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Abstract  
Inspired by Nature, where molecular motors are central to numerous life processes, chemists have 

developed a variety of artificial molecular machines1–6, including rotative motors7–9. These motors generate 

continuous directional motion when driven by an energy input. Due to their tiny size, an order of magnitude 

smaller than their biological counterparts, most of the knowledge on their functioning was gained through 20 
bulk population studies, revealing averaged behaviour at the macroscopic scale. Crucial properties, such 

as the output force upon actuation, which is a key challenge towards future nanomechanical machines, 

could not be directly measured, and were extracted from theoretical or semiempirical calculations10–12. 

Single-molecule force spectroscopy has proven highly effective to uncover key energetic and mechanistic 

parameters13–16, but has never been applied to synthetic rotative molecular motors, due to the extreme 25 
difficulty to probe processes at the 1-nanometer scale, while combining force measurements and the 

application of an external stimulus. Here, we developed distance-clamp experiments under UV-light 

irradiation to probe a single light-driven overcrowded-alkene rotary molecular motor at work. We applied 

mechanical loads to the motor and directly measured its operating force. The results also allowed the 

experimental validation of the principle of microscopic reversibility applied to light-driven motors, which 30 
had been theoretically predicted but never observed so far17. Quantitative information obtained here is 

crucial to establish future design principles for nanometer-scale devices capable of efficiently producing 

work and mechanical tasks.  
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Main text  

Introduction 

Taking inspiration from biological rotary motors such as the adenosine triphosphate (ATP) 

synthase18 and the bacterial flagellar motor19, chemists have long sought to synthesize 45 

analogous molecular machinery, able to undergo unidirectional rotation. The first synthetic 

unidirectional rotary molecular motor, based on the light-driven isomerization of an 

overcrowded alkene, was reported in 19997. At the same time, a 120° directional rotation, using 

a chemical-fuelled triptycene-based molecular ratchet, was demonstrated20. Subsequently, 

chemical-driven unidirectional motors involving rotation around single bonds were 50 

demonstrated21–24. Directional rotation has also been realized in a number of systems, 

including light-driven imine motors25, catenanes that undergo pulsed26 or autonomous27 

chemically fuelled rotation of one macrocycle around another and hemithioindigo rotary 

motors28. 

Although much of the detailed understanding of how biological machines operate has been 55 

gleaned from direct force measurements made on single molecules with optical tweezers or 

atomic force microscopy (AFM)13–15, none of the synthetic light-driven rotary motors, which are 

an order of magnitude smaller than their natural counterparts, were investigated by such 

techniques. With the exception of fluorescence measurements evidencing the unidirectional 

rotary motion of a light-driven motor at the single molecule level29, only combinations of 60 

standard spectroscopic methods (NMR, UV-Vis, CD, etc.) addressing populations of synthetic 

light-driven motors have been used so far, preventing crucial information about their operation 

from being obtained. The single molecular scale indeed allows the detection of unique 

behaviours that are usually hidden in the averaged signal of a population of molecules. We 

previously described the use of AFM-based single-molecule force spectroscopy (SMFS) to 65 

gain crucial insights on linear molecular machines such as (oligo)rotaxanes30–33, catenanes34, 

and non-directional oscillating rotors35, and envisioned that this technique could provide 

unprecedented knowledge on the functioning of rotary light-driven molecular motors. Here, we 

use AFM–based SMFS to probe a second–generation overcrowded alkene–based molecular 

motor at work. This motor can unidirectionally rotate under UV irradiation through two 70 

photoisomerization steps interspersed with two thermally–activated helix inversion steps 

(THI)7, completing a 360° rotary cycle. We developed experiments combining the clamping of 

a single molecule during force measurements and in-situ UV irradiation. In 2002, Gaub and 

co-workers proposed an archetypal thought experiment combining the mechanical pulling of a 

light-responsive polymer based on molecular photoswitches and its irradiation in an 75 

optomechanical cycle16. Here, we go major steps further, by succeeding in realizing the 

unprecedented direct measurement of a molecular rotary motor at work under continuous light-
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driven operation at the single-molecule scale. These measurements were performed using 

distance-clamp experiments, which allowed to directly probe the rotation of the motor and 

measure its operating force and energy landscape. The results were then used to 80 

experimentally demonstrate the microscopic reversibility principle applied to rotary molecular 

motors, which was theoretically postulated17 but never experimentally verified. 

