a long time to inject into the cavity completely. With
kb increasing,  the  bend  energy  dominates  gradually.  At  the
early stage of the injection process, the head part of the poly-
mer prefers to bend along the wall of the circular to decrease
the  bend  energy.  Under  the  drive  of  the  tangential  self-pro-
pelled force,  the bend part  rolls  inward gradually  during the
injection process,  leading to  the formation of  the  spiral  con-
figuration.  The  formation  of  the  spiral  configuration  in  the
cavity  is  beneficial  for  the  injection.  On  one  hand,  the  spiral
configuration  can  decrease  the  volume  exclusive  interaction
between  monomers  in  the  cavity,  and  then  decrease  the  re-
pulsion  on  the  polymer.  On  the  other  hand,  the  tangential
self-propelled  force  can  drive  the  spiral  part  to  rotate  syn-
chronously during the injection process, as shown in Fig. 7 for
kb=20,  which  can  accelerate  further  the  injection  process.
Therefore,  the  injection  time  decreases  with kb increasing.
However,  when kb is  large,  it  is  difficult  for  the  polymer  to
bend itself during the injection process, resulting that the in-
jection time increases with kb increasing. When is fa large, the
polymer can enter into the cavity quickly, and then the influ-
ence of the polymer conformation at small or moderate kb on
the injection dynamics is negligible, leading to the disappear-
ance of the valley on the curve of τ with kb, as shown in Fig. 6.

For  the  injection  of  a  semiflexible  passive  polymer  into  a
cavity  driving  by  an  external  force  in  the  pore,  Zhang et  al.
found that the injection time increases monotonously with kb

increasing,[34] which  is  quite  different  from  the  non-
monotonous dependence of τ on kb at small R and small fa for
semiflexible  active  polymer  (see Figs.  5b and  6).  It  was  also
found  that  the  passive  polymer  adopts  nearly  random  coil
conformation  at  small kb and  spiral  conformation  at  moder-
ate or large kb. However, due to the driving force is only in the
pore for the passive polymer injection, the spiral part rolls in-
ward  passively  during  the  injection  process,  and  can  not  ro-
tate  automatically  and  synchronously  like  the  the  spiral  part
of  the  active  polymer.  Therefore,  the  formation  of  the  spiral
structure  of  the  passive  polymer  can  not  quicken  the  injec-
tion process.

To describe the dynamical detail of the injection process at
small R and small fa,  we have calculated the residence time tr

which is defined as the duration with m monomers inside the
cavity. Fig. 9 shows the dependence of tr on m for five differ-
ent kb, where N=120, fa=0.2, and R=7.4. We can see that tr be-
haves quite differently for small and big kb.  For the case kb is
small  (e.g., kb=2 and 4), tr is  small  and nearly independent of
m at  the  early  stage  of  the  injection  process,  because  the
number of  monomers inside the cavity  is  small  and the con-
finement  effect  of  the  cavity  is  negligible.  However,  due  to
the random coil configuration of the polymer inside the cavi-
ty,  the  volume  exclusive  interaction  between  monomers  is
strengthened quickly with m increasing, leading to the quick
increase of tr with m at the final stage of the injection process,
as shown in Fig. 9. While for the case kb is big (e.g., kb=20, 30
and  40),  there  are  two  peaks  at  the  early  stage  of  the  injec-
tion, which correspond to two trapped stages of the injection
process. At small R and big kb,  the part of polymer inside the
cavity  (the  inside  part)  is  nearly  linear  before  the  head
monomer contacting the wall of the circular.  When the head
monomer  reaches  the  wall  of  the  cavity, i.e., mp1l0 ~  2R −
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Fig.  7    A series of  snapshots of  a  semi-flexible polymer with kb=2
(a) and 20 (b) at different time of an injection sample, where N=120,
fa=0.2, and R=7.4.
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Fig.  8    The  tangent-tangent  correlation  function C(i)  for  different
kb at N=100, fa=4, and R=7.4.
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rcutoff with l0 the  average  bond  length,  the  polymer  has  to
spend  a  long  time  to  try  to  bend  the  inside  part,  leading  to
the emergence of the first peak of tr at m = mp1. After the first
trapped  stage,  the  inside  part  of  the  polymer  begins  bend
along  the  wall  of  the  circular.  When  the  length  of  the  inside
part is about to the circumference of the circular, i.e., mp2l0 ~
2π(R − rcutoff), the head monomer collides with the monomers
near  the  exit  of  the  channel,  which  will  make  the  polymer
spend  another  long  time  to  try  to  bend  the  inside  part  fur-
ther, leading to the emergence of the second peak of tr at m =
mp2. In our model, the average bond length l0 ~ 1 and rcutoff ~
1.12,  and  then  we  have mp1 ~  14  and mp2 ~  39  for R=7.4,
which  is  in  good  agreement  with  our  results,  as  shown  in
Fig. 9.

