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Molecular transport in confined nanoscale geometries is 
the basis for many emerging biotechnologies and biologi-
cal processes1–3. Polymer translocation across a nanoscale 

pore has been one of the most intensively studied topics in this 
field. Motivated in part by the goal of DNA sequencing4, a rich phe-
nomenology of behaviour has been observed, requiring ideas from 
polymer physics, surface science and fluid mechanics5–7. Nanopore 
sensors work by measuring the modulations in ionic current as sin-
gle molecules are electrophoretically driven through the pore. Ever 
since the first demonstration of nucleic acid detection8, intensive 
efforts have focused on understanding the physics governing key 
experimental observables such as the translocation time (τ).

For the vast majority of experiments with synthetic nanopores, 
the time the polymer takes to pass through a nanopore is signifi-
cantly shorter than its relaxation time. Translocation is, therefore, a 
non-equilibrium process described in the literature by a wide variety 
of physical models5,7,9–12. Most efforts to compare experiments and 
theory have focussed on the scaling of translocation time with poly-
mer length N (τ ≈ Nα). A wide range of values of α have been experi-
mentally measured9,13–16. These values of α can be fitted to a variety 
of models with different underlying physics7,17,18, which has resulted 
in ongoing debates19 and prevented a clear picture of the physics of 
translocation from emerging. A more direct way to measure trans-
location behaviour is to study the translocation speed within single 
individual molecules by tagging sections of the polymer at known 
intervals20–22. However, until now, this technique has not had the 
resolution to test different models for the translocation process.

Here we develop a method to accurately measure the dynamics 
of DNA within individual translocations at multiple timepoints and 
with a variety of nanopore geometries, enabling a new understand-
ing of polymer transport. By applying ideas from DNA nanotech-
nology, we fabricate DNA molecules with positional markers that 
enable us to observe dynamics at an intermediate scale between 
the behaviour of the whole chain and individual monomers. We 
observe a two-stage process where the translocation slows in time 

before accelerating close to the end. Our measurements agree with 
the predictions of tension propagation theory12, where changes in 
translocation velocity are determined by dynamic changes in the 
number of monomers of the polymer chain under tension. We also 
examine the physical nature of velocity fluctuations in this strongly 
non-equilibrium regime and find correlations in local velocity along 
the chain. Coarse-grained Brownian dynamics simulations recapit-
ulate the tension propagation dynamics and reveal that the corre-
lated motion arises from the random starting conformations of the 
DNA as set by entropic forces.

Figure 1a sketches the polymer just at the initiation of translo-
cation, indicating the entropic forces and Brownian motion of the 
monomers due to interactions with the surrounding solvent. The 
electric field in the nanopore pulls the molecule into and through 
the pore while straightening the polymer coil. Nanopore sensing 
usually measures the total translocation time τ taken by the DNA 
to pass through the nanopore. We compare the typical timescales 
of driven translocation and thermal relaxation (Fig. 1a) by compil-
ing statistics from the literature for the average translocation times 
τ as a function of DNA length (Fig. 1b). The synthetic nanopores 
have diameters in the range of 10–40 nm and therefore DNA–pore 
interactions are relatively weak23. The resulting DNA transloca-
tion times are compared with the Zimm relaxation time τZ of the 
polymer coil τZ =

0.3η(
√

Nl0)3
kBT , where η is the solution viscosity, N 

is the number of Kuhn segments, l0 is the Kuhn length, kB is the 
Boltzmann constant and T is the temperature. For all experiments, 
the translocation time is observed to be significantly shorter than 
the polymer relaxation timescale, namely, τ ≪ τZ. We note that 
experiments with single-stranded nucleic acids and protein nano-
pores show τ ≫ τZ (refs. 24,25) due to strong interactions between 
the nanopore and translocating DNA and have been described by 
quasi-equilibrium theories where the polymer chain is relaxed at all 
stages of translocation26,27.