 

Measuring the molecular motor at work 

To enable the interfacing of the molecule with the AFM force spectroscopy setup, we designed 85 

a motor with a polyethylene glycol (PEG) chain on the rotor part and alkyne anchoring groups 

on the stator unit of second generation9 light-powered molecular rotary motor (Fig.1a ; 

Supplementary section 1). The molecules were grafted through “click” Copper(I)-catalysed 

Alkyne-Azide Cycloaddition (CuAAC)36 on an activated glass surface featuring pendant azide 

groups (Supplementary section 2). The PEG chain can physisorb onto the AFM tip and act as 90 

a connecting tether to track the rotor’s motion. We previously showed that this approach, based 

on the physisorption of PEG tethers onto the tip, provides a strong and stable attachment of 

the molecule, adequate to obtain reliable data on the behaviour of the system grafted onto the 

surface30,33–35,37–41. 

To validate the possibility of carrying out force measurements on molecular motors attached 95 

to the surface, standard pulling experiments were carried out on the molecule without 

irradiation (See Methods). The AFM tip was brought into contact with the anchored motor-PEG 

substrate in N,N-dimethylformamide, allowing the PEG tether to adsorb onto the tip. The 

caught molecule was then stretched in a controlled manner by moving the tip away from the 

substrate at a fixed pulling rate, and the force–extension profiles were measured (Extended 100 

Data Fig. 1). The reoccurring single peak profiles with the expected range of extensions and 

persistence lengths42, consistent with the structural parameters of the system, suggest that a 

single molecule was being stretched by the tip and confirms the experimental design suitability 

(Extended Data Fig. 2). 

The single-molecule controlled distance-clamp (DC) experiments were then combined with 105 

optical excitation. Typically, after physisorption of the PEG chain onto the AFM tip, the 

molecule was extended to a constant distance (i.e. clamping distance) (see Methods), bringing 

the system under tension. Simultaneous constant UV irradiation (365 nm) through the glass 

surface (Extended Data Fig. 3) triggered the unidirectional rotation of the motor, resulting in 

aperiodical pulling on the tip through the PEG chain. This molecular motion is transduced to 110 

the tip-bearing cantilever, the resulting bending displacement being proportional to the force 

that is applied on the motor and against which the motor generates work. Figure 1b represents 

the rotation-triggered force modulation over time, showing the oscillation between two states, 

the relaxed and tensed states, with hopping phenomena taking place periodically (additional 
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DC curves are shown in Extended Data Fig. 4). A control curve, realized in the dark, is shown 115 

in Extended Data Fig. 5 and no hopping was detected.  

Using transient absorption spectroscopy, we previously studied a similar second-generation 

motor design featuring an unfunctionalized rotor which was found to have a half-life time for 

the thermal helix inversion (THI) process of 38 ± 1 ns36. Thus, considering the timeframe of the 

present DC experiments and the lifetime of the observed tensed and relaxed states, the high-120 

energy metastable states cannot be observed individually as their decay appears concomitant 

to the photoisomerization at this timescale. Moreover, the E/Z photoisomerization of the 

overcrowded alkene produces a large geometrical change, resulting in a high-amplitude 

motion (corresponding to the measured tip displacement, vide infra), whereas the subsequent 

THI process induces a low-amplitude geometric rearrangement. Both observed relaxed and 125 

tensed states thus correspond mostly to both stable states of the motor, with negligible 

contributions of the short-lived metastable isomers. As these experiments are performed at the 

single-molecule scale, the speed of the motor is not determined by the kinetically slower THI, 

as usually observed in bulk9, but by a combination of the probability of the molecule to interact 

with a photon of the right energy under the experimental irradiation conditions, combined with 130 

the quantum yield of the motor, explaining the long lifetimes observed for both states. From 

these results, we can conclude that the continuous unidirectional rotation of the motor is taking 

place during these experiments. 

