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Abstract

Magnetic heads are ubiquitously used to record and read on magnetic tapes in

technologies as diverse as old cassettes or VHS tapes, modern hard drive disks, or

magnetic bands in credit/debit or subway cards. They are designed to convert electric

signals into fluctuations on the magnetic field at very high frequencies, crucial for the

high density storage which is demanded nowadays. Here, we twist this traditional

use of magnetic heads and implement one in a new force spectrometer design, where

the magnetic field is used to pull on proteins tethered to superparamagnetic beads.

Our instrument offers the same features as magnetic tweezers—intrinsic force-clamp

conditions, with accurate control of the force, and intrinsic stability—, but with the

novel ability of changing the force instantaneously, which allows to investigate protein

dynamics at very short timescales, or under arbitrary force signals. We calibrate our

instrument by relying on Karlqvist approximation of the field created by a magnetic

head—the first building block of magnetic recording theory—through the force scaling

of the unfolding/folding step-sizes of protein L, used as a molecular template. This

results in a force range between 0 and 50 pN, when working at distances above 250 µm,

and electric currents up to 1 A. We illustrate the potential of our instrument by studying

the folding mechanism of protein L upon ultra-fast force quenches. This allows us to

describe that, in a short timescale of 50 ms, the unfolded protein L evolves to an
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ensemble of weak collapsed states, eventually acquiring the native conformation in a

timescale of seconds. Our instrumental development provides a unique capability of

interrogating individual molecules under fast-changing force signals, which opens a

range of novel force spectroscopy schemes of unexplored biological significance.

Magnetic head recording systems have been perfected over decades, resulting in a deep

understanding of the physical features of magnetic heads, which evolved to create strong

magnetic fields that can change very rapidly in time.1,2 Hence, it becomes natural that we

explore the use of this technology in its application to force spectroscopy. Indeed, magnetic

tweezers force spectroscopy uses a magnetic field created by a pair of permanent magnets

to apply pulling forces on biomolecules tethered to superparamagnetic beads.3–7 Due to

the extreme compliance of the magnetic trap, magnetic tweezers offer intrinsic force-clamp

conditions and an exquisite control of the pulling force, which, combined with HaloTag

covalent chemistry, provides an inherent stability, and gives access to very long timescales,

of several hours or even days.8–10 However, in magnetic tweezers, the force is changed by

moving mechanically this pair of permanent magnets—commonly through a motor or a voice-

coil actuator—, which is a slow process that takes up to 100 ms. This limitation impedes,

for instance, to capture early molecular events that can occur upon fast force changes, or to

apply alternative force protocols where the perturbation changes quickly in time, motivating

the need to implement fast-changing magnetic fields.

In this Letter, we present a magnetic head tweezers force spectrometer, capable of chang-

ing the force in a micro-second timescale. As the mechanical force is controlled by the electric

current which flows through the head core, it can be changed as fast as the current can be

supplied. Using Kalqvist approximation of the magnetic field,11 we calibrate our instrument

by developing the analytical relationship between the applied force, and the electric current

and vertical distance of the head to the magnetic bead through only two free parameters.

We determine these parameters by fitting the extension of folding/unfolding steps of protein

L at different currents and distances to the freely-jointed chain model. We prove the validity
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of our calibration by using talin domain R3 and as a “force reporter”, given its exquisite

sensitivity to the pulling force.12,13 To demonstrate the potential of our instrument, we ex-

plore the folding mechanism of protein L at very short timescales. By doing ultra-fast force

quenches to 1 pN during varying times between 10 ms and 10 s, we observe that protein L

progresses first into an immature weak intermediate—molten globule—in ∼ 50 millisecond,

and eventually evolves to a far more mechanically stable native state over a timescale of few

seconds.

Magnetic head tweezers follow the same scheme as conventional magnetic tweezers,6

but substituting the pair of voice coil-mounted permanent magnets by a micro-positioned

magnetic head (Brush Industries, 902836), identical to those employed in tape recorders or

to read credit cards (Fig. 1A).1 A magnetic head consists of a toroidal core of magnetic

material with large permeability µ. The core has a narrow gap (25 µm in our case), so that,

by supplying electric current to the coil wrapped around, a strong magnetic field is generated

over the gap region (Fig. 1B). Compared to other electromagnetic tweezers designs4,14,15—

which use typically narrow tips to pull on molecules or to trap and manipulate magnetic

beads—our setup highlights the ability to change the force with a bandwidth of several kHz.