To gain a new understanding of the non-equilibrium transloca-
tion regime, we used DNA nanotechnology to pattern molecules 
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with structural motifs20,21,28,29 and thereby enable the accurate track-
ing of motion within individual DNA translocations. We synthe-
sized a double-stranded DNA (dsDNA) molecule with six markers 
positioned along its contour (Methods). Each marker was com-
posed of eight DNA dumbbell hairpins that protrude from the 
backbone of the DNA double helix (Fig. 2a). The markers were 
equally spaced along the 7,228 bp contour length with a separation 
of 1,032 bp. We studied the translocation of this DNA construct 
through two types of synthetic nanopore. First, membrane-based 
nanopores with a diameter ranging from 13 to 17 nm were fabri-
cated in either 20-nm-thick silicon dioxide (SiO2) or 13-nm-thick 
silicon nitride (SiNx) membranes using the dielectric breakdown 
method (Supplementary Figs. 1 and 2)30 and DNA was subjected 
to translocation (Fig. 2b). Figure 2c shows the ionic current trace 
from a typical translocation through a membrane nanopore. The 
nanostructured DNA creates a characteristic reduction in current as 
it translocates through the nanopore under an applied voltage with 
each of the six markers creating an additional dip in the current.

The second type of synthetic nanopore used was conical glass 
nanopores with diameters of 14 ± 3 nm (mean ± standard deviation 
(s.d.)) and cone semi-angle of 0.05 ± 0.01 radians (mean ± s.d.) based 
on a previous characterization29. We consider only translocations 
from the open reservoir as indicated (Fig. 2d,e). There is, therefore, 
strong confinement in trans where the DNA enters after passing 
through the nanopore tip at which the electric field is focussed 
(Supplementary Fig. 3). To facilitate an unambiguous detection of 
the translocation end for these conical nanopores, we added an addi-
tional seventh marker at one end of the DNA construct. The voltage 

applied across the conical nanopore was sevenfold higher than the 
membrane nanopores to obtain a similar translocation speed. This 
is due to a lower electrophoretic force and higher friction acting 
on the DNA in the conical pore geometry (Supplementary Fig. 4). 
The DNA construct design with six markers showed a 10% reduced 
overall translocation time compared with DNA without markers 
(Supplementary Fig. 5). This small difference is likely due to the 
increased overall charge from the DNA dumbbell hairpins that form 
the markers. Each marker gave a high signal-to-noise reading, which 
was accurately captured at the 100 kHz measurement bandwidth of 
the system (Supplementary Fig. 6). For both classes of synthetic 
nanopores, only unfolded (single-file) translocations were selected, 
and a peak fitting algorithm was used to calculate the time that each 
marker passed through the nanopore (Supplementary Figs. 7–12)31. 
We collected statistics on thousands of translocations with multiple 
nanopores to enable a robust statistical analysis of the mean DNA 
trajectory and its variation (full details of nanopores used and statis-
tics are given in Supplementary Section 2). Six intervals from i = 1 to  
i = 6 were defined (as shown in Fig. 2c,e) and the corresponding 
translocation times (τi) of these intervals were measured.

Figure 2f shows the histograms of the intra-event times for one 
example nanopore (15 nm diameter) in a 20-nm-thick SiO2 mem-
brane. In Fig. 2g, we plot the corresponding variation in the mean 
value of τi normalized by the first value τ1. Figure 2h shows simi-
lar data from a conical nanopore and further experimental repeats 
are shown in the Supplementary Information. We consistently 
observe—for different nanopores and nanopore types at various 
voltages (seven membrane nanopores and nine conical nanopores; 
Supplementary Figs. 13–22)—that τi increases over the majority 
of translocation from the interval i = 1 to i = 4 before a substan-
tial reduction for i = 6. Although there is some debate about the 
importance of the trans-side friction on translocation dynam-
ics32–34, the fact that very similar behaviour is observed in conical 
glass nanopores as well as membrane pores indicates that the trans 
reservoir does not play an important role in the qualitative descrip-
tion of translocation dynamics. The slightly lower increase of ~5% 
from τ1 to τ4 for the conical nanopores compared with ~10% for 
the membrane nanopores could be explained by this difference 
in trans confinement, but it may also reflect differences in hydro-
dynamic friction inside the pore for the different pore types35. 
Experiments using a 14.5-kbp-long DNA molecule with 12 markers 
also showed a clear two-stage behaviour with slowing down over 
the majority of translocation followed by a speed up close to the end 
(Supplementary Fig. 23).