 

 135 
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Fig. 1: Experimental setup and AFM response of the single molecule motor rotation. a, Chemical structure of 

the molecular motor and schematic representation (left). The system is irradiated by UV365nm light during distance-

clamp force spectroscopy experiments, leading to a hopping movement of the tip triggered by the motor rotation, 

switching from a relaxed (blue) to a tensed state (yellow) (right). b, Raw data (grey dots) and smoothed signal (black 

dots) showing the force measured by the cantilever over time upon motor rotation. The force fluctuates between 140 
the relaxed (blue band) and tensed (yellow band) states. 

 

Estimation of the output force of the motor 

Knowing the cantilever spring constant, the displacement of the tip during its hopping 

movement can be calculated for each hopping event observed during experiments according 145 

to Hooke’s law (Extended Data table 1). While performing a 180° movement, the rotation 

diameter of the molecular rigid moiety has an approximative value of 2.0 nm (See 

Supplementary Section 3). The linear hopping movement operated by the tip leads to smaller 

values than the diameter of the rotor (Extended Data table 1). This can be explained by the 

random orientation of the molecule with respect to the tip. If the tip is perfectly aligned with the 150 

rotation plan of the motor, the recorded amplitude of the tip movement should be equal to the 

rotation diameter (Fig. 2a). When the tip moves away from the rotating plan of the motor, the 

linear actuation displacement decreases until it becomes almost null with the tip being aligned 

with the rotation axis (Fig. 2b). 
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 155 

Fig. 2: Schematic of the position of the tip relative to the motor. a, Case where the tip is aligned with the rotation 

plan of the motor, leading to equal tip movement amplitude and rotation diameter. b, Case where the tip is perfectly 

aligned to the rotation axis of the motor, leading to a null movement of the tip during rotation. 

 

The force exerted by the tip on the molecule can be decomposed into two components: one 160 

perpendicular to and the other aligned with the rotating plan. The latter will be called the 

‘effective force’, as it is the actual force perceived by the motor while operating the rotation. 

The tip displacement can be used to recalculate the tilt angle of the molecule and estimate the 

effective force value (Calculations in Methods; Extended Data Fig. 6 and Table 2). The mean 

value of the effective force is 26 pN and can be considered as the force against which the 165 

motor can do work. As a comparison, Giuseppone et al. estimated a force of ~20 pN11 for other 

second–generation molecular motors by means of energetic calculations associated with 

spectroscopic bulk experiments, which is in good agreement with the value obtained here by 

single-molecule measurements. Above this value, the motor rotation would be hampered. 

Even though the effective force value extracted from the experiments still allows the motor to 170 

rotate, the stall force value (i.e. the external force necessary to stop the motor rotation)43 is 

close to the effective force. As a result, the effective force value measured here can be a 

reasonable estimation of the stall force for this second–generation molecular motor. 

The mean effective force value has also been extracted from experiments carried on a gold 

surface using a specifically engineered analogue of the motor featuring thioether anchoring 175 

groups, and irradiated sideways using an optical fibre (instead of a LED through the sample). 

We obtained values in the same range (17 pN, Extended Data Table 2). The repeatability of 

measurements independently of the surface material, the grafting method, and the procedure 

for UV-irradiation, underlines the robustness of the method and further confirms the direct 

probing of the molecular motor rotation. 180 
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Determining the 1D energy landscape 

The partition of the motor in the relaxed and tensed states can be established by measuring 

the occupancy frequency of each state in the hopping force range44 (Fig. 3). The corresponding 

probability density function (𝑃(𝜃)) reflects the occupancy probability of the rotor in both states. 185 

Using the inverse Boltzmann method, the 1D energy landscape (−𝑘𝑇𝑙𝑛(𝑃(𝜃)) of the motor can 

be reconstructed45. Since an external force is applied on the system, the landscape obtained 

by calculation of −𝑘𝑇𝑙𝑛(𝑃(𝜃)) is related to the Gibbs free energy (ΔG) landscape of the motor 

by the expression −𝑘𝑇 ln(𝑃(𝜃)) = ∆𝐺(𝜃) + 𝑈AFM(Δ𝑑(𝜃)). For this reason, the more appropriate 

term "energy landscape" will be used here. The method has been used for every recorded 190 

hopping curve to calculate the mean values of the potential wells of the relaxed state (-

0.428 kcalmol-1) and tensed state (-0.405 kcalmol-1). The nearly identical energy values 

indicate that the motor has equal probabilities to reach either stable configuration of the 

overcrowded alkene during the DC experiments. This equipartition is achieved by alternating 

from one state to the other, in a thermodynamically out-of-equilibrium process due to constant 195 

UV irradiation46. This demonstrates the ability of the motor to fulfil its motion trajectory via two 

stable states, as predicted in the well-established rotation mechanism of such motors7,47.  

