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Effect of sliding friction in harmonic 
oscillators
Miguel V Vitorino   1,2, Arthur Vieira1,2 & Mario S Rodrigues   1,2

Sliding friction is ubiquitous in nature as are harmonic oscillators. However, when treating harmonic 
oscillators the effect of sliding friction is often neglected. Here, we propose a simple analytical model to 
include both viscous and sliding friction in common harmonic oscillator equations, allowing to separate 
these different types of dissipation. To compare this model with experimental data, a nanometric 
vibration was imposed on a quartz tuning fork, while an atomic force microscope tip was used to disturb 
its motion. We analyzed tuning fork resonance and ‘ring down’ experimental curves and for each case 
calculated the amount of sliding friction and of viscous damping, finding an agreement between the 
two different experiments and the model proposed.

Friction is an ubiquitous force that manifests from macro to nanoscales and is present almost everywhere in 
nature, in a wide variety of applications and extremely different industries, including automotive manufacturing, 
winter sports gear and nanotechnology, where new devices present a very high surface-to-volume ratio and a 
strong influence by surface forces. The study of friction has played an important role in the scientific community 
for centuries, from the formulation of the Amontons-Coulomb laws more than 300 years ago1, until the more 
recent studies of the origin of these forces at atomic scales. However, despite its universal character, friction forces 
still represent a challenge in the quantitative analysis of many systems. For example, its effect in the motion of an 
harmonic oscillators is not trivial. Despite several different approaches, from numerical ones2 to heuristic argu-
ments3, an analytical simple solution to this problem is still lacking as demonstrated by the amount of proposi-
tions to solve it in current research4–7. Perhaps more notoriously this complication arises in the field of tribology.

Since the 1970s tribology has benefited from the invention of a number of new tools, such as the atomic force 
microscope (AFM)8, 9, or the quartz crystal microbalance10, 11, that have allowed for an unprecedented advance 
in the mechanistic explanation of the different friction regimes12–18. However, friction itself is still not completely 
understood, and a number of authors have used harmonic oscillators in an effort to generalize nanotribology 
models11, 19–24. Despite promising results, these approaches often lack a model allowing the analysis of a system 
in which there is sliding friction with a magnitude independent of the sliding speed. Some progress has been 
done addressing non linear friction forces, but the applicability of the models is often limited to a particular case. 
Commonly a simple viscous law is assumed, even if there is no particular justification for neglecting sliding fric-
tion. In this article we present simple analytical solutions to the common harmonic oscillator equations when a 
sliding friction force term is added. To demonstrate the validity of these solutions, an AFM tip was used to disturb 
the movement of a quartz Tuning Fork (TF) and its behaviour was compared to our predictions.

Model
We focus on the effect of friction in oscillators that can still swing back and forth a few times if released from rest. 
Roughly speaking, if Ff is the friction force, Ai the initial displacement and k, m, γ the oscillator spring constant, 
mass and damping coefficient respectively, this work focuses on the case in which 4Ff < πkAi and the quality fac-
tor Q > 2 with γ γω≡ =Q km k/ / 0.

We begin by considering steady state motion and we assume the oscillator is moving with periodic, however 
not simple harmonic motion due to the presence of sliding friction. The system inverts its velocity at multiples 
of its period T. As a consequence, friction is a square wave with period T, for which the phase can arbitrarily be 
chosen as φfriction = 0. If the magnitude of the friction force is Ff then its Fourier series can be written as:
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where the summation over n is implied. Therefore, in the case where the oscillator period equals the excitation 
force period, the equation of motion will be:
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where x0 is the excitation amplitude and φ0 the excitation phase, yet to be determined. The steady state solution 
for the equation above is:

ω φ ω φ= − + − = …x t R t R n t( ) cos( ) cos( ) with n 3, 5, 7, (3)n n1

Replacing this solution in equation (2) and solving for the Fourier components Rn and φn, we find:
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To find φ1 in equation 3 we notice that the final solution must be such that the oscillator changes the signal of 
the speed in phase with the friction force. One can differentiate equation (3) to find the speed, and impose zero 
speed each time the friction force is zero, i.e. when ωt = mπ, with m integer, leading to:

φ φ= −R nRsin( ) sin( ) (6)n n1

where again summation over n is implied. Noting that ω φ−R tcos( )1  can be written as ω ω+A t B tcos( ) sin( ), 
with φ=A R cos( )1  and φ=B R sin( )1  we can write:
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To find the amplitude of the leading term = +R A B2 2  one only needs to find A, given by:
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We propose below a simplified formula for the amplitude of the oscillator. It is interesting to note that for 
excitation frequencies close to the resonance frequency, and for oscillators that still present resonant behavior, the 
oscillator filters out the higher components (n = 3, 5, …) of the Fourier series. The excitation frequency appears 
multiplied by n in the denominator of equation (4), hence, the contribution of the higher terms becomes negligi-
ble. Consequently, the oscillator amplitude of vibration is effectively described by equation (8) with the additional 
simplification that B ≈ 0). Thus, the oscillator behaves indistinguishable from the situation where the friction 
force is sinusoidal.

When excited at the resonance frequency the oscillator has a gain G = R0/x0, which in absence of sliding 
friction is simply the quality factor Q. Figure (1) presents amplitude and velocity calculated with only the first 
and with 30 terms of the Fourier series, in two limiting conditions: starting with an oscillator with a gain G = 104 
(=Q), friction is increased such that the oscillator gain becomes G = 5 (Fig. (1)(a,b)) and G = 1 (Fig. (1)(c,d)). 
These cases correspond to friction forces such that 4Ff` ≈ πkx0. Figure (1) illustrates that even for overdamping 
friction forces and very small oscillator gains G, equation (8), which neglects the higher order terms of the Fourier 
series, is very effective at describing the system. For very low vibration amplitudes, smaller than the excitation 
amplitude x0, the first term alone starts to be insufficient to describe the system. Additionally, for such extreme 
cases one would certainly need to consider also static friction i.e when the oscillator speed is zero, as it may rest at 
zero speed for a time longer than in the harmonic situation. In fact, we suggest that the effect of static friction in 
harmonic oscillators can also be treated using an appropriate Fourier series.

Equation (8) is generally difficult to fit to experimental data. However this equation looks like and can be 
approximated to a Lorentzian curve, which may be deceiving, because one can erroneously conclude from a 
Lorentzian shaped curve that all force involved are linear. Nonetheless it is useful to express it in terms of a 
Lorentzian dependence which is routinely fitted to resonance curves.

From equation (8) it follows that at resonance the amplitude R0 is given by:
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where xf and Qf are defined as the effective parameters obtained from a Lorentzian fit, Q being the quality factor 
defined such that it depends on damping but not on sliding friction. Similarly, for a given amplitude R one can 
define an effective damping γf, by adding the leading term of the sliding friction series to the term containing the 
damping coefficient γ in equation (2):
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The amplitude R must be proportional to x0 and to the effective quality factor Qf ≡ k/(γfω0); thus putting 
R = ax0k/(γfω0), with a a proportionality constant, and solving for equations 10 and 11 one finds:
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Consequently, the solution presented in equation (8) can be written in the usual form:
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Figure 1.  Oscillator amplitude (a) and velocity (b) versus time for a system submitted to a friction such that the 
oscillator gain is G = 5, showing the leading (blue) and the first 30 terms of the Fourier series (orange); in (a) the 
two curves are indistinguishable, in (b) we additionally plot the friction force (green), rescaled for clarity; (c,d) 
the same as in (a,b) for a higher friction force such that G = 1.
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Finally, comparing equations 8 and 15 yields a ≈ 4/3, allowing to calculate xf and Qf.
We turn now to a common situation where the oscillator is left to stop after released from an initial ampli-

tude, Ai. From the previous analysis one concludes that the resonance frequency is not affected by pure sliding 
friction forces. Additionally we know that an harmonic oscillator vibrates at its resonance if released from rest. 
Consequently, as before, we consider the friction force as a square wave with frequency equal to the resonance 
frequency ωr. The situation can be described by the following equation:
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where the higher order terms have been neglected for reasons explained earlier. Equation (16) must be solved 
with initial conditions x(0) = Ai. Obviously, this equation only describes the system until its amplitude is zero, as 
for instants after that the equation above makes no sense. The solution resulting from considering Q4 12 , is:
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Unlike the common harmonic oscillator, the amplitude decay is not just a simple exponential, and an ‘offset’ 
appears as a signature of sliding friction. This equation provides a very simple way to test if the system is subject 
to sliding friction since in that case, Log[v(t)] does not give a straight line.