Having analysed the mean trajectories of DNA trans-
location, we studied the nature of fluctuations in velocity. 
We calculated the Pearson correlation coefficient given by 
ρ
(

τi, τj
)

= cov
(

τi, τj
)

/στiστj for different intervals along the 
DNA, where σ is the standard deviation, and i and j denote the 
interval numbers (j = 2, 3, 4, 5; 0 < i < j). Figure 3a shows the scat-
ter plots of τ2 versus τ1 and τ5 versus τ1 for translocations through a 
15-nm-diameter SiO2 membrane nanopore. In Fig. 3b, we plot the 
variation in correlation coefficient as a function of the separation 
between the two intervals (j – i). Data for a conical glass nanopore are 
shown in Fig. 3c. For both types of nanopore, we observe an increas-
ing correlation coefficient as the spacing between the two consid-
ered segments is reduced. This behaviour was consistently observed 
for different nanopores and at a range of voltages (Supplementary 
Figs. 24–27). In Fig. 3d, we plot data points from six membrane 
nanopores quantifying how the variance in translocation times 
increases as the translocation progresses. A least-squares fit to the 
variance scaling yielded a power law of 1.77. Experiments with con-
ical pores yielded a scaling of 1.53 (Supplementary Fig. 28). A vari-
ety of polymer simulation models have discussed the scaling values 
of variance in the context of tension propagation and other trans-
location models5,36–38. However given the difficulty in comparing  
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Fig. 1 | translocation of dsDNA through synthetic nanopores is a 
non-equilibrium process. a, Schematic illustrating directed polymer 
translocation through a nanoscale aperture. The entropic forces due to 
thermal noise are indicated together with the driving force, for example, 
an electrophoretic force due to an applied potential difference. b, Values 
from the literature showing the measured translocation time of dsDNA 
as a function of DNA length using typical experimental conditions for 
measuring nanopore-based signals14,15,48,53–55. For the representative 
genomic lengths of dsDNA shown here, all translocation times 
measured are significantly below the Zimm time (τZ) and therefore in the 
non-equilibrium limit (see the main text for the definition of Zimm time). 
The Kuhn length l0 was taken as 80 nm.
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scaling laws due to finite size and pore friction effects18,39, it is dif-
ficult to draw clear conclusions on the applicability of these mod-
els from this scaling alone. As argued in the introduction, the 
intra-event timings and fluctuations give a clearer picture of the 
underlying physics. These scaling values do, however, give impor-
tant information for experiments seeking to determine the position 
of objects bound to DNA, such as proteins and barcodes20,29, since 
they directly quantify how positional uncertainty along the DNA 
strand increases as the translocation progresses.

Complementary to the experiments, we have performed 
coarse-grained simulations of dragging a model dsDNA chain 
through a nanopore with an applied electric field. In the 
coarse-grained model, the chain is made of 700 charged beads, each 
with a diameter of 2.5 nm. Each bead is subjected to constraints 
from bond stretching, dihedral angle and inter-segment excluded 
volume and electrostatic interactions, which model the behaviour 
of dsDNA40,41. The equilibrium bead-to-bead distance is 1.25 nm—
the beads, thus, overlap to create a cross-section that approximates 
a cylinder (excluded volume interactions do not apply to consecu-
tive beads along the chain; Supplementary Fig. 29). We modelled 
both cylindrical and conical pore geometries (Supplementary  
Fig. 30). Finite element analysis showed that the electric field  