The DC setup allows us to reach different external force values. While the distance between 

the tip and the surface is fixed, the tension in the system between them can vary, leading to 

different external forces applied on the motor. No correlation has been found between the 200 

external force exerted on the motor and the population occupancy in the 1D energy landscape. 

This can be explained by the small range of external forces values, decreasing drastically their 

impact on the rotational mechanism. In other words, the tension in the polymer linker is high 

enough to transduce the rotational motion to the tip but is too low to perturbate the rotation. 

Fig. 3: Inverse Boltzmann method to determine the energy landscape. a, Raw data (grey dots) and smoothed 205 
signal (blue) of the force fluctuation. The associated histogram and probability density function of the relative 

occupancy is shown on the right panel. b, Plot of the energy landscape, −𝑘𝑇𝑙𝑛(𝑃(𝜃)), vs the normalized tip deflection 

(blue line). The same calculations have been carried out on six other experimental datasets obtained with the same 
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experimental setup (dashed lines). The local maximum is used as the standard 0 value. The variations in population 

partitions does not depend on the external force and only depend on the time that the motor needs to successfully 210 
absorb a photon and trigger the photoisomerization. This mechanism remains stochastic at the single-molecular 

level and leads to variations in occupancy. The DC measurements have been repeated 6 times to consider this 

statistical effect and calculate mean energy values of the potential wells. 

 

Verification of the microscopic reversibility principle applicability 215 

Microscopic reversibility is a universal principle in chemistry and physics that governs the 

motion of molecules on a single energy surface –either the ground or the excited state. If a 

transition between a relaxed and tense state of a molecule occurs most probably by some 

pathway then the most probable transition from the tensed to the relaxed state must be the 

microscopic reverse of that path. As stated clearly in the IUPAC Gold Book, microscopic 220 

reversibility does not in general hold for light driven processes. However, as discussed in SI 

section 4, a corollary of microscopic reversibility –the direction independence of the last-touch-

first-touch time– does hold, as shown in the present paper.  

In the last decades, the direction independence of the last-touch-first-touch time has been 

hypothesized numerous times for out-of-equilibrium light fuelled systems, but has never been 225 

proven experimentally17,48. Implemented to the molecular motor, it states that the speed of the 

transition from the relaxed to the tensed state (quarter of a complete rotation) is the same as 

the speed of the transition in the other direction. It can be written as the core equation 

(Equation 1) of the corollary of microscopic reversibility48,49 known as the last-touch-first-touch 

(LTFT) relation: 230 

τLTFT(F୰ୣ୪ୟ୶ୣୢ → F୲ୣ୬ୱୣୢ) = τLTFT(F୲ୣ୬ୱୣୢ → F୰ୣ୪ୟ୶ୣୢ) 

 

where τ is the transition time needed by the motor to reach the mean force value of the tensed 

state (F୲ୣ୬ୱୣୢ) starting from the mean force value of the relaxed state (F୰ୣ୪ୟ୶ୣୢ) and vice versa, 

where only trajectories that do not return to the starting force are included in the averaging. 235 

The rotation process of the molecular motor investigated here is based on a photoactivated 

isomerization and a thermally activated relaxation. While the latter is constrained by 

microscopic reversibility, the photoactivated step is described by Einstein equations17 for 

absorption, stimulated emission and spontaneous emission of light. Nevertheless, in our 

experimental setup providing sufficiently bright conditions, the ratio of transition rate constants 240 

between the ground state and the excited state of the motor is unity (see Supplementary 

Section 4 for detailed equations). As a result, the principle of microscopic reversibility remains 

valid in the case of synthetic molecular motors48,50, but has never been demonstrated 

experimentally so far. We have used Equation 1 to assess the applicability of microscopic 

reversibility to light-driven molecular motors.  245 
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Practically, on the force vs time plot (Fig. 4), the number of data points between the last data 

point in one state and the first data point reaching the other state were counted48,49. To study 

the impact of the external force on transition times, the analysis has been performed on 7 

independent experiments. In all cases, the histogram superimposition of the number of data 

points recorded for both directions shows a high similarity with coincident PDF maximum value, 250 

regardless of the force applied on the rotor (Extended Data Fig. 7, Extended Data Table 3). 

