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What is  d issipat ion, and why i t  is  useful? 
Quartz Crystal Microbalance with Dissipation, or QCMD, is having a tremendous impact on research in the 
soft and biological interfaces fields because of its versatility and the wealth of information it provides. In this 
Technology Note, we discuss the origins of dissipation in the different systems studied by QCMD, from 
complex fluids and polymer films to biomolecular and particle assemblies, and the information dissipation can 
provide, from characterizing viscoelasticity to studying molecular conformation. 

The or ig ins of  d issipat ion.  Dissipation of energy refers 
to its loss in irreversible processes, typically in the form of heat. The 
effect of dissipation on a wave is to attenuate its amplitude. Figure 1 
examines what happens in a solid (e.g., a quartz crystal, or a metal) 
vs. a liquid, when its atoms are “wiggled”. The atoms in a solid are 
rigidly connected to each other. Therefore, the deformation 
propagates through the material. On the other hand, in a liquid, the 
deformation (amplitude of the wave) diminishes as the wave 
propagates because the molecules of a liquid are not rigidly 
connected to each other, but instead interact through a kind of friction 
that causes viscosity. 

Note, that dissipation describes the rate at which the amplitude of 
the wave attenuates. Waves of different frequency will attenuate at 
different rates, and therefore, for dissipating systems, frequency and dissipation shifts recorded by QCMD at 
different overtones will be different. This is referred to as overtone dispersion, and is illustrated in Figure 2. 

Dissipat ion:  ver i fy ing the appl icabi l i ty  of  the Sauerbrey relat ionship.  
Comparing a bare sensor with a sensor + a Sauerbrey1 layer (Figure 2), one notices an increase in the 
wavelength that is proportional for the different overtones. Therefore, only a change (a decrease) in the 

frequency is observed experimentally: Δ𝐹𝐹
𝑛𝑛

= −𝐶𝐶Δ𝑚𝑚, where m is the mass of the Sauerbrey layer in the units 

of ng/cm2 and 𝐶𝐶 is a constant. 

The situation is very different for a sensor in liquid (Figure 2), where the waves emanating from sensor surface 
have to be considered; they decay at different rates for the different overtones. As a result, the change in 
frequency and dissipation between the bare sensor and a sensor in liquid contains contributions from density 

and viscosity of the liquid: Δ𝐹𝐹 = −ΔΓ = −Δ𝐷𝐷 𝑓𝑓
2

= −𝐶𝐶�𝑓𝑓𝜌𝜌𝑙𝑙𝑙𝑙𝑙𝑙𝜂𝜂𝑙𝑙𝑙𝑙𝑙𝑙 , where 𝑓𝑓 = 𝑛𝑛𝑓𝑓0  and 𝑓𝑓0  is the fundamental 

resonance frequency for n = 1; this is the Kanazawa-Gordon-Mason (KGM) relation. 2 Notice, how the 

Figure 1: Shear acoustic wave propagation in 
solids (left) and liquids (right). White line 
depicts the exponential decay envelope of the 
wave, exp(−πfDt) = exp(−2πΓt), where D is the 
dissipation and Γ is the bandwidth that 
describe the decay rate. 
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changes in the resonance frequency and the bandwidth are equal and opposite (for Newtonian liquids, where 
viscosity 𝜂𝜂 is a real number). More information about the relationship between bandwidth and dissipation, 
and other parameters quantifying wave attenuation in QCMD, can be found in refs. 3 and 4. 

Figure 2 illustrates one of the reasons why dissipation is important: a measurement at one frequency cannot 
distinguish between, e.g., the effect of a Sauerbrey layer from the effect of a liquid overlayer (or a viscoelastic 
film, see below). Measuring dissipation allows one to establish the applicability of the Sauerbrey relationship 
to the interpretation of the frequency shift data in terms of the layer mass. There is a semi-quantitative 

measure that helps the user decide whether the Sauerbrey relationship is applicable or not: if ΔΓ
ΔF

< 1, or, 

equivalently, ΔD
ΔF/n

< 0.4 × 10−7 at 5 MHz, it is safe to apply the Sauerbrey relationship.3 Another way is to 

look at the overtone dispersion: if the difference between the frequency shifts recorded on different overtones 
is within the experimental error, Sauerbrey relationship can be applied. 