rapidly decays away from the pore entrance (Supplementary Fig. 3). 
Therefore, in our Brownian dynamics simulations, we used a con-
stant electric field inside the pore and zero electric field outside the 
pore as an appropriate approximation. The simulation model does 
not explicitly consider individual counterions and their hydrody-
namics. A single simulation is realized by first relaxing the DNA 
in the absence of the nanopore (Supplementary Fig. 31). The first 
80 beads are inserted into the pore and the potential is switched on 
(Fig. 4a). The electrophoretic force on each bead is determined from 
the electric field strength and the bead charge was taken as 0.8e– 
to mimic the effective charge of the DNA (Supplementary Fig. 29).  
The translocation then proceeds until the end of the polymer chain 
has passed into the pore. The simulation is repeated 950 times, with 
each simulation having a different starting conformation of the 
DNA due to random thermal motion in the initial relaxation stage 
(see Supplementary Section 3 for in-depth details of simulations).

The simulated DNA chain was further divided into intervals 
formed by every ten beads (Fig. 4b). We calculated the transloca-
tion times of these intervals from bead 180 onwards (correspond-
ing to 225 nm chain length). In Fig. 4c, we plot the values of the 
mean time interval defined as the difference between the arrival 
time of the first bead and last bead in a particular interval i at the 
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nanopore opening. Figure 4c reveals a two-stage process in which 
the translocation slows initially before speeding up. A two-stage 
behaviour has been predicted by tension propagation models12,18,42 
and can be related to force balance calculated for the part of the 
polymer chain in the cis reservoir that is dragged during translo-
cation18,43: Fel = γ (t) v(t), where Fel is the electrophoretic force 
acting on the DNA due to the electric field, and γ(t) and v(t) are 
the friction coefficient and velocity of the dragged section of the 
chain under tension, respectively. As the translocation progresses, 
successive folds of the polymer are straightened and an increasing 
length of the polymer chain is pulled taut and set in motion so that 
γ(t) increases in time and therefore v(t) decreases since Fel is con-
stant. Once the tension propagates to the end of the molecule, γ(t) 
decreases as the remaining tail is retracted into the nanopore, caus-
ing v(t) to increase. Simulations with a conical geometry mimick-
ing the experimental setup described in Fig. 2d showed a similar 
two-stage behaviour (Supplementary Fig. 32), which was observed 
at several different applied voltages (Supplementary Fig. 33).

In Fig. 4d, we plot the distance of the last marker on the chain 
from the nanopore opening (averaged over all the simulations) as 
a function of which interval is at the pore entrance. The last bead 
remains approximately at a constant position until the transition 
point when the translocation starts to accelerate, thereby confirm-
ing that the two-phase behaviour in translocation velocity is associ-
ated with the point at which tension has propagated through the 
molecule and the tail begins to retract. We note that the transition 
point during the two-stage behaviour occurs earlier in simula-
tions (Fig. 4c) compared with experiments (Fig. 2g,h). The exact 

position of the transition is sensitive to several factors such as the 
DNA length and bending rigidity—longer lengths and lower bend-
ing rigidity yield a longer tension propagation phase as a fraction 
of the total translocation44,45. To enable a reasonable computation 
time, the simulations use a shorter length of DNA (875 nm) com-
pared with the ~2,500 nm used for experiments, thereby creating a 
relatively shorter tension propagation phase44. However, the qualita-
tive behaviour shows excellent agreement between simulations and 
experiments and reveals a clear physical picture of the two phases 
of translocation.