In the same sense that magnetic heads are designed for converting electric signals into a

magnetic record on a tape or wire, we employ it to convert electric signals into force signals,

applied to tethered molecules (see Fig. 1B and C).

In magnetic tweezers, the applied force is determined by using a calibration curve that

relates the pulling force with the vertical distance between the magnet and the paramagnetic

bead.4–6 This magnet law is specific for the geometry and strength of the magnets and the

specifications of the magnetic beads—volume and magnetic composition. In our case, the

pulling force depends, not only on the distance between the magnetic head and the bead, but

also on the magnitude of the supplied current. Following the same strategy we developed

previously,6 we generate a current law by relating the pulling force F with the distance from

the head to the bead z and the electric current I through the unfolding/folding step-sizes of

3

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 28, 2018. ; https://doi.org/10.1101/310060doi: bioRxiv preprint 

https://doi.org/10.1101/310060
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1: Magnetic head tweezers setup. (A) Picture of the magnetic head tweezers setup, with the mag-
netic head highlighted in the inset. (B) Schematics of the magnetic head tweezers experiment. The magnetic
head generates a magnetic field over the gap region, applying a pulling force on the superparamagnetic bead.
The polyprotein (red balls) is tethered to a glass coverslip by HaloTag chemistry, and to the bead though
a streptavidin-biotin bond. (C) Schematics of the magnetic head tweezers setup. The magnetic head is
precisely positioned over the fluid chamber, so that the force is controlled only by the electric current, which
can be built by a combination of (i) constant, (ii) sinusoidal, (iii) noise, (iv) or any arbitrary signal. The
electric signal is amplified and supplied to the head, which converts it to mechanical force. The remainder
includes a piezo-mounted objective, an inverted microscope and a high-speed CCD camera.
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protein L, which scale with the force following standard polymer models such as the freely-

jointed chain model.16 In order to address this problem, we need an analytical expression

that relates the pulling force with these two magnitudes, z and I. For conventional magnetic

tweezers an exponential dependence between force and distance has been assumed.6 Here,

we can derive an analytical expression for the current-distance relation, since the magnetic

field created by a magnetic head can be well described by Karlqvist approximation:1,11

Hx =
Hg

π

[
tan−1

(
g/2 + x

z

)
+ tan−1

(
g/2− x

z

)]
,

Hz = −Hg

2π
log

(g/2 + x)2 + y2

(g/2− x)2 + y2
, (1)

where Hx and Hz are the lateral and vertical components, respectively, g is the gap width,

and Hg = NIη/g the deep gap field, being N the number of turns around the head core, I

the intensity of the current, and η the field efficiency, which is determined by the geometry

of the head (see SI for further details). Now, the force acting on a superparamagnetic bead

due to an applied magnetic field can be described as:17

~F =
V χbead
µ0

(
~B · ∇

)
~B + ρV∇

(
~M0 · ~B

)
, (2)

where ρ is the density of the bead, V its volume, ~M0 the initial magnetization of the

bead, ~B the applied magnetic field ( ~B = µ0
~H if we neglect the magnetic properties of the

medium), χbead the initial magnetic susceptibility of the bead, and µ0 = 4π × 10−7 TmA−1

the permeability of the vacuum. In the literature, this magnetic force is often assumed to

consist solely on the first term ~F = V χbead

µ0

(
~B · ∇

)
~B. However, it has been demonstrated

how in actual superparamagnetic beads, the initial magnetization ~M0 can be comparable

to that induced by weak magnetic fields ( ~B ∼ mT );17 therefore Eq. 2 is more accurate to

describe the magnetic force in the current and distance range we will be working on.