This observation is consistent with Equation 1, which is independent of the external force due 

to the low Reynolds number of the surrounding environment. Consequently, as predicted by 

theory, the symmetry of the LTFT relation derived from microscopic reversibility remarkably 

applies to our experimental setup and remains valid for light-driven molecular motors. 255 

  

 

Fig. 4: LTFT analysis. a, Raw data (grey dots) and the number of data points needed to reach the tensed state 

from the relaxed state (red) and to reach the relaxed state from the tensed state (blue). The force values assigned 

to relaxed and tensed state (dashed lines) are extracted from the mean value of the gaussian deconvolution of the 260 
relative occupancy. b, Respective histograms and PDF, showing a high correspondence between both trajectories.  

 

Conclusion 

Over the past 25 years, light-driven molecular motors have progressed from fundamental 

scientific curiosities to versatile actuators with applications across diverse domains8. Despite 265 

this remarkable advancement, a key parameter, the force output of these synthetic molecular 

motors at the single-molecule level, remained unmeasured, representing a significant gap in 

our understanding of the functional capabilities of these molecular machines. Here, we 

developed SMFS-based distance clamp experiments combined with UV irradiation to shed 

light on the operation of an overcrowded-alkene-based rotary motor at the single-molecule 270 

scale. Clamping the motor between a surface and the AFM tip under constant UV irradiation 

enabled to directly probe the rotation, as the tip hops between two states during the high-
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amplitude photoisomerization of the overcrowded alkene. We directly measured the force 

against which the motor can generate work, which was found to be 26 pN, in good agreement 

with previous estimations obtained from theoretical or semi-empirical calculations for other 275 

light-driven overcrowded-alkene-based motors10–12. A thorough statistical analysis of the data 

demonstrated a key result derived from the principle of microscopic reversibility, i.e., that the 

last-touch first-touch times for two forces is independent of direction for (synthetic) light-driven 

molecular motors, which has been previously assumed but never proved through experiment. 

These fundamental results pave the way for the development of molecular motors with 280 

enhanced properties, unlocking applications across various fields. Until now, optimizing the 

force output of molecular motors to enable the transport of larger cargos or to amplify the work 

resulting from their collective motion at the molecular scale, often transferred across length-

scales, has remained largely unexplored, primarily due to the inability to measure their output 

force. This study addresses that critical limitation, laying the groundwork for future 285 

advancements in the design and functionality of synthetic molecular motors. 
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Methods  390 

AFM 

SMFS experiments. SMFS experiments were carried on a MFP3D Origin+ (Asylum Research, 

Oxford Instruments) using HQ:CSC38/Al BS cantilevers (MikroMasch) with a nominal spring 

constant of ~0.03 N.m–1. Prior to the experiments, the cantilevers were calibrated upon thermal 

method in air (Sader method) in order to determine the exact spring constant k. Grafted 395 

surfaces were placed in the fluid cell and immersed in anhydrous and filtered DMF. The 

cantilever was then immerged in the fluid cell away from the surface for 1h before the SMFS 

measurements to allow the system to equilibrate.  

To ensure that the molecular motors were successfully grafted, standard approach and 

retraction cycles were realized with a tip velocity of 200 nm.s–1. During approaching step, the 400 

tip is pushed toward the surface up to a force of 500 pN. Then, the tip is retracted to 100 nm 

away from the surface to ensure full molecular extension followed by desorption between each 

cycle. Raw deflection versus piezo–movement curves were transformed using Hooke’s law: 

𝐹 =  −𝑘𝑥 = −𝑘(𝑧 − 𝑑) 

with F the force experienced by the molecule, k the spring constant of the cantilever determined 405 

by Sader’s method, x the cantilever deflection, z the piezo–movement and d the tip–substrate 

distance. 