Since  the  two  trapped  stages  are  due  to  the  bending  at-
tempt of the inside part of the polymer with two special con-
figurations, the sites of the two peaks are independent of kb,
but  the  value  of  each  peak  increases  with kb increasing,  as
shown in Fig. 9. Moreover, in our model, the active force is ex-
erted  on  every  monomer  (except  for  the  two  ends
monomers), so the effective driving force on polymer increas-
es  with fa or N increasing,  resulting  that  the  value  of  each
peak decrease with fa or N increasing (results not shown). For
any  given  big kb,  the  value  of  the  first  peak  is  often  bigger
than that of the second peak, meaning that it is more difficult
for the polymer to bend the straight inside part at mp1.

After the second trapped stage (m > mp2), the inside part of
the polymer begins a rolling stage, in which the inside part of
the  polymer  forms  spiral  configuration  and  rolls  inward  syn-
chronously  during  the  injection  process.  Interestingly, tr is
nearly  independent of m and kb when m > mp2,  as  shown in
Fig. 9, meaning that the polymer injects into the cavity with a
constant  velocity  and  the  influence  of  the  bond  rigidity  on
the  injection  is  negligible.  To  study  the  velocity  of  the  poly-
mer  at  the  rolling  stage,  we  have  counted  the  number  of
monomers  (m)  inside  the  circular  cavity  during  the  injection
process.

As an example, Fig. 10 shows the evolution of the number
of  monomers  (m)  inside the circular  for N=120, kb=40, fa=0.2
and R=7.4.  For  this  parameter  set, mp2~37  (shown  in Fig.  9),
and then the polymer is at the rolling stage when 37<m<120.
We can see from Fig. 10 that, m nearly increases linearly with t

at the rolling stage, i.e., m = γt with γ the slope, indicating that
the  polymer  injects  into  the  cavity  with  a  constant  velocity.
The velocity of the polymer can be defined as v = γl0, with l0 ~
1 the average bond length in our model. Fig. 11 presents the
dependence  of  the  injection  velocity v on fa for  different kb.
Clearly, v increases  monotonously  with fa increasing,  but  is
nearly independent of kb at big fa. Moreover, when fa is big, v
as  a  function  of fa can  be  specifically  described  by  a  simple
scaling relation v = 0.1fa.

2πnkb

r vdt

Nfavdt = Nηvvdt +
2πnkb

r vdt

The dependence of v on fa at large kb can be understood by
the  following  simple  dynamical  model.  For  big kb,  all  the
monomers  of  the  polymer  move  nearly  synchronously  with
velocity v at  the rolling stage.  In  a  small  time interval  dt,  the
energy supplied by the active force, Nfavdt, can be roughly di-
vided  into  two  parts.  One  part  is  converted  into  the  bond

bend energy  with r the average radius of the spiral

part  of  the  polymer  and n the  number  of  turns  of  the  spiral,
and  the  other  part  is  dissipated  by  the  work  of  the  viscous

force Nηv2dt. So, we have , i.e.,

v =
fa
η (1 −

2πnkb

Nrfa
) (9)

2πnkb

Nrfa
<< 1When fa is big,  , and then we can get from Eq.
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Fig. 9    The dependence of the residence time tr on the number of
monomers m inside  the  cavity  for  five  different kb,  where N=120,
fa=0.2, and R=7.4.
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Fig.  11    The  dependence  of  the  injection  velocity v on fa for
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(9) that

v ≈
fa
η (10)

i.e., the velocity v is proportional to fa, but is nearly independent
of kb. Since η=10 in our simulation, we can get from Eq. (10) that
v ≈ 0.1fa, which is in good agreement with the simulation result
shown in Fig. 11. While when fa is small, the second term of Eq.
(10) cannot be neglected, so v is smaller than fa/η and decreases
with kb increasing, as shown in Fig. 11.