Dissipat ion and viscoelast ic i ty.  In his classical book, Mason5 discusses in some detail the 
use of shear acoustic resonators for studying properties of liquids. He derives the KGM relation (eq. 14.24 in 
ref. 5) and then generalizes it to include viscoelasticity for the analysis of polymer solutions and melts. This 
formalism subsequently became the basis of the “standard” viscoelastic model used to analyze QCMD data 
from polymer films. Here, elastic properties of the film are parameterized in terms of a complex frequency-
dependent shear elastic modulus 𝐺𝐺�(𝑓𝑓) = 𝐺𝐺′(𝑓𝑓) + 𝑖𝑖𝐺𝐺"(𝑓𝑓), representing, respectively, the elastic and viscous 
contributions to the response. Frequency and dissipation shifts measured by QCMD in systems described by 

this model are given by Δ𝐹𝐹 + 𝑖𝑖ΔΓ = Δ𝐹𝐹 + 𝑙𝑙ΔD𝑓𝑓0
2

= −𝑛𝑛𝐶𝐶𝑚𝑚𝑓𝑓 �1- 2𝜋𝜋𝑓𝑓𝑛𝑛𝜂𝜂𝑙𝑙𝑙𝑙𝑙𝑙𝜌𝜌𝑙𝑙𝑙𝑙𝑙𝑙
𝐺𝐺�𝑓𝑓𝜌𝜌𝑓𝑓

�, where the subscript 𝑓𝑓 refers to the 

properties of the film. Shear elastic modulus 𝐺𝐺�,compliance 𝐽𝐽 = 1
𝐺𝐺�
, or complex viscosity 𝜂𝜂� = 𝐺𝐺�(𝑓𝑓)

𝑙𝑙2𝜋𝜋𝑓𝑓
, can be used 

Figure 2: Overtone Dispersion.  
Top: 3st, 5th, and 7th overtones are illustrated for the 
bare QCM sensor and a sensor with the Sauerbrey 
overlayer (note the longer wavelengths/lower 
frequencies, but the same amplitude), and a bare 
sensor vs. the sensor immersed in liquid (note the 
change in the wave amplitude in the liquid). 
  
Bottom: The formation of a Sauerbrey layer occurring 
through a non-Sauerbrey intermediate.7 Note, how at 
the end of the process there is ~ 0 change in 
bandwidth, a finite change in frequency, and no 
overtone dispersion. 
Frequency and bandwidth changes between a bare 
sensor and a sensor one immersed in liquid. One plot, 
the signals are scaled by the overtone order n, while in 
other right plot, by √𝑛𝑛 according to the KGM relation. 
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interchangeably,6 and the frequency and dissipation shift data from at least three overtones are needed in 
order to extract the mass of the film and the numerical values of the viscoelastic constants by fitting the data 
to the above model. Thus, dissipation measurements are important in quantitative analysis of data from non-
Sauerbrey systems: viscoelastic films and liquids. 

Dissipat ion in bio logical  sensing.  
The most exciting developments for biological and 
sensing communities happened in the last decade, 
when it was shown how dissipation could be used to 
characterize the organization and conformation of 
molecules and their assemblies at the solid-liquid 
interfaces. 

First hints that dissipation was sensitive to the organization of the 
material at the sensor/liquid interface came from the classical studies 
on liposomes and lipid bilayers.7 Then, an interesting feature was 
discovered when adsorption of ferritin on gold was analyzed 
quantitatively with an AFM / QCMD combination: 8  the adsorbed 
ferritin particles appeared soft to the QCMD due to their motion, which 
dissipated energy in the solvent and around the particle/surface 
interface (Figure 3a). 9  Indeed, by examining data from different 
systems, it was shown that dissipation depended on the way the 
particles were attached to the surface: i.e., the same protein would 
dissipate differently depending on whether it was adsorbed on gold or 
attached to the surface via a linker (Figure 3b).10 The origin of these 
effects was found to be hydrodynamic, and therefore dependent on 
the shape and size of the particles. This allowed quantitative analysis 
of adsorbed liposome sizes11 and their deformation12 by examining 
the behavior of the ∆D/∆f ratio (~ amount of energy dissipated per 
adsorbed particle) as a function of overtone and coverage. Another 
exciting application of the hydrodynamic effects in sensing is based 
on signal enhancement by liposomes and other highly dissipative 
particles13 that led to the development of sensing protocols, e.g., for 
detecting cancerous mutations in circulating tumor-free DNA.14 

Figure 4: Df ratio is characteristic of 
molecular shapes and sizes. Top: dissipation 
changes with the length of the linker, but 
extrapolates to the value characteristic of a 
sphere (streptavidin) or a rod (DNA) at zero 
linker length. Bottom: each of the molecules 
shown has a Df ratio characteristic of its 
shape. Taken from ref.16. 

Figure 3: Dissipation in systems of adsorbed particles. Taken 
from ref. 10. 
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On the other hand, it was discovered that by virtue of the hydrodynamic effects, the ∆D/∆f ratio was a measure 
of molecular shape and conformation and could be used to distinguish between surface-anchored DNAs of 
different shapes and sizes (Figure 4),15,16 and this has also led to the development of detection strategies.17,18 

Much still remains to be discovered about the physics underlying hydrodynamic effects in shear acoustic 
sensors. In the meantime, they offer new and exciting opportunities in research, development, and 
applications. 
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