For the clamping experiments, 3 steps are needed. First, during the approaching step, the tip 

is pushed toward the surface up to a force of 500 pN. Then, a dwell time of 1 second is 

necessary to favour strong bonding between the polymer tether and the tip, allowing a long 410 

clamping time. Afterwards, the tip is retracted at a velocity of 200 nm.s–1 to 10 nm from the 

surface for 3 seconds. Finally, the tip is approached toward the surface up to a force of 500 pN, 

then retracted to 100 nm at a velocity of 200 nm.s–1 to complete the cycle. For experiments 

under irradiation, the surfaces were continuously irradiated with UV light using a LED placed 

bellow the glass surface (M365L3, Thorlabs) (Extended Data Figure 3). 415 

 

Approach–retraction experiments analysis. Raw force versus piezo–movement curves 

were sorted using a homemade routine on the IgorPro software. Only experiments showing an 

occurrence of ~5% of events (i.e. stretching of a polymer chain) over the total number of 

approach–retraction cycles were kept as it comforts the single molecular level of the 420 

experiment51. 

Selected curves were analysed using a homemade routine allowing curves transformation, 

force–distance measurements and mathematical fitting. For all curves, the distance of the 

rupture of the link between the PEG linker and the tip was measured to build histograms. 

Automatic mathematical fit of curves applying the worm–like chain (WLC)52 model was used in 425 
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the entropic region of curves (between 0 and 100pN). The WLC equation can be formulated 

as following: 

𝐹(𝐷) =
𝑘஻𝑇

𝑙௣
቎
𝐷

𝐿
+

1

4(1 −
𝐷
𝐿

)ଶ
−

1

4
቏ 

Were kB is the Boltzmann constant and T the temperature. In our case, the persistence length 

(lp) and the contour length (L) are the varying parameters of the curve fitting. 430 

Histograms of distances, and lp were constructed using IgorPro. Probability density function 

(PDF) were obtained by fitting the data by a Kernel smoothing function (N = 1000 points) with 

MatLab (MathWorks) and raw data were fitted using the Gaussian mixture model (GMM) in 

MatLab (MathWorks), i.e., a weighted sum of M components (i = 1, 2, 3) Gaussian densities 

as given by: 435 

𝑃(𝑥|𝜆) = ෍ 𝑝௜𝐺(𝑥|𝜇௜ , 𝜎௜)

ெ

௜ୀଵ

 

where x is the vector of the observable, 𝐺(𝑥|𝜇௜, 𝜎௜) is the normalized Gaussian component with 

mean 𝜇௜ and variance 𝜎௜, and pi is the weight of the ith component. The weights satisfy the 

normalization condition ∑ 𝑝௜ = 1ெ
௜ୀଵ , and λ represents the set of all the parameters 𝜆 =

{𝑝௜, 𝜇௜ , 𝜎௜} for i=1,2 or 3.  440 

Each population is given with its 95% confidence interval estimated as ± 1.96ට𝜎ଶ

(𝑝௜𝑁)ൗ  where 

𝜎² is the estimated variance of the ith component while 𝑝i𝑁 represents the effective size of the 

population.  

Distance clamp experiments analysis. Raw force versus time curves were analysed using 

a homemade routine with the IgorPro software. Only the hopping zones of the clamping phase 445 

of curves were kept for further analysis. 

Histograms of the fluctuating force were constructed in IgorPro and PDF were obtained with 

MatLab as described in the previous section. Then, PDF are deconvoluted into two gaussian 

curves were the two mean force values were taken as mean value of the relaxed and tensed 

states of the motor. In some cases, a small tip movement amplitude and a high cantilever 450 

spring constant can mask both populations into a broad peak. To extract the mean force 

values, the signal can be smoothed using a box size of 100. 

The inverse Boltzmann method was realized according to reference 45. The probability density 

function PDF is used to construct the energy profile given by: 

𝐸𝑛𝑒𝑟𝑔𝑦 = −𝑘஻𝑇𝑙𝑛(𝑃(𝜃)) 455 
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Were 𝑘஻ is the Boltzmann constant and 𝑇 is the temperature. The resulting energy value was 

converted in kcal.mol-1 for representation. 