The lateral Fx and vertical Fz components of the magnetic force acting on the magnetic
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bead can be obtained by combining Eqs. 2 and 1 (see SI). For practical reasons, it is

convenient to work over the gap region (−g/2 ≤ x ≥ g/2), as the magnetic field is constant

and the lateral component vanishes Fx = 0. Thus, the vertical component evaluated at x ≈ 0

can be written as (we drop the z subscript):

F (z, I) = AI2 tan−1

(
g/2

z

)
1

1 +
(

z
g/2

)2 +BI
1

1 +
(

z
g/2

)2 , (3)

where A and B are constants built by combining the physical parameters of our problem

(see SI for their explicit expression). Our calibration strategy hinges on determining A and B

by relating the extension ∆L of the folding/unfolding steps of protein L, used as a molecular

ruler, with the pulling force F through the FJC model:

∆L(z, I) = ∆Lc

[
coth

(
F (z, I)lK
kBT

)
− kBT

F (z, I)lK

]
, (4)

where F (z, I) takes the shape of Eq. 3, ∆Lc is the contour length increment, lK the

Kuhn length (∆Lc = 16.3 nm and lK = 1.1 nm for protein L8), and kBT = 4.11 pNnm

the thermal energy. This dependence can also be described in terms of the worm like chain

model, which produce equivalent results, being employed interchangeably. In our case, the

freely jointed chain model is more convenient for analytical reasons.

We carry out experiments on protein L octamers as described previously,6 working at

different distances z and currents I, and measuring the average step-size ∆L(z, I) (see SI for

a detailed methods section). Figure 2A shows a typical magnetic head tweezers trajectory

for a protein L octamer. First, working at a distance of z = 275 µm, we unfold the octamer

with a pulse of 800 mA, where each domain unfolding appears as a stepwise increase in

the extension of 14.3 nm. Next, we decrease the current to 225 mA, and the polyprotein

collapses, showing unfolding/refolding kinetics with upward and downward steps of 7.9 nm,

respectively. Finally, we unfold the remaining domains at 665mA, and move the head away

from the bead to a distance of z = 550 µm, which results in a great decrease of the pulling
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Figure 2: Calibration of the magnetic head tweezers. (A) Protein L dynamics probed at different values
of the electric current and distances. The step-sizes scale with the pulling force following the freely jointed
chain model, and are used to calibrate our instrument. (B) Step-sizes as a function of the electric current
measured at four different distances. Global fit of Eq. (3) to the experimental data yields A = 0.386± 0.131
and B = 9.462 ± 1.564, providing the current law. (C) Contour plot of the pulling force applied by the
magnetic head to the superparamagnetic beads as a function of the vertical distance z and supplied current
I.

7

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 28, 2018. ; https://doi.org/10.1101/310060doi: bioRxiv preprint 

https://doi.org/10.1101/310060
http://creativecommons.org/licenses/by-nc-nd/4.0/


force, as the protein readily folds to a state where all eight domains are folded on average,

showing steps of 5.6 nm. For each (z, I) condition, we determine the step-sizes as the distance

between two consecutive length histograms, calculated over the smoothed trajectory.

Following this strategy, we measure folding/unfolding steps of protein L at distances

between 250 µm and 325 µm, and currents between 200 and 1000 mA. The magnetic head

saturates when the current reaches 1200 mA, so we can cautiously assume a linear relation

between the field and the current below 1000 mA (range over which Karlqvist approximation

holds). Figure 2B shows the step sizes measured at four different distances, and plot as a

function of the electric current I. Experimental data is globally fit to Eq. 4 through A

and B as only free parameters using the Levenberg-Marquardt least orthogonal distance

method, with a confidence level of 95%, yielding A = 0.386 ± 0.131 pN/mA2 and B =

9.462± 1.564 pN/mA. The fit was weighted with the standard deviation of the distribution

of step-sizes. Thus, we establish our current law to be:

F (z, I) = 0.386I2 tan−1

(
12.5

z

)
1

1 +
(

z
12.5

)2 + 9.462I
1

1 +
(

z
12.5

)2 , (5)

since g = 25 µm. Equation 5 reveals that the dependence of the pulling force with

the distance changes over a length scale of the size of the gap ∼ 25 µm. This illustrates

the need of positioning the magnetic head with µm precision, since any error in accurately

establishing z, such as a slight tilt of the head relative to the fluid chamber will result in a

poor determination of z, and thus of the pulling force F .