The distribution of translocation times was calculated from the 
simulations and is shown in Fig. 4f together with three examples 
of initial starting conformations (Fig. 4e). In the non-equilibrium 
limit, the distribution of total translocation times is mainly deter-
mined by the ensemble of initial configurations of the DNA at 
the start of translocation rather than Brownian fluctuations37,43,46.  
In common with previous simulations43, we find that the total 
translocation time is strongly dependent on the initial starting 
configuration, with more stretched-out conformations resulting 
in higher viscous drag and hence longer translocation times as per 
Fel = γ (t) v(t). The importance of the initial conformation has also 
been established by experiments, which showed that nanoscale 
confinement close to the pore entrance results in a reduction in 
the distribution of translocation times47. In Fig. 4g, we plot the dis-
tance of the last bead from the pore mouth as a function of time for  
the three individual translocations highlighted in Fig. 4e. For the 
less stretched-out conformations, as exemplified by the purple data 
trace, the tension propagation phase occupies a higher fraction of 
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the total translocation since the numerous folds must be straight-
ened before the tension reaches the end of the molecule.

We also used our simulations to investigate the origin of the cor-
relation in velocity between local segments of the DNA (Fig. 3b,c). 
The DNA chain was divided into five equally spaced intervals each 
corresponding to 60 beads in length. The correlation coefficient was 
computed for all the possible combinations of these five intervals,  
as shown in Fig. 5a, with example scatter plots shown in Fig. 5b,c.  
Figure 5b shows strongly correlated motion for the adjacent  
intervals τ1 and τ2. In good agreement with experiments, we find 
that the correlation coefficient decreases with increasing separation 
between the intervals considered (Fig. 5a).

To relate the changes in translocation velocity to the DNA con-
formation, we calculated the approximate position along the chain 
that represents the boundary between the section of the chain that 
has been pulled taut and set in motion towards the pore and the 
section that has yet to feel the tensile force (Supplementary Fig. 34 
and Supplementary Video 1). In Fig. 5d, we show an example simu-
lation with the position of this tension front highlighted in green for 
three selected timepoints. During the tension propagation phase, 
the tension front path approximately follows the course of the ran-
dom walk set out by the initial DNA conformation. Once the ten-
sion front reaches the end of the molecule, the tail is then linearly 
retracted into the pore. Figure 5e shows the path of the tension front 
during translocation with the tension propagation phase shown in 
green and the tail retraction phase shown in grey.

The decaying velocity correlation during tension propagation is 
readily explained in the context of the time-varying viscous drag 
acting on the section of the chain that is under tension and mov-
ing towards the nanopore. At short timescales, the position of the 
tension front, and hence γ(t), does not change significantly and the 
translocation intervals are strongly correlated. However, for two 
intervals separated by a long distance along the chain relative to the 
persistence length, the memory of the tension front position is lost 
due to the random walk of the initial polymer chain configuration.

In summary, we have used nanostructured DNA molecules to 
study the velocity profile of polymer translocation through synthetic 
nanopores. We experimentally find that the average translocation 
velocity initially decreases before an acceleration close to the end. 
This two-stage behaviour provides the first direct observation of ten-
sion propagation7,12—a non-equilibrium description of the local pro-
cess of polymer straightening and unfolding during translocation.  
In the initial slowing phase, the tension is only felt by a local section  
of the polymer and the tension front propagates out towards the end 
of the polymer as successive folds are straightened. In the second 
speeding-up phase, the tension has fully propagated through the 
polymer and the length of tensed polymer progressively decreases as 
it is sucked through the pore. We also observed, in our experiments 
and simulations, that the translocation velocity displays correlations 
for local segments due to the path taken by the tension propagation 
front as it follows the random walk of DNA conformation. The direct 
measurement of polymer tension dynamics provides a framework for 
the exploration of advanced polymer translocation problems such as 
time-varying driving force, complex nanoscale pore geometries, and 
influence of polymer knots and folds17,48–50. Our new insights into the 
trajectory and fluctuations of DNA translocation through synthetic 
nanopore sensors will also impact emerging applications such as 
sequencing46, DNA data storage51 and DNA mapping52.
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green. The two frames show orthogonal viewpoints of the three-dimensional  
(3D) simulation.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. Raw data of ionic current values for 
translocations together with a table summarizing all the nanopores used are 
available at https://doi.org/10.17863/CAM.69631.