The same expression can be deduced in a much simpler way. Considering the system with an initial kinetic 
energy mv1/2 i

2 and at the equilibrium position, after a certain time the oscillator has gone forth and returned to 
the initial position, losing an energy 2FfA due to sliding friction and an energy (π/2)γAv due to damping. We can 
approximate v such that ω=v t v t( ) sin( )r  between instant i and f. Thus, during the time it goes back and forth, the 
oscillator loses energy according to:
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Since we are considering a small time interval dt = π/ωr, one can approximate vi = v + dv/2 and vf = v − dv/2. 
To calculate the rate at which the system is losing energy one must divide equation (18) by the time dt it takes the 
system to go back and forth. Equation (18) becomes:
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The solution to this differential equation when solved with initial conditions v = (Aiωr) is identical to the enve-
lope of equation (17). The method presented here can also be used to calculate the effect of friction in oscillators 
for which the damping is proportional to the square of the speed. For that one needs only to recalculate the energy 
lost due to damping and replace it in equation (18).

A different solution has been obtained by A. Ricchiuto and A Tozzi25 by solving iteratively as many differential 
equations as half cycles and then imposing continuity. Here, instead we compute the energy loss and continuously 
distribute this energy over time. For comparison we show in Fig. (2) a plot of both solutions for the same oscil-
lator with different sliding friction forces. Even though the formulas are different they quantitatively reproduce 
the same trends.

Experimental Results
To experimentally verify the validity of this model, an experimental setup predominant in the study of friction 
with oscillators19–21, 23, detailed in the Methods section, was used.

Figure 2.  Oscillator amplitude versus time. The oscillator is submitted to three different sliding friction forces. 
The amplitude decay is exponential with a negative asymptote.
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The most straightforward way to test the assumption of a viscous friction force law is to perform ‘ring down’ 
experiments as described previously. A controlled normal load (on the order of a few nN) was applied by the 
AFM tip to a mechanically excited quartz tuning fork (TF). As this excitation was turned off, the amplitude of 
oscillation was monitored until the oscillator stopped. Figure (3)(a,b), present the results of this experiment for 
the free oscillator (red curve) and for two different applied loads (black and blue). In the unperturbed oscillator, 
the decay is exponential, evidenced by the linear evolution of Log[ x] with time. This indicates a viscous damping 
of the TF, as expected. However, for non-zero applied loads as small as 5 nN, the oscillator yields a different ring 
down decay, as seen by the black and blue curves in these figures. Experimental data was fitted using equation 
(17), and the resulting fits are also plotted on the figures. An excellent agreement between experiment and this 
model was found down to very small oscillating speeds, where the tip may be sticking to the TF and the model is 
not valid anymore, evidenced by the last few points of Fig. (3)(a,b). Additionally we measured the frequency 
response of the oscillator at different applied loads. Figure (3)(c) presents the results of this experiment, where the 
excitation frequency was scanned around ω0 and the amplitude of oscillation recorded, while controlling the 
normal load. As evidenced in this figure, all curves can be fitted quite well by a Lorentzian dependence. From the 
fits of these curves one can extract xf and γf and compute Ff and γ from equations 12 and 14. The results of these 
fittings from different ring down and resonance curve experiments, at similar loads, can be found in Table 1.

Discussion
The fitting parameters from either ring down experiments and resonance curve measurements demonstrate that 
the two experiments are compatible and agree well in describing the friction force the oscillator is experiencing. 
Noting that speed is changing in both experiments, the fact that the models fit the experimental data means that 
the role of velocity within this range of velocities is well taken into consideration.