We validate Eq. 5 to predict accurately the pulling force by describing the folding/unfolding

properties of protein L over a wide range of distances and current values. Below 10 pN, pro-

tein L shows a steep decreasing probability of populating the folded state. Above 10 pN,

protein L unfolds, and the unfolding rates follow an exponential dependence with the force.

Given the sharp force dependence of these observables, we use them to test our calibration,

by measuring them with the magnetic head tweezers, and comparing their dependence with

that had been previously measured.8,18 Fig. S1 demonstrates the equivalence between our
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current law and the magnet law measured determined using slowly coil driven magnets,

verifying the accuracy of Eq. 5 in determining the pulling force.

Figure 2C shows a contour plot of the force versus the distance z and current I, where

colors scale from yellow to dark red as force increases. The intrinsic nonlinearity of Eq. 5

reflects on the steep dependence of the force with z and I, which can be used to provide

a convenient versatility in the force control of magnetic head tweezers. High forces require

working at close distances and high currents, but working at farther distances provides a

extremely precise force control, since changes of several tenths of mA can lead to changes in

the force of a fraction of pN. Our conventional fluid chamber design—built by sandwiching

a laser-cut parafilm design with a top cover glass (see methods SI)— allows working up to

distances of about ∼ 250 µm, giving a force range of 0 − 50 pN. This force range can be

extended if necessary by using thiner chamber designs, or by using larger beads, since the

force scales linearly with the volume of the bead.

We validate our description of the force generated by the magnetic head, by confirming

the adequacy of Karlqvist approximation (Eq. 1) to describe the magnetic field created by

the head, and of Eq. 2 to predict the magnetic force on a superparamagnetic bead. In order

to do so, we use talin domain R3 as a force reporter, given its fine force dependence. Figure

3A shows a trajectory of a talin monomer (see SI for details on the construct) measured with

the magnetic head tweezers at three different forces, which highlights its aforementioned force

sensitivity. At 8.2 pN, talin has a 80% probability of being folded, which drops to 20% at

9 pN, over a force increment of just 0.8 pN. At 8.7 pN, talin populates the folded and

unfolded states with equal probability, and transitions between both states with rates of

about ∼ 1 s−1. The folding probability can be calculated simply as the relative occupation

of both states, calculated from a length histogram of the time series. Figure 3B shows the

folding probability of talin domain R3, showing its exquisite force dependence, that spans

over a force range of 1 pN, so that slight changes in the force lead to large shifts in the

folding probability.
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We take advantage of this feature to validate the force dependence of our instrument

with z, as described by Eq. 5. Figure 3C shows the electric current necessary to observe a

folding probability of 0.5—equivalent to 8.7 pN—at different values of the distance z. This

dependence can be described analytically by inverting Eq. 5, and obtaining I(z):

I(z) =

−9.462 +

√
89.529 + 1.544F tan−1

(
12.5
z

) [
1 +

(
z

12.5

)2]
0.772 tan−1

(
12.5
z

) , (6)

which we plot as the solid black line in Fig. 3C for F = 8.7 pN. This prediction follows

accurately the experimental data, supporting the use of Karlqvist approximation to describe

the magnetic field created by the head, and Eq. 2 for the pulling force.

Finally, we take advantage of the ability of the magnetic head tweezers to change the

force instantaneously, and explore the folding pathway of protein L at short timescales. To

this aim, we design the protocol depicted in Fig. 4A. After the fingerprint pulse (i), we

decrease the force to 10 pN to determine the extension of the unfolded protein at this force

value (ii), and subsequently to 1 pN during varying times ∆t, ranging from 0.01 s to 10 s (iii).

Next, we increase the force to 10 pN again, which is the lowest force at which refolding is

not permitted (Fig. 3C) (iv). This allows us to observe purely the unfolding of any structure

formed during the quench time ∆t with the slowest possible kinetics. Magnetic head tweezers

allow tight control of the force even during the few millisecond-long force quenches, which

would be impossible with the coil-driven permanent magnets.