We have also investigated the influence of the chain size on
the injection dynamics. Fig. 12 shows the dependence of the
injection time τ on the polymer length N for  different kb.  We
can see that the variation of τ with N is dependent on kb.  For
large kb (=30 and 40), τ shows nonmonotonous dependence
on N,  which can be understood qualitatively  by the result  of
the residence time shown in Fig. 9. When N < 2R − rcutoff (~15
for R=8), the influence of the cavity on the injection process is
nearly  negligible,  and  then τ is  small  and  increases  with  in-
creasing N.  While when N>15, the polymer has to be bent to
enter  into  the  cavity  completely,  resulting  that  the  polymer
undergoes an obvious trapped stage at m = mp1 (~15) during
the  injection  process.  At  the  trapped  stage,  the  total  active
force F (~(N − 2)fa)  on the whole polymer tries ceaselessly to
bend the polymer. We assume that there are mt bonds being
bent in the cavity at the end of the trapped stage. For N near
15,  the  total  active  force F is  small,  and  the  trapped  time  is
large,  and  then  the  injection  process  is  dominated  by  the
trapped stage.  With N increasing, mt increases  gradually, i.e.,
more and more bonds in the cavity are bent at the end of the
trapped  stage,  leading  to  the  quick  increase  of τ.  We  think
there must be a specific N, Ns,  at which mt reaches the maxi-
mum. For N > Ns, with N increasing, the total active force F in-
creases  gradually  but mt keeps  invariant,  resulting  that  the
trapped time as well  as τ decrease quickly with N increasing.
Therefore, there is a peak on the curve of τ with N at N = Ns, as
shown in Fig. 12. For given R, the peak is lower and lower with
decreasing kb or increasing fa, but Ns is nearly independent of
kb and fa, as shown in Fig. 12 (results are not shown complete-
ly). When N>>15, the trapped time is small, and the injection
process  is  dominated  by  the  rolling  stage  where  polymer
moves  with  a  constant  velocity v,  resulting  that τ (~Nv)  in-

creases  with N increasing  again.  For  small kb (=2,  4  and  10),
there is no trapped stage during the injection process. When
N is  small,  the polymer chain can easily enter into the cavity,
and τ is  small  and increases nearly linearly with N increasing.
While when N is  large,  the polymer chain would spend large
time at the final stage of the injection process (see Fig. 9), and
then and τ is very large and increases quickly with N increas-
ing, as shown in Fig. 12.

CONCLUSIONS

1 − τ0/τ = cϕδ

In this work, the injection of an active polymer chain into a cir-
cular  cavity  is  studied  by  using  Langevin  dynamics  simulation.
The  active  polymer  chain  is  modelled  by  a  bead-spring  chain
with  each  bead  subjected  to  a  tangential  self-propelled  force
along the contour of the chain. Due to the confinement of the
cavity, the entropy of the polymer decreases and meanwhile the
volume  exclusive  interaction  between  monomers  in  the  cavity
increase gradually during the injection process,  which will  pro-
duce  an  effective  repulsion  (f)  to  hinder  the  injection.  Results
show that  the  self-propelled polymer  can enter  into  the  cavity
with  different  configurations  and  dynamics  depending  on  the
polymer  rigidity  (kb).  The  injection  time τ varies  non-
monotonously  with kb increasing,  and  reaches  its  minimum  at
kb

*.  When kb is small (kb << kb
*,  including kb=0), the polymer in

the  cavity  is  random  coil,  and  the  effective  repulsion f is  large,
resulting that it is difficult for the polymer to inject into the cavi-
ty at  the final  stage of  the injection process.  Specially,  for kb=0
and any given fa, the injection time (τ) as a function of the aver-
age  density  of  the  whole  chain  in  the  cavity  (ϕ)  can  be  ex-
pressed as  with τ0 the injection time for infinitely
large cavity, which is similar to that of flexible passive polymers.
When kb is  moderate  (kb ~ kb

*),  the  polymer  in  the  cavity  can
forms  spiral  configuration  quickly  under  the  tangential  force,
which  can  decrease  the  repulsion f and  meanwhile  make  the
whole polymer move synchronously, resulting that the polymer
can enter into the cavity easily. While when kb is large (kb >> kb

*),
it is difficult for the polymer to bend itself at the initial stage of
the injection process, resulting that it is difficult for the polymer
to inject into the cavity again. We also found that τ shows non-
monotonous  dependence  on N for  large kb and  small fa,  and
there  is  a  peak  on  the  curve  of τ with N,  which  can  be  under-
stood  qualitatively  by  the  residence  time  of  the  injection  pro-
cess.

Finally,  although our work was carried out in a 2D system,
we would predict  that  the our  simulation results  are qualita-
tively similar to that of a 3D system, since the physics picture
governing the injection dynamics are the same for 2D and 3D
systems.  For  both  2D  circular  or  3D  spherical  cavity,  active
polymer would adopt random coil conformation in the cavity
when kb is small, and form rotating spiral when kb is large. The
random  coil  conformation  is  disadvantage  to  the  injection
process, while the rotating spiral conformation is beneficial to
the injection process.
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