Figure 3.  Driving a quartz tuning fork while applying a normal load (0–10 nN): (a) and (b) ring down 
experiments, where the excitation is turned off and the oscillator speed decays. Experimental data is presented 
as solid lines and fits of equation (17) are presented as dots. (c) Frequency response of the oscillator with 
different applied loads. (d) Frequency response of the oscillator measured around ω0, when driving it near ω0/3. 
All experiments were performed using similar loads. The red curve corresponds to the free oscillator and the 
arrow represents increasing load.
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Furthermore, and perhaps more importantly, these independent measurements demonstrate that there is no 
significant change in the damping coefficient γ, indicating sliding friction as the main mechanism of energy loss. 
In fact, we have performed a number of experiments using both methods, with different TFs, cantilevers and 
loads, and no significant increase of the damping coefficient due to the interaction was detected. For systems 
akin to ours, the effect of a constant friction force cannot be ignored, even in cases where the oscillator transfer 
function can be fitted as a Lorentzian. Accurate quantitative results can only be obtained if one includes sliding 
friction.

Looking at equation (4), it becomes quite tempting to conclude that the oscillator can be very effectively 
excited by driving it at odd subharmonics of the resonance frequency. The oscillator will work out to filter the 
terms that do not excite it at its resonance frequency. Experimentally, this works remarkably well particularly for 
an excitation frequency of ω0/3. Figure (3) shows the response of the oscillator around the resonance frequency 
ω0 but excited at ω0/3 in the absence of friction and for two different loads. Note that in this case the equations 
developed here do not apply because our initial hypothesis that the friction frequency was equal to the excitation 
frequency is not valid anymore. Even though we were able to excite the TF at frequencies down to ω0/9 measuring 
a resonant response at ω0, the fact is that if the amplitude is significant at n times the excitation frequency, then 
friction is necessarily not a square wave with frequency equal to the excitation frequency. Actually it is no longer a 
square wave. Nonetheless, the fact that the oscillator can be excited at ω = ω0/3 provides remarkable evidence that 
the oscillator experiences friction as a series of harmonic terms.

In conclusion, we have provided a quantitative method to simultaneously extract the damping and the often 
forgotten sliding friction on experiments involving harmonic oscillators. We have developed two independent 
analytical methods to analyze the effect of these dissipation mechanisms on the movement of an oscillator such 
as a TF, and compared our predictions with experiment using an AFM tip and a TF, in a common experimental 
configuration often used in nanotribology. This model in conjunction with experimental results demonstrate that 
it is not realistic to assume a simple viscous friction law based solely on the fact that the oscillator response is of 
the Lorentzian type.

Ring down decay experiments exhibit clearly the presence of sliding friction even when in the same conditions 
the resonance curve is rather Lorentzian like.

We stress, however, that this model is not limited to nanoscale friction, but can be applied to even the most 
simple experiments performed in a physics class, providing a simple and analytical answer to a common problem 
pervasive in nature, where friction and oscillatory movement are often present but overlooked.

Methods
The experimental setup consists of a nanosized AFM tip that exerts a force on an harmonic oscillator, in this case 
a common wrist watch quartz tunning fork, with nominal resonant frequency of 215 Hz. The symmetric vibration 
mode of the TF is mechanically excited with a piezoelectric dither and the TF oscillation is measured while the 
AFM tip applies a constant force on one of its prongs. The system is then defined as a silicon tip sliding on a bare 
quartz surface. A sketch of the setup can be seen on the inset of Fig. (3)(a). The TF was excited such that its free 
amplitude of oscillation at ω0 was close to 25 nm.

The movement of the TF was detected using a Stanford Research Systems SR850 DSP Lock-in Amplifier. 
To control the force exerted on the quartz surface we used a custom-made AFM system, the Force Feedback 
Microscope26, 27, that employs an interferometric detection system28 and a counteracting force feedback loop to 
keep the AFM tip position constant and measure the tip-surface interaction29, 30. To measure the deflection of the 
cantilever we used a Thorlabs TLS001-635 laser source, a Thorlabs DET100A/M photodetector and a FEMTO 
DLPCA-200 transimpedance amplifier.