Figure 4B highlights the quench pulse for two different durations, ∆t = 10 ms (black) and

∆t = 250 ms (red). The lower panel shows the actual change in force, obtained by measuring

the electric current across the magnetic head at a sampling rate of 100 kHz. The stepwise

change in force takes less than 100 µs. This value depends on the rate at which we supply

current to the head, which is at 70 W with the present implementation. More powerful

power supplies can further decrease this time constant, although it is now instantaneous for

practical purposes, given our sampling rate of ∼ 1.5 kHz. When we quench only for 10 ms
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Figure 3: Validation of the current law. (A) Typical talin domain R3 trajectory at three different forces,
8.2, 8.7, 9 pN, with respective folding probabilities of 0.8, 0.5, and 0.2 (B) Folding probability of talin
measured with the magnetic head tweezers, with the force at which 0.5 is achieved highligheted. (C) Electric
current necessary to observe talin dynamics at a folding probability of 0.5 measured at different distances
(red symbols). solid black lines shows the analytical prediction by Eq. 5 with F=8.7 pN.
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(black trace), the protein does not reach any stable conformation, and the extension reaches

the same level at 10 pN. However, as we increase ∆t, the protein L domains start folding

and we can capture their folding mechanism at very short timescales. The ultra-fast force

change allows us to discriminate between two different kinds of events. First, on a millisecond

timescale, we observe the unfolding of a set of weak conformations (red arrowheads). Later,

in a timescale of seconds, the native structures unfold, shown as the black arrowheads in

Fig. 4A, and reflected also in the extension difference at 10 pN in Fig. 4B.

We characterize in detail the folding pathway of protein L and measure the unfolding

times of every event observed at 10 pN, and plot them as a square-root histogram in Fig. 4 C.

This representation of the unfolding kinetics allows for a systematic identification of events

occurring at different characteristic times. In logarithmic scale, an exponential distribution—

signature of first-order kinetics—is distributed as g(t) = exp [t− τ − exp(t− τ)],19 where the

average unfolding time, τ , appears as a single peak, and thus is easily recognizable. The

unfolding time distribution of protein L at 10 pN exhibits an evident bimodal shape, with

two different timescales separated by nearly two orders of magnitude. Fitting to a double

exponential, we segregate the unfolding events in two different groups; a first set of weak

domains that unfold on average at τMG = 0.489± 0.006 s, and a second stable one unfolding

on average at τN = 47.070±14.512 s. The histogram ends abruptly at an abscissa value of 4.6,

since the 10 pN pulses are set for 100 seconds. However, we can infer its dynamics from the

the left side tail of the distribution, where most events concentrate. This timescale separation

allows us to discriminate systematically between two kinds of folding structures by setting a

threshold time at 2.01 seconds, crossing point of the individual distributions (dashed bar in

Fig. 4C). We measure separately the step-sizes of the weak (Fig. 3 D) and stable domains

(inset). Weak domains exhibit a broad step-size distribution, while the stable ones show a

gaussian distribution centered at 10.5 nm, with few events scattered at higher extensions.

However, we can rank nearly 60% of the weak events onto an analogous step-size distribution