Effective force calculation 

As shown in Extended fig. 6, the cosine of the stretching angle has been taken to calculate the 

force component parallel to the rotating motion. To calculate the stretching angle from the tip 460 

movement amplitude (∆𝑡𝑖𝑝), the motion amplitude should vary between 0 and ~2 nm, being 

approximately the rotor diameter. The stretching angle can therefore be extracted according 

the equation: 

𝛼 = (90 −  ∆𝑡𝑖𝑝 × 45) 

From there, the effective force can be calculated using the following equation: 465 

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 = 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 × 𝑐𝑜𝑠 (𝛼) 

An observed ∆𝑡𝑖𝑝 of 2 nm would give a stretching angle of 0°, where the effective force is 

perfectly aligned to the rotation and a theoretical ∆𝑡𝑖𝑝 of 0 nm would result in a null value of 

the effective force as the external force is totally perpendicular to the rotation movement. 

Experiments on gold surfaces 470 

Experiments were also conducted on the motor grafted on gold substrates using thioether 

anchors53,54 (See Supplementary Section 1 and 2). In this case, the sample is continuously 

irradiated sideways using an optical fibre, immersed in the fluid cell, with UV-light (M365L3, 

Thorlabs). Using the same distance clamp routine, hopping movements were also observed 

and have been reported in Extended Data Fig. 2 and 4. For clarity, the results exposed in the 475 

main text only detail the analysis of the molecular motor grafted on glass. 
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Extended data figures   525 

 
Extended Data Fig. 1: Force-extension curve obtained during a standard pulling experiment. The stretching 

of a single molecular motor leads to a typical force-extension curve (blue). The extension is measured at the apex 

of the curve, corresponding to the rupture of the physisorption link between the polymer linker and the tip. The WLC 

model is then fitted on the trace (dashed line) to extract the persistence length. 530 
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Extended Data Fig. 2: Histograms of rupture length and persistence length in approach–retraction 535 
experiments. Extension and lp recorded at the rupture of the physisorption link between the polymer and the tip on 

glass surfaces (a, b) and on gold surfaces (c, d). PDF is shown as a black line. 

 

 

 540 
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Extended Data Fig. 3: Picture of the experimental setup for the irradiation of molecular motors anchored 

on a glass substrate. The picture shows the lifted AFM setup which allows irradiation with a LED placed bellow 

the glass surface. The picture on the top right corner shows the view from the bottom: the light passes through the 550 
round glass surface where motors are grafted and reflects on the cantilever holder (blue disc). 

 

 

 

 555 
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Extended Data Fig. 4: Examples of distance clamp experiments. Force versus time curves were recorded on 

glass (a, b) and on gold surfaces (c, d) under UV irradiation. The original data are shown as grey dots and the 560 
smoothed signal as black dots. In all cases, the hopping between two states of the motor can be seen at varying 

external forces and surface substrate. 
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Extended Data Fig. 5: Control distance clamp experiment on motors in the dark. The polymer is first stretched 

to a force value of 35 pN at 1.6 seconds and kept under tension. The curve shows no hopping pattern as the motor 

is not irradiated with UV-light. The original data is shown as grey dots and the smoothed signal as black dots. 

 

 570 
Extended Data Fig. 6: Schematic representation of the motor showing the external forces involved. The 

external force applied on the rotor by the tip can be decomposed in two components aligned with the rotation (𝛼 = 0°) 

and perpendicular to the rotation (𝛼 = 90°). Calculation of the value of the effective force (i.e. the component aligned 

with the rotation) is described in the methods section. 

= 90°

= 0°

~2 nm

= stretching angle

External force
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 575 

 

Extended Data Fig. 7: LTFT histograms. Histograms and associated PDF of the measured number of data points 

to reach the tensed state from the relaxed state (red) and reversed (blue). In all cases, histograms and PDF show 

a high similarity indicating equal transition times between both states. 

 580 

Extended Data Table 1: Calculation of the amplitude of the tip movement. Force difference recorded between 

states and associated cantilever spring constant of each experiment used to calculated the tip movement amplitude 

according to Hooke’s law. Obtained from 7 independent experiments.  
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 585 

Extended Data Table 2: Effective force values. The external force can be used to calculated the effective force 

using the tip movement amplitude. Effective force values are shown to be independent of the surface material. The 

external force is the mean force value between the force value of the relaxed and tensed states. Obtained from 11 

independent experiments.  

 590 
 

 

 

Extended Data Table 3: External forces applied on rotor and associated with the LTFT analysis. External 

forces associated to the maximum value of the transition PDF. Obtained from 7 independent experiments. 595 

 

 

 