The AFM cantilever used for these experiments was the Bruker Microlever MLCT-F, with nominal spring 
constant of 0.6 N/m and nominal tip radius of 20 nm.

Data Availability.  The datasets generated during and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

References
	 1.	 Amontons, G. De la resistance cause’e dans les machines, tant par let frottements des parties qui les component, que par la roideur 

des cordes qu’on y employe, et la maniere de calculer l’un et l’autre. Mem. l’Academie R (1699).
	 2.	 Csernák, G. & Stépán, G. On the periodic response of a harmonically excited dry friction oscillator. Journal of Sound and Vibration 

295, 649–658 (2006).
	 3.	 Marchewka, A., Abbott, D. S. & Beichner, R. J. Oscillator damped by a constant-magnitude friction force. American Journal of 

Physics 72, 477–483 (2004).
	 4.	 Hong, H.-K. & Liu, C.-S. Coulomb friction oscillator: modelling and responses to harmonic loads and base excitations. Journal of 

Sound and Vibration 229, 1171–1192 (2000).

~Load 
(nN)

Ff,rd 
(nN)

Ff,res 
(nN) γrd (μNm−1s) γres (μNm−1s)

Free 0 0 22 20

9 15 16 20 18

13 17 16 23 20

Table 1.  Fitting parameters extracted from several ring down and transfer function experiments, with different 
normal loads applied to the oscillator. Suffix ‘rd’ represents ‘ from ring down curves’ and ‘res’ represents from 
‘resonance curves’.



www.nature.com/scientificreports/

7Scientific Reports | 7: 3726  | DOI:10.1038/s41598-017-03999-w

	 5.	 Xia, F. Modelling of a two-dimensional coulomb friction oscillator. Journal of Sound and Vibration 265, 1063–1074 (2003).
	 6.	 Korman, P. & Li, Y. Harmonic oscillators at resonance, perturbed by a non-linear friction force. Acta Mathematica Scientia 34, 

1025–1028 (2014).
	 7.	 Lima, R. & Sampaio, R. Stick-mode duration of a dry-friction oscillator with an uncertain model. Journal of Sound and Vibration 

353, 259–271 (2015).
	 8.	 Binnig, G., Quate, C. F. & Gerber, C. Atomic force microscope. Physical review letters 56, 930 (1986).
	 9.	 Mate, C. M., McClelland, G. M., Erlandsson, R. & Chiang, S. Atomic-scale friction of a tungsten tip on a graphite surface. Physical 

Review Letters 59, 1942–1946 (1987).
	10.	 Krim, J. & Widom, A. Damping of a crystal oscillator by an adsorbed monolayer and its relation to interfacial viscosity. Physical 

Review B 38, 12184 (1988).
	11.	 Krim, J. Friction and energy dissipation mechanisms in adsorbed molecules and molecularly thin films. Advances in Physics 61, 

155–323 (2012).
	12.	 Krim, J., Solina, D. & Chiarello, R. Nanotribology of a kr monolayer: A quartz-crystal microbalance study of atomic-scale friction. 

Physical Review Letters 66, 181 (1991).
	13.	 Yoshizawa, H., Chen, Y. L. & Israelachvili, J. Fundamental mechanisms of interfacial friction. 1. relation between adhesion and 

friction. The Journal of Physical Chemistry 97, 4128–4140 (1993).
	14.	 Yoshizawa, H. & Israelachvili, J. Fundamental mechanisms of interfacial friction. 2. stick-slip friction of spherical and chain 

molecules. The Journal of Physical Chemistry 97, 11300–11313 (1993).
	15.	 Riedo, E., Gnecco, E., Bennewitz, R., Meyer, E. & Brune, H. Interaction potential and hopping dynamics governing sliding friction. 