about 10.5 nm as (solid red line). This suggests that these weak domains correspond to an
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Figure 4: The folding mechanism of protein L upon ultra-fast force quenches. (A) Pulse protocol for
characterizing the folding mechanism of protein L. (i) We unfold the protein octamer through a high force
pulse (black arrows indicate each unfolding event), (ii) the force is reduced transiently to 10 pN, (iii) then
quenched to 1 pN during a varying amount of time ∆t; (iv) finally, we probe the folding status of the protein
unfolding at low force 10 pN, which readily separates the timescales of the weak domains (red arrows) and
native domains (black arrows). (B) Detail of the quench pulse. Black trace shows a quench of ∆t = 10 ms,
where the protein does not form the native nor the weak conformation, and thus reaches the same level at 10
pN. In the red trace, we quench during 250 ms, and weak domains are recognized as fast unfolding events (red
arrowheads), while native as slow unfolding events, reflected in the extension difference at 10 pN. (C) Square
root histograms of the unfolding kinetics of all observed unfolding events at 10 pN. We fit the histogram
to a double exponential, which with a logarithmic binning manifests as a bimodal distribution, with each
peak associated to a characteristic timescale. The two populations are separated by two orders of magnitude
(τMG = 0.489, and τN = 47.07 s), revealing the presence of mechanically weak states. (D) Histogram of the
unfolding step sizes of the weak domains (unfolding within less than 2.05 s, and the native states (inset). The
immature states show a broad distribution of unfolding lengths, although the large majority unfolds through
a step size of ∼ 10 nm, as the native ones, suggesting their nature as immature states. (E) Probability of the
molten-globule(red) and native states (black) as a function of the quench time ∆t. We fit the distributions
globally to a first order kinetics model with one intermediate, revealing the kinetics of forming the molten
globule (rMG = 15.24 s−1) and the native (rN = 1.39 s−1).
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immature conformation that eventually evolves to the stable native conformation.

We delve into this property and characterize the folding mechanism of protein L as a se-

quential reaction from the unfolded state (U) to a molten-globule state (MG) that matures

eventually to the native conformation (N). These observations are similar to those made pre-

viously on ubiquitin using the AFM.20 However, here they are made on a faster timescale,

and with an accurate control of the force in the low range. Figure 4E shows the probability

of appearance of the molten globule and native conformations as a function of the quenching

time ∆t. The molten globule is manifested optimally in a timescale of ∼ 100 ms, decaying

quickly when we quench during seconds. Oppositely, the native domains show a sigmoid-like

behavior, which saturates after few seconds. This dependence can be accurately described

by a kinetic model where the molten globule appears as an intermediate of the native con-

formation (see SI for an explicit derivation of the kinetic model). Solid lines in Fig. 4E show

the global fits of the molten globule/native probability as a function of the quench time,

which yield the microscopic rates of formation of the molten globule (rMG = 1.06±2.22 s−1)

and the native state (rN = 0.51± 0.05 s−1). The fraction of native states does not saturate

to 1 even when the quench time is of 10 seconds, but rather to a value of 0.85. This is due

to the a residual formation of stable non-native conformation with large step sizes (see inset

in Fig. 4D), that can be related to domain swap-like structures. These events are corrected

when the quench force is higher.

In summary, we have implemented a magnetic head design for force spectroscopy, which

enables changing the force with a bandwidth above 10 kHz, while maintaining an accurate

control over a large range of pulling forces. We calibrated successfully the instrument by

using protein L step-sizes, and taking advantage of the framework of magnetic recording

theory to describe analytically the pulling force as a function of the electric current and the

vertical distance from the head to the bead. Using the magnetic head tweezers, we described

the folding mechanism of protein L at very short timescales, demonstrating the existence of a

molten globule state which forms in few milliseconds, and thus would be otherwise hidden in
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the force change lag time introduced by most force spectrometers. Magnetic head tweezers

open the possibility of novel force protocols, more complex than simple stepwise changes in

the pulling force. Force spectroscopy has traditionally been used to infer the folding status

of proteins, or to test the mechanical stability of proteins; this is, to investigate how do

proteins respond to the magnitude of the pulling force. However, it is generally unexplored

how fast can proteins respond to forces which change in time, or, in other words, how do they

respond to the spectral density of a force signal. Mechanical forces in physiology are unlikely

to consist of simple protocols such as constant or ramped forces. For instance, the cellular

environment is extremely noisy. Yet, cellular force sensors are capable to recognize and re-

spond effectively to mechanical information amongst the environmental noise.21,22 Also, it

appears essential to explore how biomolecules interact with force signals which cycle in time

at different frequencies, being this the sort of perturbations typically recognized in a number

of physiological examples, such as the auditory system, heart beating, or cellular locomo-

tion.23–25 We envision that the potentiality of magnetic head tweezers will be able to address

these problems by recreating mechanical perturbations which mimic those encountered in

physiology, and thus to open a range of unquestioned biological problems.
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