Code availability
The code used for data collection and analysis and the code used for simulation 
analysis are available upon request from the corresponding author.

Acknowledgements
This work was supported by an ERC consolidator grant (no. 647144) for N.A.W.B.,  
K.C. and U.F.K. and a National Institute of Health grant (no. 5R01HG002776-15) for I.J. 
and M.M. N.E. acknowledges funding from the EPSRC; Cambridge Trust; and Trinity 
Hall, Cambridge.

Author contributions
N.A.W.B., K.C. and U.F.K. designed the experiments. K.C., N.E. and N.A.W.B.  
performed the experiments. M.M. and I.J. performed the simulations. M.M., I.J.  
and N.A.W.B. analysed the simulation results. The paper was written through 
contributions of all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41567-021-01268-2.

Correspondence and requests for materials should be addressed to N.A.W.B.

Peer review information Nature Physics thanks Vincent Tabard-Cossa and the other, 
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Methods
Fabrication of nanopores. Twenty-nanometre-thick SiO2 membrane chips 
(15 × 15 µm window) were purchased from Nanopore Solutions (Portugal) and 
13 ± 1 nm thick SiNx membrane chips (NT001Z-Hi-Res; 10 × 10 µm window) from 
Norcada (Canada). Nanopores were fabricated using the controlled dielectric 
breakdown method30 with final diameters between 10 and 20 nm. The SiO2 and 
SiNx chips were mounted into polydimethylsiloxane flow cells and then filled with 
1 M KCl, 10 mM Tris-HCl (pH 10.0) and 1 mM EDTA. A 10 V voltage was applied 
to form a <10 nm nanopore and then the pore was enlarged to the desired size by 
applying voltage pulses (see Supplementary Section 1 for further details). Then, 
the flow cell was filled with 3 M LiCl, 10 mM Tris-HCl (pH 9.0) and 1 mM EDTA 
for DNA translocation measurements. The conical glass nanopores were fabricated 
by pulling quartz glass capillaries using a P-2000 laser-heated puller (Sutter 
Instruments). The glass capillaries were then sealed in a polydimethylsiloxane flow 
cell and filled with 3 M LiCl, 10 mM Tris-HCl (pH 9.0) and 1 mM EDTA.

Synthesis of DNA. The DNA was made by annealing linearized M13mp18 
single-stranded DNA together with complementary oligonucleotides to form the 
desired structure. Sequence details of all the strands and synthesis protocols are 
given in Supplementary Section 4.

Nanopore measurement. The DNA sample was diluted to a final concentration 
of 0.5–1.0 nM and then added into the cis side of the flow cell. All the results 
shown in the manuscript were measured in 3 M LiCl, 10 mM Tris buffer (pH 9.0) 
and 1 mM EDTA. Further results using 4 M LiCl with glass nanopores are shown 
in Supplementary Section 3. A positive voltage (60 or 100 mV for membrane 
nanopores and 700 mV for conical glass nanopores) was applied on the trans side 
to drive the DNA through the nanopore. The ionic current signals were recorded 
with an Axopatch 200B amplifier (Molecular Devices) and then filtered with an 
external filter (model 3382, Krohn-Hite) at 200 kHz together with the 100 kHz 
internal filter of the Axopatch amplifier. The current trace was recorded via a 
data acquisition card (PCI-6251, National Instruments) at a sampling frequency 
of 1 MHz. Custom-made LabVIEW 2013 (National Instruments) programs were 
used to remove fragments of the full-length DNA from the analysis and select only 
unfolded DNA translocations29.

Simulations. Langevin dynamics simulations of dsDNA undergoing translocation 
through the nanopore in the presence of an applied electric field were performed 
using the large-scale atomic/molecular massively parallel simulator following 
our earlier protocol40,41. Full details are given in Supplementary Section 3. 
Supplementary Video 1 shows 15 example simulations for translocations through a 
membrane geometry nanopore with the position of the tension front highlighted in 
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