Physical review letters 91, 084502 (2003).
	16.	 Tambe, N. S. & Bhushan, B. Friction model for the velocity dependence of nanoscale friction. Nanotechnology 16, 2309 (2005).
	17.	 Urbakh, M. & Meyer, E. Nanotribology: The renaissance of friction. Nature materials 9, 8–10 (2010).
	18.	 Chiu, H.-C., Dogan, S., Volkmann, M., Klinke, C. & Riedo, E. Adhesion and size dependent friction anisotropy in boron nitride 

nanotubes. Nanotechnology 23, 455706 (2012).
	19.	 Borovsky, B., Krim, J., Asif, S. S. & Wahl, K. Measuring nanomechanical properties of a dynamic contact using an indenter probe and 

quartz crystal microbalance. Journal of Applied Physics 90, 6391–6396 (2001).
	20.	 Berg, S. & Johannsmann, D. High speed microtribology with quartz crystal resonators. Physical review letters 91, 145505 (2003).
	21.	 Inoue, D. et al. Dynamical frictional force of nanoscale sliding. Physical Review B 86, 115411 (2012).
	22.	 Thorén, P.-A., de Wijn, A. S., Borgani, R., Forchheimer, D. & Haviland, D. B. Imaging high-speed friction at the nanometer scale. 

Nature Communications 7 (2016).
	23.	 Nigues, A., Siria, A., Vincent, P., Poncharal, P. & Bocquet, L. Ultrahigh interlayer friction in multiwalled boron nitride nanotubes. 

Nature materials 13, 688–693 (2014).
	24.	 Berg, S., Prellberg, T. & Johannsmann, D. Nonlinear contact mechanics based on ring-down experiments with quartz crystal 

resonators. Review of scientific instruments 74, 118–126 (2003).
	25.	 Ricchiuto, A. & Tozzi, A. Motion of a harmonic oscillator with sliding and viscous friction. Am. J. Phys. 50(2), 176–179 (1982).
	26.	 Rodrigues, M. S., Costa, L., Chevrier, J. & Comin, F. Why do atomic force microscopy force curves still exhibit jump to contact? 

Applied Physics Letters 101, 203105 (2012).
	27.	 Vitorino, M. V., Carpentier, S., Costa, L. & Rodrigues, M. S. Force feedback microscopy based on an optical beam deflection scheme. 

Applied Physics Letters 105, 013106 (2014).
	28.	 Rugar, D., Mamin, H., Erlandsson, R., Stern, J. & Terris, B. Force microscope using a fiber-optic displacement sensor. Review of 

Scientific Instruments 59, 2337–2340 (1988).
	29.	 Rodrigues, M. S., Costa, L., Chevrier, J. & Comin, F. System analysis of force feedback microscopy. Journal of Applied Physics 115, 

054309 (2014).
	30.	 Jarvis, S., Yamada, H., Yamamoto, S.-I., Tokumoto, H. & Pethica, J. Direct mechanical measurement of interatomic potentials. Nature 

384, 247–249 (1996).

Acknowledgements
This work was carried out with the support of Fundação para a Ciência e Tecnologia, through project PTDC/
FIS-NAN/6101/2014 (including grant for A. Vieira) and by center grant (BioISI, center reference: UID/
MULTI/04046/2013) from FCT/MCTES/PIDDAC, Portugal. M.S. Rodrigues and M.V. Vitorino acknowledge 
financial support from Fundação para a Ciência e Tecnologia, grants SFRH/BPD/69201/2010, PD/
BD/105975/2014, respectively.

Author Contributions
M.S.R. conceived the model and the experiments, M.V.V. and A.V. conducted the experiments, and M.S.R. and 
M.V.V. analyzed the results. The manuscript was prepared by M.V.V. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Effect of sliding friction in harmonic oscillators

	Model

	Experimental Results

	Discussion

	Methods

	Data Availability. 

	Acknowledgements

	Figure 1 Oscillator amplitude (a) and velocity (b) versus time for a system submitted to a friction such that the oscillator gain is G = 5, showing the leading (blue) and the first 30 terms of the Fourier series (orange) in (a) the two curves are indistin
	Figure 2 Oscillator amplitude versus time.
	Figure 3 Driving a quartz tuning fork while applying a normal load (0–10 nN): (a) and (b) ring down experiments, where the excitation is turned off and the oscillator speed decays.
	Table 1 Fitting parameters extracted from several ring down and transfer function experiments, with different normal loads applied to the oscillator.




